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ABSTRACT

Proton-induced nuclear pion production [A(p, 7*)A+1] is not a very well under-
stood branch of nuclear physics. Initially the variety of differential cross section distri-
butions held out the promise that evrlusive pion production could be used as a tool to
understand nuclear phenomenon. 1-.nics such as inter-nucleon interactions, pion interac-
tions in the nuclear medium, and A-nuclear interactions were all quoted as possible aspects
of the nuclear field which could be revealed by the (p,7) probe. It was also pointed out
that due to the high momentum transfer involved in this reaction, these studies would be
sensitive to high-momentum components of the nuclear wave function and to short-range
correlations between nucleons in nuclei. All these attributes of the (p. ) reaction were
shown to be unfounded as theoretical studies were unable to reproduce the experimental
data. Hence the goal of most (p, ) studics since ihe initial experiments has been to look

for signatures of the reaction mechanism.

The goal of this experiment is no different from those of the recent past, that is, to
look for signatures of the reaction mechanism in nuclear pion production. Recent work
has shown that the NN — NN can be considered as the primary reaction mechanism
due to the many signatures that can be found in the experimental data for this reaction.
This work extends the investigation of these signatures into the 220 to 400 MeV beam
energy region for nuclei which have not previously been studied thoroughly. In addition
previous works have been limited to lp-shell nuclei (i.e., A < 16), however in this work
it will be shown that (p,7) on heavier nuclei, at least for the *Ca nucleus, also displays

NN — N N7 signatures in the experimental data.

TRIUM’s newly commissioned Second Arm Spectrometer (SASP) system com-
prises a quadrupole-quadrupole-dipole magnet combination which is associated with multi-
wire drift chambers and scintillator paddle detectors. The SASP was used for this study on
proton induced nuclear pion production on p- and d- shell light nuclei at intermediate en-
ergies (200-400 MeV). Both the differential cross section and the analyzing power angular

distributions have been determined with polarized protons for the reactions '*C(p, 7 +)13C,



Iport and Ca(p. #+)*'Ca at 250 and 230 MeV. The (p. 77) reaction on "*C has

mens shoat - hree boam energies (221, 280, and 350 MeV) with polarized protons.

The eross - wtion and analyzing power angular distributions have been measured for both
pyrtusive “aal states and the continnum region in cach reaction.

Phe N = NN7 signatures which were st udied are the analyzing power Angi-

L. aapes for the continua, the discrete final states of the mirror nuclei, YC and M0,

lvzing power angular distributions for the high-spin, two-particle one-hole (2pth)

stretel-ed states and the energy dependence of the (p, 7)) reaction as compared to the

{p, 77) reaction. These results show ihat the (p.#%) reaction on nnelei can be viewed as

a NN = NN process occurring within the nuelear medium.

It is noted that the (p, 7) reaction, due to its high-momentum transfer to the residual
nucleus, preferably excites high-spin 2plh stretched states. Henee the (p. 7) reaction can
be used as a quasi-spectrographic tool as the dominant peaks in the (p, #) spectrum ean be
associated with the highest /= configurations that ean be reached from the ground state
configuration. Several .J7 assignments are made on this basis, notably for peaks seen in

the “'Ca spectrum.
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The differential cross section and analyzing power angular distributions for

the continuum of BC(p, 7=)110 at 221 MeV. The continumn slices were 1.6

The differential cross section and analyzing power angular distributions for

the continuum of BC(p, 7~)140 at 280 MeV. The contimuumn slices were 1.6

Medeg

The differential cross section and analyzing power angular distributions for
the continuum of BC(p, #=)140 at 350 MeV. The continuum slices were 1.6
MeV wide.

The analyzing powers of 12C(p, 7*+)X and BC(p. m)X are compared with
those calculated for the free pp = dn* equivalent process (see the text for
details). Dotted lines show the calculated values for the actnal beam energy

used in the data taking, while the solid lines show those for a lower beam

energy in an attempt to account for nuclear distortions. . . ......... 1]

The analyzing powers of 0Ca(p, 7+)X at 280 MeV are compared with those
calculated for the free pp = dr* equivalent (see text for details). Dotted
lines show the calculated values for the actual beam energy used in the

data taking, while the solid lines show those for a lower beam cnergy in an

attempt to account for nuclear distortions. . . . . e e e e e e
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7.4

7.6

B.1

The analyzing power angular distributions for a 2plh high-spin stretched
state in 10, 3C, and 1C are compared with the corresponding quasi-free
NN — NN process. The results for A(p,77)A+1 compared to pn —
ppm~ are shown in (a), while (b) and (c) show those for A(p.7H)A+1
compared to pp — drt. The experimental data at 200 MeV are from the

rrference[KaSD]

A comparison of differential cross sections for the low-lying final states of
2C(p, n+)13C at 250 MeV. The Lolos resuits are from reference [Lo84] and

the Huber results are from [Hu88). .. ...... . . ... . S |

A brief analysis to illustrate that the A(1232) excitation in the A{p.t7)A+1

reaction is weak compared to that in the A(p, 7F)A+1 reaction. See the

An illustration of the A excitation in the (p, %) reaction. (a) shows the
relative matrix element |M|2 vs NN — NNz CM energy for the reac-
tion YC(p, 7#)40 at a constant 4-momentum transfer squared ¢ = 0.527
(GeV/c)®. A similar plot is shown in (b) for the (p.7™) continuum at
at = 0.539 (GeV/c)®. Matrix element vs CM energy for the reaction
BC(p, n+)MC is shown at a constant ¢ = 0.50 (GeV/c)? in (c). The data

shown in (c) were obtained from reference (Hu88]. ..............1

Shown are the four different stages of the peak fitting procedure used for
the extraction of peak yields. (a) and (b) show the background subtraction
to separate the discrete final states. The data fitting to gaussian peaks is
shown in (c). More details of the single and unfolded peaks corresponding
to the different excited states are given in (d) for the I3C(p, 7+)1C reaction

measured at 250 MeV and 25° in the laboratory. . .. ... ... . ... ..
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Chapter 1

Introduction

The atomic nucleus is a bound system of interacting protons and neutrons. The
strong inter-nucleon interaction is known to be mediated by the exchange of mesons.
The long-range part of the nucleon-nucleon (NN) interaction is mainly governed by the
exchange of pions due to their low mass of 140 MeV. while the exchange of heavier mesons
(p. w,...., etc.) dominate the short-range part. The NN interaction, which is the basie
ingredient for any microscopic calculation of nuclear reactions, must be well understood

to discuss the physics of the nucleus.

Experiments related to the scattering of particles from nuclei have been perforimed
for many years to investigate the NN interaction and nuclear structure. Theoretical
calculations and the accumulated data still do not provide precise explanations for many
aspects of this complicated system—the nucleus. Low-energy proton and neutron beamns
were utilized in the early scattering experiments, but afterwards, with the availability of
modern particle accelerators, similar studies became possible at higher energies.  Also,
the meson factories [e.g. LAMPF in USA and TRIUMF in Canada, SIN in Switzerland]

supplied meson beams to enhance the scope of the scattering studies, opening a new era,

permitting the experiments to be done with lighter particles. After tie development of

high-resolution meson spectrometers, it became possible to study reactions in which pions

are produced in the final state,

Proton-induced pion production reactions, A(p, m)A+1, are very useful hecanse they
provide a unique probe to aid in the understanding of pion interactions in the nucleus,
Extensive effort, both experimentally and theoretically, has been devoted to establish
the systematics of the (p, 7) reaction. The main goal of these studies is to extract new
information about the reaction mechanisms and related nuclear structure,



The experimental studies of pion production have been done usiug the (p,n+) and
(p;m~) reactions. The charged pions are easily detected in modern pion detectors. The
(p, ) reaction has not been studied as extensively due to the difficulty of neutral pion
detection. The (p,7*) reaction cross section is ronghiy an order of magnitude higher.
and has more pronounced features, than for (p,7~). Hence most of the pion production
investigations until the early 1980’s were limited to the studies of the (p, 7t) reaction. A
fairly large body of (p, 7*) data is now available over a wide energy range and on many
nuclear targets. Due to its small cross section and nearly featureless angular distribution.

the (p, ™) reaction did not originally arouse the interest of early experimentalists.

The microscopic model calculations developed thus far for A(p.7)A+1 reactions
consider mesonic and isobaric degrees of freedom and have been able to account quali-
tatively for only a small fraction of the data. One requires a thorough understanding of
the underlying reaction mechanism, the resonant channels if there are any, and the nu-
clear structure effects of the process. In particular, the reaction involves high momentum
transfer (g ~ 450 — 700 MeV /c near threshold) to the residual nucleus. In principle. (p. 7)
reactions probe nuclear wave functions at momenta well in excess of the Fermi momenta of
the individual nucleons, and might therefore be used to investigate states or components
of states not easily accessible in other reactions. However, because of this large momentum
transfer, the theoretical treatment is complicated and the reaction mechanism is not well
understood. Hence, nuclear pion production still remains one of the less understood topics
in intermediate-energy nuclear physics. An experimental study involving both the (p, n+)
and the (p, #~) reactions at intermediate energy will address some of the yet-unanswered

questions, leading us towards a better understanding of the process.

The current A(p,7)A+1 data show that the reaction seems to involve only two
active nucleons in the initial state, while the rest of the nucleus acts as a spectator. The
final state consists of these two nucleons bound in well-defined orbitals of the residual
nucleus, and the emitted pion. This quasi-free process (NN -+ NNr) is known as the
two-nucleon mechanism (TNM). If the TNM is assumed to be the dominant process, only
a single channel (pn — ppr~) contributes to the (p.7~) reaction, while (p, 7+) can go
through the pp — pnzt and pn — nnnt processes. The struck target neutron in the
(p, ™) reaction must be changed into a proton, and therefore the residual nucleus will be
left. preferentially in a 2p1h state. In the (p, ™) reaction, the holes produced in the final
state can be filled by the incident proton, thus limiting the selective 2p1h high-spin states
(see section 2.2.1). This advantage of the (p, 7~) reaction compared to (p, 71) stimulated

much interest in studying the production of negative pions.



The commissioning of a high-resolution pion spectrometer at the Indiana University
Cyclotron Facility (IUCF) paved the way for several (P, %) studies. These showed that
negative pion production in proton-nucleus collisions at intermedinte energies could he
used as a more powerful probe than (p-7t) to understand the underlying reaction mecha-
nism and the nuclear structure. However. the maximum proton beam energy available at
IUCF is only 206 MeV, which limited the studies to low energy pions. In order to obtain a
deeper insight into the (p. 77 ) process, it is essential to study it over a larger energy range.
TRIUMF, with an energy range (200-500 MeV). together with the newly constructed See-
ond Arm Spectrometer (SASP). constitute an ideal facility for a comprehensive (p.wt)
experimental survey.

These circumstances led us to carry out the present experimental program at TRI-
UMF where a complete study of the (p, %) reaction on light nuclei is attempted. We
have made (p, 7%) exclusive cross section and analyzing power measurements over most of
the angular range available for SASP (25° - 135°). The incident, bombarding protons were
taken in the form of a vertically-dispersed and polarized beam to the maelear target, The
1es (250 and 280 MeV) on two different

p-shell nuclei (12C and 13C) and a d-shell nucleus (1%Ca), while the (p.77) measurements

(p.7t) data were taken at two bumbarding energ

were made using !3C at three cnergies (221, 280. and 350 MeV),

The A-isobar resonance in the intermediate state of the (p. ) reaction is expectod
to be dominant in this selected energy range. The kinematically-transformed eross section
and analyzing power data of (p.7%) from nuclei compared to results for free two-nucleon
case would reveal any similarity of the nuclear pion production reaction with the uasi-
free cases (pp — drn* and pn = ppr”). providing solid information on the reaction
mechanism of the process. Mapping of the energy dependence of the (p, ) cross section
and analyzing power angular distributions in the A-isobar region would test. current, ( pa)

microscopic model calculations, and provide critical constraints on their physics input.,

A general discussion of the (p. 7) reaction is given in Chapter 2 where the past and
the present status of the subject is briefly reviewed. Chapter 3 gives a brief review of the
theoretical description of the reaction mechanism in the pion production process, and the
relevant expressions for the experimental observables such as its reaction cross sections
and analyzing pmvers for the transitions, Chapter 4 provides a detailed description of
the present experiment. Methods of data analysis and results extraction are explained in
Chapter 5, while the final results of the experiment are displayed in Chapter 6. The physies
interpretation of these results is given in Chapter 7. Chapter 8 discusses the conchisions
of this experimental project.



Pions are the lightest members of the meson family. All other mesons have masses
greater than twice the pion mass. Pions are spin-zero particles with negative intrinsic
parity. isospin 1, and appear in the three charge states +1. 0, and —1, denoted by 7+, 79,
and 77, One or several pions can be produced in a collision when a projectile proton with
sufficiently high kinetic energy hits a target nucleus. A single pion in the final state is the
simplest case of the pion production reaction. Pions are detected using a pion spectrometer
to extract information about the nuclear reaction A(p.m)A+1. This reaction mechanism
seems to be dominated by a basic elementary collision between two nucleons. Therefore,

some features of the pion production in nucleon-nucleon collisions are discussed next.

2.1 Pion Production in Nucleon-Nucleon Collision

The threshold energy for the production of a single pion in a nucleon-nucleon col-
lision is about 280 MeV in the laboratory. The two-pion production threshold is approx-
imately 600 MeV, however the cross section is too small for useful measurements below
energies of about 1 GeV., At higher proton energies, it is possible to produce heavy mesons
which then decay into pions. At 4.6 GeV, for example, production of up to five pions was
observed [Al67]. The intrinsic spin of the pion was determined to be zero in carly (p, )
studies where cross sections of the reactions pp = dnt and ntd - pp were compared
by using detailed balance to determine (25, + 1) [Du51]. The negative intrinsic parity
of the pion was established by observing the reaction 7~d — nn for pions captured from
an atomic s-state [Pa51]. The 2:1 cross section ratio predicted by isospin invariance was
confirmed for the two reactions, pd — 3H7+ and pd — 3He 0 [Ha60].
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Table 2.1: Isospin decomposition for the total cross-sections of the proton-induced stngle

pion production.

Reaction Isospin Decomposition

pp—dnt o apld)

pp = punt o gyg(np) + 4y,
= annrt . %;[fru + g ]
m=ppr= o Yoy + oy
pp—=ppr’ ooy

pn = dx0 : Loold)

wil

e[ s

pn — pnzl [a10(pn) + o ] 7

Since pion production takes place through the strong interaction. which is invariant,
under isospin symmetry, it is useful to classify the various pion production channels using
isospin symmetry. Isospin invariance of the strong interaction requires that the tetal
isospin of the initial state be the same as that of the fual state, The total isospin (T of
the initial nucleon pair is either 0 or 1. Since the final state consists of & pion which has
isospin 1, the total isospin (T') of the final state nucleon pair can also be either 0 or 1, 2y
allowed by isospin invariance. The relevant pion production channels in nucleon-mieleon
collisions are given in Table 2.1 with the isospin decomposition of the total cross seetions
(or1) for each channel. Here, opgi(d) and or«(np) denote the cross sections in which

the final state contains the deuteron and the unbound proton-neutron pair. respectively,

In addition to the reaction channels given in Table 2.1, the other possible channels are
nn = nnx® and nn - npr= in which both the initial interacting nueleons are nentrons,
These two channels are not included in the above isospin decomposition table becruse
they are not relevant for (p, ) studies. It is seen from Table 2.1 that all seven reaction
channels can be described using only three cross sections, namely o, 7y, and ag. We
also see that the cross section for deuteron production in the proton-neutron reaction is
half that for the proton-proton reaction. Phase shift analyses of frece NN = NN7 data
[Ar96] reveal that oy is substantially larger than oy, which in turn is much larger than
g01. Consequently, the cross section for pp = (np)pi—g nt is large compared to those for
pn = nnnt and pn = ppr-,

It is widely believed that the (p, ) reaction goes through an intermediate state

involving a A-isobar (j* = %i T= 3 which then decays to a nucleon and a pion to forin

[y §



the final state: ie, N+N 9 N+A = N+ N+7. Since the nucleon has 7’ = %, the total
isospin of the intermediate state is 1 or 2. Therefore, in this mechanism, isospin invariance
requires that the initial state must be 77 = 1, predicting that the oq; cross section is zero.
The largest cross section near threshold is o10(d). This implies that the low-energy (p, nt)

reaction goes mostly via pp — dnt.

2.2 A(p,m)A+1 Reaction

The (p, 7) reaction on nuclei is a useful tool for learning about nuclear structure
and pion-nuclear interactions. One of the interacting nucleons is inside the nucleus so
that the collision is more complex than the free nucleon-nucleon case. The wavelength
of the incident proton at energies above the pion production threshold is shorter than
the average distance between the nucleons in the nucleus. For example, the inter-nucleon
distance is 1.9 fim whereas the wavelength (A) of a 500 MeV proton is 0.19 fim so that
the pion production in nucleon-nucleus collision is normally the result of a single nucleon-
nucleon collision within the nuclear medium. The nucleon inside the target nucleus also
has Fermi momentum, so pion production can take place at a lower incident proton energy
than that required in a free nucleon-nucleon collision. Multiple interactions can occur in
the many-nucleon environment, and shadowing effects can reduce the effective number
of nucleons for the process. The identity of a particle may easily change in the nuclear
medium in some transitions of the process (a proton can charge exchange to become a
neutron or a ¥+ into a 7, etc.). An emitted pion may quickly be absorbed by a nucleon

pair because its mean free path is smaller than the size of the nucleus.

The first exclusive measurements of the A(p,m*)A+1 reaction were reported in

the pioneering studies of nuclear pion production at Uppsala [Da71] with an incident
bean energy of 185 MeV. In these studies, the differential cross sections for proton cap-
ture to the ground and excited states were measured for the reactions '2C(p, 7+)13C and
"Be(p, 7*)1°Be. Further studies [Au78, Ja82, Vig2, Fa85. Ko89] were later undertaken with
more sophisticated facilities at other laboratories including IUCF, LAMPF, and TRIUMF.
These experiments detected the pions using magnetic spectrometers with a typical resolu-
tion of about 200 keV, good enough to distinguish different excited states in the residual
nucleus. Several reviews of the early studies on (p, 7) reaction are found in the literature

[Fe81, Bes2)].

Theoretical calculations of the (p, ) reaction have been done mainly using two mi-
croscopic models [Iq85, Al8S8, Ku89]. The first model assumes that the incident proton
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is stopped by the target nucleus by capturing it into a certain orbital. The decelerating
incoming nucleon emits a pion in the same way that an accelerated charge radiates pho-
tons. In this case, most of the momentum transfer is taken up by the bound nucleon.
This process in which the pion is produced directly from the projectile in a stripping- or
bremsstrahlung-like reaction is called the one-nucleon mechanism (ONM) because there
is only one active nucleon treated explicitly in the process. The other microscopic model
assumes that the pion is produced in a collision between the incident proton and a micleon
in the target nucleus. During the collision, one of the nucleons may go to an intermedi-
ate isobaric excited state. This process is known as the two-nucleon mechanisin (TNM)
because there are two active nucleons participating in the reaction process. The residual
nucleus in ONM is left in an excited state with a one-particle (1p) configuration compared
to the ground state of the target nucleus. Two-particle one-hole (2p1h) configurations can

be excited in general through TNM.

The incoming proton aud the outgoing pion interact with the nucleus before and after
the pion production process. These interactions are taken into account by using distorted
waves for the proton and the pion irrespective of the basic ONM or TNM clementary
process. These two processes are illustrated diagrammatically in Fig. 2.1, where (a) shows
a stripping- or bremsstrahlung-like process (ONM) and (b) shows a process producing a
pion in a collision between the incident proton and a target nucleon (TNM). When more
data became available, it was realized that the TNM could explain many more feadures of
the reaction mechanism than the ONM as discussed below.

The (p,7t) reaction was studied at TRIUMF using incident. polarized protouns
[Au78] to measure the cross section and analyzing power angular distributions at 200
MeV bombarding energy for '2C and 9Be, the same nuclei used at Uppsala. The sign and
angular dependence of the analyzing power data were found to be similar to the corre-
sponding data for the pp — dr* reaction [Jo77]. Thus, the analyzing power in the nuclear
pion production reaction appeared to reflect the basic NN — NN« process, supporting
the TNM model rather than the ONM model.

Several (p,n~) studies at [UCF [Vi82, Ja82] with 200 MeV protons also confirmed
that the reaction was dominated by the two-nucleon mechanism. Thoese inchided the
measurements of broad-range momentum spectra for (p,77) reactions on a mumber of
target nuclei with 13 < A< 92 which showed a striking and systematic selectivity for
one or & few low-lying discrete states in the residual nuclei. The same group observed the
possible signatures of the two-nucleon pion production processes in A(p, 77 )A+1 reactions

near threshold. Measurements of cross section and analyzing power angular distributions



(a) Onc nucleon mechanism (ONM): 7

N
j/L‘i //
A A+l
(b) Two nucleon mechanism (TNM): 7

N

Figure 2.1: Two mechanisms to describe the nuclear pion production reaction. (a) A
stripping- or bremsstrahlung-like process, in which the pion is produced directly from the
projectile nucleon (ONM), and (b) a process in which the pion is produced in a collision
between the incident nucleon and a target nucleon (TNM).



for 1213C(p, #~)13.140 reactions [Ko89] exhibit the above features, supporting the view
that the fundamental NN — NN# Process dominates in nuclear pion production.

The relative strengths of the final state transitions in (p, 77) reactions on 1 z-nentron
sub-shell nuclei were predicted by theoretical calcnlations [Br83] in which a pl.?um wave,
zero-range reaction model combining 2-proton stripping with I-neutron pickup processes
(the basic ingredients of the NN — NNx process) was used. The results of these caleula-
tions for the low-lying discrete states showed qualitative agreement with the experimental
data [Th87, Sc86], and many detailed aspects of the spectra could be understood for the
first time, thus providing evidence to support the two-nucleon mechanism. Several new
microscopic calculations of the (p. ™) reaction based on the TNM which explicitly inclhide
some of the higher-order processes have been reported [Iq85, AlSS, Ku89].

Igbal and Walker [1q85] have perforined calculations using only the dominant. TNM
amplitudes. The model includes the initial-state NN interaction via the exchange of vir-
tual pions and p-mesons, which proceeds through the A-isobar excitation in the tmelear
medium. and decay to the emitted real pion and the bound nucleon in the final state. The
model applied by Alons et al. [A188] incorporates both the pions and the p~mesons as the
intermediate exchange particles. The A-nucleus interaction is included in the A propaga-
tor. This also has the flexibility of including both the ONM and the TNM amplitudes in
the calculation. Kume [Ku89] has performed (p, ™) caleulations within the two-nucleon
production model assuming 2plh amplitudes. This study has shown that the two-bady
process with the final protons coupled to a spin singlet state, pn — (pp)“=Y 77, dominales
the reaction cross section and that the analyzing power in spin singlet channel (8§ = ()
takes a large positive value, which is mainly due to the pion distortion effect. Although the
contribution to the reaction cross section from the spin-triplet channel (S = 1) is about an
order of magnitude smaller than that of the spin-singlet channel, the spin-triplet contri-
bution to the analyzing power is appreciable due to the interference with the spin-singlet,
contribution [Ku89). These model calculations differ from each other mainly by which
interaction diagrams they include. Hence, the area of application in each case i very
selective. Bach of these models has had a certain measure of success within their limnited
areas of applications. However, none has been able to produce quantitative agreement,

with the large body of available data,

The discrepancy between the microscopic model calculations and the data is partly
due to the great sensitivity of the (p, ) reaction to both the reaction mechanisin and nu-

clear structure. Therefore, an explicit treatment of the microscopic nature of the reaction

dynamics should involve at least mesonic and isobaric degrees of freedom to achieve quan-



titative agreement between the theoretical predictions and the experimental results. Some
qualitative agreement can be found in the studies using polarized protons near threshold
[Ja82, Vi82, Br83, S5¢86], where the TNM is able to explain the pronounced selectivity

observed for discrete high-spin, two-particle one-hole (2p1h) states [Ja82, Vi82], the shape

and target dependence of the continuum [Br83]. and even some cross section and analyzing

power features for selected weak transitions [Ja82].

Using 200 MeV incident protons, the isospin-dependence of the NN —+ NN« pro-
cesses inside nuclei was investigated by comparing cross sections and analyzing powers
for the 3C(p, %) continuum production to those for corresponding processes in the free
case [Ko89]. These results favor the dominance of a quasi-free, two-nucleon mechanism in
nuclear pion production. The comparison of 13C( p. %) cross section and analyzing-power
angular distributions also confirms the dominance of the two-nucleon mechanism. The
same authors also have seen, for the first time, the isolated anomalous features exhibited
by strong '213C(p, 7 *) transitions to two highly-excited discrete states in 13C and 'C at

21.4 and 23.3 MeV excitations. respectively.

Similar studies [Hu88] at and above the A-resonance region also gave strong indi-
cations of the quasi-free nature of the (p. 7) reaction inside nuclei. This quasi-free nature
is particularly evident in the case of the (p.77) reaction. Here the relative strengths of
the discrete final states, the energy dependence of the cross section, and some features of
the analyzing power behavior are in qualitative agreement with expectations based on the
dominance of a quasi-free pp — da* process. The pp = dmt observations at 450 MeV
bombarding energies [Jo84], and pp — nprt data [Fa85] typically show a large, negative
analyzing power behavior over most of the angle range, with relatively little difference
between the two-body and three-body final states. At present, there is not as much data
available for the (p, 7~) reaction so that similar conclusions for this reaction are somewhat

speculative.

2.2.1 Comparison of (p, 7~) and (p, 7+)

As stated in the previous section, only one two-nucleon process (pn — pprT) in-
volving the interaction between the projectile proton and a target neutron can contribute
to the (p, =) reaction, whereas the (p.m*) reaction can proceed via a one-nucleon mech-
anism (ONM) as well as the two-nucleon mechanism (TNM). The (p,7~) reaction has
another striking difference compared to (p, 7+). Both final state nucleons have an isospin

projection which differs from the struck target nucleon and are unable to fill the hole cre-
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ated by the NN interaction. In this light, once the final 2plh state of the (p, 7~) transition
is identified, the shell model orbital of the struck neutron is uniquely determined. Despite
the experimental disadvantage of its low cross section, which is significantly lower com-
pared to (p, #1), one can argue that the (p, 7=) reaction is potentially easicr to understand
than the (p, 71) since NN processes play a dominant role [Vis2, Br83, Kos7, Kos9).

Since a process like p — pr~(n7~) does not exist, the one-nucleon mechanism must
predict a zero cross section for the (p,77) reaction. This implies that the proton-induced
negative pion production should involve only 2plh final states, which in turn can be ex-
plained only by the two-nucleon mechanism. This particular nature of the reaction mech-
anism in (p,7~) agrees with the observations of pronounced selectivity of the stretched
2p1h states of the final nucleus [Gr84, Th87].

According to the TNM model, the stretched 2plh states are also expected to be
excited in (p, 7%) reactions with an absolute strength roughly comparable to those observed
in (p,7m~). However, there cannot be a similar pronounced sclectivity of these states
relative to other peaks in the (p. ) spectrum. Transitions with lower angular momentum
transfer and less optimal momentum sharing may be of comparable strength in this case
because several NN processes (as indicated in Table 2.1). involving target nmcleons from
a variety of orbitals, can contribute coherently to the total (p, x¥) amplitude. Since a
large momentum is transferred to the residual nucleus. the high-spin 2plh excited states
are favoured in A(p,n%)A+1 reactions by momentum sharing, However, transitions Lo
these states in (p,m+) are accessible only via a restricted set of reaction paths. The
accessible reaction channels for (p.m~) are even more restricted. For example, the incident.
proton is constrained to interact, for all (p,7~) transitions, with a target neutron from
a specific (high angular momentum) orbital to excite only 2plh states in the residual
nucleus. Compared to this, the contributing NN processes are inherently very restrictod
so that the relative strength of A(p.m7)A+1 peaks should be more clearly dominated by

momentum-matching considerations.

The observed '21314C(p, 7~ transitions to the ground state of 1311150) ¢how that,
the reaction is consistently more sensitive than (p. %) to details of the nuclear transitions
involved [Ja82). The analyzing-power angular distributions of the nuclear transitions in
13,140 have opposite sign to those in 12C, This phenomenon is explained in a simple TNM
model (pn — ppr~) as a direct consequence of the difference in the struck target neutron
orbitals, p } versus py in the different target nuclei [1a82].

The continuum region of the (p,7) spectrum, which reflects contributions from a

large number of nuclear transitions, is also important because it represents an average
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over many nuclear structure effects. A linear rise of the continuum with excitation energy
has been observed in a number of studies where stable angular distribution shapes are
found [Ko89, Th87, Hu87). These studies further indicate that the analyzing powers (Ay)
exhibit remarkably stable angular distributions which are almost completely insensitive to

the excitation energy and to the target nucleus.

The A(1232) isobar excitation in the intermediate state of the (p. 7~) reaction is not
as strong as that in the (p. #*). The analyzing-power data for the (p.7~) reaction on nu-
clei, together with the recent phase shift analysis [Pi86] of cross section data for 7= absorp-
tion on a ! Sy proton pair in 3He, suggest [Vi87] that the elementary two-nucleon process re-
sponsible for 7~ production is dominated by the transition (3D, T =0)— pp(1So)+7~,
for which an intermediate A+N (T = 1, 2) state is forbidden by isospin conservation. Thus,
one concludes that there is probably an additional dynamical suppression of (p, #~) transi-
tions, assuming that the two final state protons in the process pn — ppr~ are constrained

by the short-range nature of the interaction to be in a 15 state.

Unfortunately, a definite conclusion cannot be drawn about the underlying reaction
mechanism of (p, 7~) regarding the dominant resonant channels and the corresponding
analyzing-power behaviour because of the lack of sufficient data over the A-resonance
region. The TNM model calculations developed so far assume a A-isobar excitation in
the reaction which is peaked within the bombarding energy range of 320 - 350 MeV.
However, (p, 7~) data above 200 MeV exist only for "Li with polarized incident protons,
and for 13C with unpolarized protons [Hu87. Hu88)]. These experiments were carried out
at TRIUMF with the MRS spectrometer, and were very time consuming due to the small
MRS solid angle. The energy dependence of the cross section for the Li(p,7~) data
scein to indicate an important role for the A resonance in some discrete transitions, while
the observations of 13C(p, n~) have shown just the opposite. The observed analyzing-
power angular distributions tend to be more negative as the energy increases. Because of
poor statistics, this information is inadequate to draw a solid conclusion on the (p,7)
reaction. Comprehensive (p, %) data, especially at TRIUMF energies, should provide
a quantitative understanding of the pion production mechanism, leading to a possible
extraction of new information about nuclear structure. These data should simultaneously
reveal the role of the A-isobar excitation and the effects of the nuclear medium on the

underlying reaction process.
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Chapter 3

A(p,7)A+1 Reaction Theory

It follows from the general introduction to the (p. ) reaction in the previons chapters
that (p, 7~), which goes only by pn — ppa~ channels, can be explained only in terms of the
two-nucleon mechanism (TNM). This particular model assumes that the pion is produced
in a single collision between the projectile proton and a target. nucleon. The process may
go through an intermediate state by creating a A-isobar inside the nucleny medinm, The
isobar immediately decays to a nucleon and a pion through the strong interaction: the
nucleon gets bound in a certain orbital in the nuclens, while the pion is emitted. Thus,
the two-body final state consists of the residual nucleus which is left in a two-particle
one-hole (2plh) state with respect to the ground state of the target nucleus and the
outgoing pion. The effects due to soft proton-nucleus and pion-unclens interactions before
and after the production process are considered in the calculation as proton- and pion-
nuclear distortions. The following calculation is based on the TNM assuming a A-isobar
intermediate state in the A(p, 7)A+1 reaction.

3.1 Microscopic Input for TNM

The significant contributions to the A rescattering process are shown in Fig. 3.1.
In the Two-Nucleon model, the pion emission process is referred Lo as projectile emission
(PE) if the pion starts from the projectile proton and rescatters from the target nucleon,
while it is called target emission (TE) if the pion starts from the target nucleon, Fig,
3.1 illustrates that the two initial nuclcons interact by exchanging a pion or & p-meson
resulting in one of the nucleons being excited into a virtual A-isobar intermediate state,

The A particle immediately decays to the emitted pion and the bound nucleon in the
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final state. The angular momentum state of the initjal target nucleon is denoted by jj;,
while those of the final nucleons are denoted by j5 and j.. The different labelling in
cach case is due to the antisymmetrization of the final nuclear wave function. This figure
illustrates the post pion emission where, (a) and (b) represent two projectile emission
diagrams (direct and exchange), while (¢) and (d) represent two target emission diagrams
(direct and exchange).

k@ J P o o® 1 K
_}3_92[: + __I[a__pEJ:SA;
p Ig p I
n\‘: Io (© JB 31:\ J[;’ ) Ja
- P 7 JE' P ) Jﬁ i

Figure 3.1: The post-cmission diagrams for intermediate A-isobar formation in the two-
nucleon mechanism: (a) and (b) show the direct and exchange projectile emission while

(c) and (d) show the direct and exchange target emission, respectively.
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3.1.1 @wNN and 71 NA Interaction

The two-nucleon mechanism assumes that the A(p, T)A+1 reaction proceeds through
the NN interaction (the incident proton and the target nucleon). At intermediate ener-
gies below 500 MeV, it is sufficient to consider this interaction to be mediated by 7 and
p exchange. First we consider the pion exchange in the initial NN interaction for which

the static form of the interaction Hamiltonian at the NN vertex [Al8S] is written as

T¥in T’\(( -)) > 3 3
Wy = im!— TqT P, (3.1)

with ¢ = (g, q) representing the four-momentum of the intermediate pion and m . its rest
mass. ¢ is the pion field which is a scalar in spin space and a unit vector in isuspin space,
The off-shell form factor at the N N7 vertex is denoted as [+(g%). The o and T are the
usual matrix representations of the operators which connect the two-component. spinors

in spin and isospin space, respectively.

The second vertex of the NN interaction is the 7 VA vertex for which the interaetion
can be obtained from equ. (3.1) [We77] by substituting

f=r. o St T T, (3.2)

where St and 7't are the transition spin and isospin operators connecting spin-isospin -

and §- states [Su68] and are defined from

il
)

1 3 1 3,
GISIZ=GITIS) =

3ol 3 1
(§l|5|l§)=(§lle”§)Z‘2-

The corresponding interaction Hamiltonjan involving #NA coupling, written for the case

of meson-annihilation and A-isobar creation is therefore,

[i(q?)

HiN =224 gt apt. g (3.3)

My
where the off-shell 7N A vertex form factor is denoted by f 2(q?).
3.1.2 pNN and pNA Interaction

To include p exchange in the initial NN interaction, one needs to consider the pPNN

vertex and the pNA vertex. The p is a spin-1 isospin-1 particle, hence the interaction is



not the same as in the case of one pion exchange, the pion being a pseudoscalar particle.
The interaction Hamiltonian for the pNN coupling is given by,

int  __ fﬁ(*’lg} - a

H¥v=-""""0oxqr-p, (3.4)
m,

where, the p field is represented by p which is a vector both in spin space and isospin space.

Now for the second vertex, the corresponding pN A interaction Hamiltonian is obtained

(as for pion exchange) as

5%

™y

StxqTt . p. (3.5)

it __
Hp.\'A -

3.1.3 Coupling Constants and Off-Shell Corrections

The off-shell continuation of the vertex function must be taken into account be-
cause the exchanged mesons are far off-shell in the rescattering amplitudes. However, the
nucleons involved are not far from their mnass-shell and their off-shell behavior is presum-
ably accounted for through their bound state wave functions and the distorted waves for
the projectile. The form factors, which are functions of the squared four-momentum of
the exchanged meson only. can be used conveniently for the off-shell corrections to the
vertex functions. Some theoretical basis has been given [Br83] for the use of monopole
form factors, leading to the following off-shell parameterization of the coupling constants
in eqns. (3.1) and (3.4):

. 5, A2 —m2

2 2 x T g p
= mi)—m——s——"—. 36
where x denotes the intermediate meson (m or p) and f,(m2) represents the on-shell
value of the coupling constants (frxx. fonn. etc.). Table 3.1 shows typical values of the
parameter, A, used in (p. ) calculations. Both the structure of the vertex and the off-
shell correction to the exchanged meson are taken into account by the form factor. The

ratio of the couplings is predicted in the simplest SU(2)xSU(2) quark model as [Ha74],

frna f pNA 6 ‘/" f
. LI VoR 3.7
fann  fonn 5 (3.7)

Typical values of these coupling constants are given in the Table 3.1, which shows that the
ratio of those used for the p meson exchange is in close agreement with the quark model

predictions, while it is higher for the pion exchange.
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Table 3.1: Typical values of the coupling constants used to calculate the form factor at
each vertex by Alons et al., [AISS).

T fr.—-\?\‘/-lm_; frxa /m; A;

(fin) {fin) (MeV) ,
™ 1.42 3.05 1200
p 2.02 3.44 1500

A 200

3.2 Construction of the TNM Operator
The pion-nucleon scattering amplitude is dominated by s- and p-waves at pion
energies below 300 MeV. and hence by ignoring the higher partial waves, the interaction

can be written as
Hyxonyeling) = Hyli.j) + [ HY (i, j) + HA (5, 5) ] . (3.8)

where the p-wave contribution is separated into a non-resonant, nucleon-dominated piece
H i,\"('z} J) and a resonant, A-isobar-dominated piece & j(t 7) [A188]. The TNM caleulations
for the (p, #+) reaction show that the non-resonant contributions are negligible compared
to the resonant contributions for incident proton energy greater than 200 MeV [1985). It
is assumed also that the non-resonant p-wave contributions are small. By assuming a
smooth off-shell energy dependence and by taking the ratio of the squares of the off-shell
and on-shell pion momenta involved, it follows from the structure of the # N amplitude that
under the extreme off-shell conditions encountered in TNM, the p-wave part is enhanced
by more than an order of magnitude as compared to the on-shell situation, thus greatly
reducing the importance of the s-wave piece [Al88, [¢85]. These assumptions have not.
been supported experimentally for the (p, 7~) reaction. because of the lack of data in the
A-resonance region.

The expressions described above are combined with propagators for the pion, 4~

meson, and A-isobar to obtain the TNM operator which is written in momentum space

as
HRG,5) = 1E0) g g, fZ'{ V(40 9) + Vplg0, q) }Dg(m) . (3.9)



Here the interaction potentials for the 7- and p-mesons in momentum space are

defined by

=(9*) [ (q”
Velqu.q) = L%éq_) [ i-qS!-gr;-T! ]Dn(qz) ; (3.10)
2y fop 2
Vitao.) = B (o) (st wayre ! [ D). 3
P

The propagators of A, 7, and p are denoted by Da(w), D, (¢?), and D,(¢?). Using stan-
dard angular momentum algebra, the operator quantities appearing in the pion interaction

potential can be written as

00
ci-qS!.q= CE) [ ¥3(@) (@ x sh*| (3.12)

A=0,
where Cf(q) = —V/(127)2, and C3(q) = \/(24m)q? for the A values of 0 and 2, respec-

tively. Similarly for the case of ¢ exchange,

(7ix9) (8] xa) =3 T CE[%(@) x (o1 x S [ (3.13)
A=0.2

where C{)'(q) = —\/(TST)(]"), and Cj(q) = —\/m 2 for the A values of 0 and 2, re-
spectively. The notation “00" denotes the total angular momentum and its projection for
the couplings involved. Once the transition potentials are determined, the TNM operator
H,?('i, 7) has to be Fourier transformed to configuration space in order to calculate the
transition amplitudes. Taking the static limit of the transition potentials where the energy
of the exchanged meson is ignored, i.e., at the limit of go = 0, one can write the transition
amplitude as

d Age .
VpA(r;—rj) =/(2—7:I)_,;H,;3(2,_7)exp[ 1q - (r; — ;) ] . (3.14)
The explicit wave function for the pion produced in the final state is written as
(k) =i ( VX (k. r) )@, (3.15)

where xs‘-")'(kﬂ, r) = xs_-“(—k,,, T) is a pion distorted wave (simply exp(—ik, - r) in the
case of plane waves). We discuss the pion distortions in the final state later under the
scction on distortion effects. The partial wave expansions for the plane waves appearing
in the TNM operator in eqn. (3.14) are expanded as

exp[ "] * 7‘1’] =dn Z i'\ija\.'(qri)y,\l:i (‘f':)Y,\':'(“J)' H (316)
Ay
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Pl igril=dm 37 N )Y )Y (@) (3.17)
Ajuj
Using standard angular momentum algebra, the explicit result for the PE contribution of

the TNM operator can be obtained by using i = 0 and J = 1 in the above tXpre

sElons.
Similarly, the TE contribution is obtained by using i = 1 and 7 = 0 in the relevant
expressions.

3.2.1 The Propagators

The non-static propagators for the intermediate 7 and p in the nucleon-nucleon

inelastic interaction may be written as
o, 1 -1 .
D (q%) = - — = (3.18)

*=m2+ic g4 mi —q5 —ie

1 —1

Do) s 5—g— = =L (3.19
nlq) q* —m32 + ie Q@ +ml - g2 e 3.1}

where ¢2 = 9% — q* is the four-momentum squared of the exchanged z-meson. gy is the
energy of the exchanged meson which is put to zero at the static limit. Assuming a local
effective A-nucleus interaction, Vy 4(r). in the many-nucleon environment one ean obtain
the A propagator in configuration space by solving the following differential equition

[1485]:

{ M3 4 = M3+ (/2000 (B) = T = Vaa(r) } Gatror'sa) = dr — o)

| (3.20)
Here EAn = My +w + T, where My +w is the center-of-mass energy of the plon-nucleon
system inside the nuclear medium with Mx being the nucleon mass (neglecting its binding
energy) and w = T, the projectile kinetic energy in the proton-nucleus centre-ofomiss
system. Ty is the kinetic energy operator of the A while My and T'a represent the mass
and the width of the delta, respectively.

3.3 Distortion Effects

The incoming proton interacts with the strong nuclear field before making the
nuclear transition, as does the outgoing pion after the production process. Therefore, the
wave functions of the proton and the pion cannot be taken as the plane waves and the
distortion effects in the initial and final states have to be considered in the microscopic

calculation of the (p, 7) reaction.
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3.3.1 Initial State Interaction

The initial state is described adequately by the interaction between the projectile
proton and the target nucleus before the projectile makes its transition to a certain bound
state. The proton distorted waves can be calculated by means of a standard non-relativistic
optical model approach. The proton distorted wave function in the initial state is expanded

as

47 L ULk, - S\ %
Vi, (Rp.ro) = (-=) ) (i)* % Yiar(kp) Yiar (7o) X2,

(
ko

= () S Y6) Uskyro)

kpro” 5 jom

- 1
XYiylk,) (LM ;;— mg, |jm)| L §‘j m) . (3.21)

where k) denotes the momentum of the incident proton and 7y is its coordinate vector.
Up(k,.79) is the radial part, and m,, thespin part of the proton distorted wave function.
1.k, 1 " pin p P

Ui (k. r9) is obtained using the following Schrodinger equation:

{ B+ 580 L V(L jir) YULlkr) = BUL(kyor) (3.22)

2 dr? 2ure

The reduced mass of the proton-nucleus system is denoted by y in the proton-nucleus
center-of-mass, and the corresponding energy related to the wave number kp is E which

satisfies
o o
h'kﬁ 2= g2 p2ct.

V(L. j,7) is the proton-nucleus optical potential which is given in a phenomenological
parameterized form as

V(L.j,r) = Ve(r,Re)+Vif(r, Ry 1) +iWaf(r, Ra, as)
2
;[ Ve Ra) + W Riay) J€-0). @23)

In this expression Vo (r, Re) is the Coulomb potential arising from a uniform charge dis-
tribution and the nuclear optical potential. The parameters V; and Wh, represent the
strengths of real and imaginary parts of the central part. V3 and W; are the correspond-
ing strengths of the spin-orbit part of the optical potential. The f’s represent the form
factors which are usually considered in Woods-Saxon form,

1

f(ri, Rivaq) = 1 4 exp[(r; — Ri)/ai] "
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Here, R; = r;A'/3 is the mean radius of the nuclear potential well, while the skin thickness
is denoted by a;. The optical potential is usually obtained in a phenomenological parun-
etarized form by fitting to experimental data, for example, taken from proton-micleus

elastic scattering at a compatible energy range.

3.3.2 Nuclear Ground State

Consider a reaction on a closed-shell target nucleus for simplicity (for example, 120,
0Ca). The closed-shell of the nuclear ground state can be considered as a particle in a
state | 7 m) coupled to the rest of the nucleus, which itself is represented as a hole in the
state | jm). Now suppressing the isospin variables, oue can write the nicloar ground state

a5

| ‘I‘;D*(TI:E)) = Z | Ujn(ry). Dj-m(£))

Jm
= ZRﬂ’j(Tl) ljm)‘T'j(E) |j —m). (3.20)
Jjim

In this equation, r; and £ are the coordinate vectors of the target. micleon and the remain-
ing nuclear core, respectively. The radial part of the wave function of the targel, nucleon
is represented by Rp5(r1) which is obtained by solving the Schrodinger equation with an
appropriate nuclear potential. ®;(£) denotes the nuclear core wave function. The miclear
ground state formed above has to be coupled with the distorted wave of the incident, proton
to form the overall initial state which is a proton coupled to a closed-shell, J = 0 =10

nucleus. Thus we form the total initial state as
[ Widm,, = A | W, (kp, 7o), D" (), €)) (3.25)

where A represents the antisymmetrization of the total wave function of Lhe “aitial stade,

3.3.3 Final State Interaction
The final state consists of a real pion and the nucleus with an extra bound nucleon.
If this additional nucleon is bound in the angular momnentum state | j, m 1), the state of
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the nucleus can be written as

| Omy(ro,71,8)) = A |9, (ro), ¥0F(r),€))
= A Ru,5,(r0) |3ymys) 3 Ranje(ry) | ' m')
j'am'

x®:(&) |7 —m'), (3.26)

where Ryrj(ry) represents the radial part of the wave function of the bound nucleon
after the decay of the delta, and R, slyjr(To) represents the bound state of the incident
nucleon. The wave function of the nuclear core (i.e.. the hole state) is represented by
(I)]n(f) | 7/ —m'). A’ denotes the antisymmetrization of the wave function in the final

state.

The pion distorted wave can be expanded in a partial wave decomposition as

o) 4 . D1, (kz. 7o) N
X (kﬁ,r-g)=k— > (l)lvr.-?.)___}",’r,"”(rg_)}’;nm"(kﬁ). (3.27)

LI

where k; and 72 are the momentum of the outgoing pion and its coordinate vector.
respectively. @y (kr,72) is the radial part of the pion distorted wave function for which
the solution is obtained by solving the Schrodinger equation as in the case of proton
distortions in the initial state [see eqn. (3.22)]. However in this case, the potential is
taken as the Coulomb potential plus the pion-nuclear optical potential. This potential has
been used by Igbal and Walker [Iq85] as a modified Kisslinger potential which is written

for a nucleus of atomic number A as

A

‘/n))f(’]') = —Abokgp(r) + Ablv . p('r)V _ (_) [T;.- +7TL77

7 ]blv?p(r).

2
(3.28)

Here, T and m; denote the kinetic energy and the rest mass of an emitted pion with wave
number k. The nucleon mass is M while bo and b; are parameters related to the S- and
P- wave pion-nucleon phase shifts. p(r) is the nucleon density at a distance = from the
nuclear center. A phenomenological parameterized form of this optical potential can be
obtained by fitting to pion-nuclear elastic-scattering data at a compatible energy range.
Since the pion distortion effects (kz¢) are included in the TNM operator itself [see eqn.
(3.9)], the final state of the reaction is taken as the 2plh nuclear state of the residual

nucleus. Thus, we have
' ‘I’f)m, =A, I \I’mf(’l'o,’l'l,é)) . (3'29)
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3.4 Transition Matrix Elements

The transition amplitudes in the two-nucleon mechanism are evaluated by coupling
the nuclear states of one active nucleon in the initial ground state nucleus and two active
nucleons in the final state residual nucleus to the same nuclear-core wave function. Onee
the initial and final state wave functions are obtained. the matrix element of the nuclear

transition can be written with the TNM operator sandwiched between them as follows:

[{f1Tpe]?)| = (T | Hyxoxaz(0,1) | 0;)

= AT Y T s (7). Wy (1) | Haxeosenn (0. 1) |

Jom jt.m?

X l \I’m,,l (7'0)- \I’jm(rl)) X ((I)j ~—m(£) I (I)j" —m’(f))

= A"Z(‘I’j,m,(ro). Pim(r1) | Hyyoxaa(0.1)

Jom

X l \Ilm,l (rg). m]yn("l )) . (3.30)

where the orthonomality of the nuclear-core states. (@; _ (&) | Py (&) = 8,0, has
been used. The wave functions of the nuclear-core in the initial and the final states are
taken to be the same, otherwise the matrix elements would vanish. A" again represents

an appropriate antisymmetrization factor.

3.5 Experimental Observables in the A(p,7)A+1 Reaction

The cross section and the analyzing power are the typical observables for this type
of reaction studies. They are determined for the selected reaction chanmnels that are well
understood.

3.5.1 Differential Cross Section

In the case of the A(p, m)A+1 reaction, the differential cross section has to be
calculated considering a two-body initial statec and a two-body final state. Once the
transition amplitude of the reactjon is known, the differential cross section is given by
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[GOG4]

do ajag 1 / 9 1 1 —
— = dkok; ——
dQ (27r)2|v,,-V,-| '(2sp+1)(23;+1)§.§§
x [ dkayi8(B; ~ E)S(P; = Py) | (] | Tye 1) P (3.31)

where a) = (m,/Ep) and oy = ﬁ: are the fermion and boson normalization factors in
the initial state and the final state, respectively. The relative velocity of the incoming
nucleon channel is given by (vp — V). ji is the initial angular momentum state of the
target nucleus. The quantities E;, E;. P;, and Py represent the initial and final total
energies and momenta. The final expression for the differential cross section is obtained
in terms of the reduced T-matrix elements (| Tp.= |) with the relative velocity expressed
in terms of the kinematical variables in the centre-of-mass, and by performing integration

over k; and k44,. Thus, we have

do __M k. E];EAEA+I |2 o
a0 = e (B )—-‘(EWLEA)Q 1 T D (3.32)

where k), and k; represent the magnitude of momentum of the incident proton and the
outgoing pion, respectively. E,, Ey. and E 4y are the total energies of the incident proton,
target nucleus, and the residual nucleus. respectively. The reduced T-matrix element is

written as

; 1 1 2 .
| T ) P= : (1 Tpn 3y 2, 3.33)
T D (23,,+1)(2]i+1)§;§§,:l Ton 1)1 (
which is averaged over all the initial spin projections of the projectile proton and the
angular momentum projections of the target nucleus, and summed over all the final states
containing pion and the residual nucleus. If a polarized proton beam is used, the initial

proton spin averaging is not required.
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Chapter 4

The Experiment

The present nieasurements of A(p.m*)A+1 reactions were carried out in two sepa-
rate TRIUMF experiments, E417 and E635. The former includes the (p. ") studies while
the latter consists of measurements for the study of (p,77). Both were performed using
the same facility at the TRIUMF laboratory in Vancouver. Canada. This chapter ineludes
a detailed description of the experiment and major parts of the instrumentation involved

in the measurements.

Accelerated particle beams are used as probes iu most of the present, experiinents
in subatomic physics to study the details of nuclear reactions and thereby exploit. the
nature of interactions between the constituents of the nucleus. Different types of particle
accelerators such as cyclotrons, synchrotrons, linear accelerators, or accelerating rings in
various geometries are made available for these purposes at different laboratories around
the world. Subatomic experiments performed at TRIUMF make use of a pritnary beam of
accelerated protons produced by a variable energy cyclotron. All other sccondary beams

are derived from this primary beam.

4.1 Experimental Facilities

The TRIUMF laboratory provides proton, neutron and meson beams for various
types of experimental studies depending on the application. An initial beam of H~ ions
of 300 keV is first injected into the main cyclotron, which then delivers proton beans
from three different extraction ports. Three primary beam transport systems carry the
proton beams in well-defined achromatic or dispersed beam configurations to the different
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experimental areas in the laboratory.

4.1.1 The TRIUMF Cyclotron

The TRIUMF particle accelerator is a six-sector, isochronous cyclotron which ac-
celerates F/~ jons to a maximum energy of 520 MeV. The main advantage of the design is
that the extracted proton beam is continuously variable in energy from 183 MeV to 520
MeV. A thin graphite foil is used to strip the electrons from the H~ ions at the beam
extraction port. The subsequent positively charged particles (protons) are bent out of
the machine by the magnetic field that guides the H~ ions. A pure proton beam is thus

axtracted into the external beamline.

The entire cyclotron operation is computer controlled. The position and angle of
the stripping foil can be varied as desived. Its radial position determines the extracted
beam energy, and the beam intensity depends on how much of the beam the foil intercepts.
Several extraction ports allow the extraction of two or more beams simultaneously and
independently. Since H~ jons are accelerated, an appreciable beam loss can occur in the
machine due to electric dissociation. Therefore, the size of the cyclotron is large (30 feet
in diameter) to minimize the peak magnetic field, and hence the beam loss. More details

of the facility can be found in reference [Cr77).

The general layout of the laboratory is shown in Fig. 4.1. Beams through BL1 and
BL4 are extracted simultancously using two stripper foils which are 180° apart in azimuth,
and are individually adjustable, thus providing two independent beams. Beamline BL2is
the third independent proton beam and is utilized for the production of radio isotopes and
cancer treatment. Beamline BL1 transports the proton beam to the Meson Experimental
Hall where secondary meson beams are produced for meson experiments. Beamline BL4
is divided into two arms, namely BL4A and BL4B, using a bending magnet, and hence
only one of the two can be operated at a time. BL4B transports the beam to the proton
hall where the present experiment was performed. The details of the transport magnetic
clements on BL4B can be found in reference [Pu92]. The experimental arrangement is
shown in Fig. 4.2. This includes the external beamline, its associated major components,
and the Dual Arm Spectrometer System (DASS) in the proton hall (see section 4.2.2).
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Figure 4.1: General layout of the TRIUMF laboratory showing the different experimental
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areas that are connected to the main cyclotron by the beamlines indi
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DUAL ARM SPECTROMETER (DASS) on BEAMLINE 4B
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Figure 4.2: Plan view of the experimental arrangement which shows the external beam and

its associated major beamline elements and the

hall.

spectrometer arrangement in the proton
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4.1.2 Polarized Proton Beam

The proton beam in BL4B is available either in polarized or unpolarized form. The
polarization vector can be vertical, transverse, or longitudinal. The beam polarization is
reversible, and is typically about 75%. A dispersed, vertically-polarized beam of protons
was used in the present measurements with a vertical momentum dispersion of -11 {cin/%).
The beam polarization was continually measured by the In-beam Polarimeter (IBP).

The In-beam Polarimeter (IBP)

The IBP, one of the major BL4B elements, is situated upstream of the bean twister
(see next section) in the proton hall. Inside the polarimeter, a thin, hydrogen-rich target,
typically 1.334 mg/cm? of CH, is exposed to the incoming proton beam. The subsequent
Pp —> pp clastic scattering events can be detected in two opposite directions (left and
right) to measure the asymmetry. A schematic diagram of the IBP is shown in Fig. 4.3(a)
and its associated electronics logic is shown in Fig. 4.3(b). Three scintillation counters
are used to detect pp elastic events scattered to the left, and another three for the events
scattered to the right. Consequently. there are 12 scintillation counters installed in the
IBP including those for the measurement of up-down asymmetry. In our measurements,
the left-right asymmetry is used to obtain the spin-up and spin-down polarization of the
incident beam. Protons scattered to the left and right at 17° lab angle are detected in
coincidence with their corresponding recoil protons, which are scattered in the opposite
side at 68.9°. In addition, a second signal from the recoil detector, delayed by 43 ns,
is used in coincidence with the small angle detectors to obtain the number of accidental
coincidences. These are subtracted from the left (N1) and right (Np) counts to determine
the true number of scatterings. The accidental coincidences are due to the events coming
from different beam bunches which are separated by 43 ns in the incident proton beamn.

According to the set-up in Fig. 4.3 (using the known analyzing power of the reac-
tion), the left-right asymmetry provides the transverse polarization components (spin-up
and spin-down) of the beam while the sideways polarization is obtained using the top and

bottom asymmetry. Thus, spin-up (+4) and spin-down (—) polarizations are determined
by

et £

Argp’ Amgp’

Pt =

(4.1)
where, the ¢’s are the left-right asymmetries for spin-up and spin-down polarizations cor-
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(2) In-beam polarimeter (plan view)
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Figure 4.3: Schematic diagram of the In-beam polarimeter used for the measurement of
beam polarization. The detector set-up is shown in (a) while (b) shows the electronics

logic for pp elastic events.
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rected for the instrumental asymmetry, and are calculated as

[L(real) — L(acc)] — [R(real) — R(ace)]

[L(real) = L(ace)] + [R(real) = R(aca)] ~ ° - (4.2)

E

Here, €g is the instrumental asymmetry and is determined from polarimeter data taken
with an unpolarized incident beam. The accidental-to-real ratio of polarimeter counts was
kept at approximately 0.1%/nA/(mg/cm). A substantially larger value of this ratio is
an indication of excessive beam spill somewhere upstream in the beamline. A;gp is the
analyzing power of the IBP including correction for C(p, 2p) background [Wa96).

4.1.3 Dispersion Matching Mode

The beam has a horizontal energy dispersion at the extraction port due to the finite
size of the stripping foil. However, the spectrometer, which bends particles in the vertical
plane, requires a vertically-dispersed beam at the target for optinum resolution. A beamn
twister located upstream of the target chamber on BL4B, rotates the phase space of the
incoming beam by 90° to change the horizontal dispersion into a vertical dispersion. The
beam twister is a sel of six 4-inch quadrupole magnets mounted in a frame that, allows
the ensemble to be rotated around the beam axis. The relative distances between the
quadrupoles also can be changed if desired. The unit magnification of the device is such
that it is +1 in the vertical and -1 in the horizontal. The achromatic bean tune requires
the quads to be in their normal orientation (rotated 45°) to focus/defocus in the horizontal
and vertical directions. When the beam is horizontally dispersed, the ensemble is rotated
about the beam axis to the zero setting. The opposite signs of the two magnifications
have the effect of twisting the horizontal dispersion into a vertical dispersion as required
by the spectrometer.

Once a vertically dispersed beam is achieved, one can proceed to matching the
beam dispersion with that of the magnetic spectrometer to improve the resolution in the
observed spectra. The better the resolution achieved, the more precise is the interpretation
of physics. If the beamline and the spectrometer are perfectly dispersion matehed, then
the resolution will be independent of the momentum spread in the incident beam, and
will be mainly a function of the target thickness. The relatively low cross section of (p,7)
reactions requires thick targets and hence energy straggling in the target is the main

contributor to the resolution.

The dispersion matching is achieved as follows. Ifa non-monoenergetic beam of pro-
tons is placed at a point of the focal plane, and is directed back through the spectrometer,
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it will emerge with a dispersion of AX’ which depends on the initial momentum spread
of the beam and is given by
, D,(Py — P;)
X' ==H "L
a M,P' ’

where Dy(M,) is the dispersion(magnification) of the spectrometer and Py (P}) is the

(4.3)

highest (lowest) momentum component of the beam. The average momentum of the
beam is denoted by P'. Conversely, a beam of particles incident on the spectrometer
with a position spread of AX and a momentum spread of (Py — Pr). is focussed at a
single point on its focal plane. Experimentally, the vertical spread of the incident beam is
similarly,

AX = &i%:ﬁl (4.4)

where P and D, represent the average momentum and the dispersion of the incident beam
after passing through the target, respectively. The dispersion-matching condition is thus,
AX = AX' which leads to

Dy(Py fﬁPleps(P;{ - FPp) (4.5)
P M
Neglecting the momentum spread induced by the target yields Py = Py and P; = P,

and hence the final dispersion matching condition is obtained as

Therefore, the incident proton beam has to be tuned to satisfy the above condition. A
nominal 170 keV resolution in the focal plane spectra can be achieved for m-detection in

the dispersion-matching mode for this spectrometer at 250 MeV.

4.2 The Experimental Arrangement
The experimental arrangement for the measurements of nuclear reactions is a com-

tronics. A schematic diagram of the experimental layout is shown in Fig. 4.4.

4.2.1 Nuclear Targets

The choice of targets depends on the nuclear reactions to be studied. Typically,

several nuclear targets are used in an experiment. A maximum of 6 targets are loaded on
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Figure 4.4: A schematic diagram which shows the layout of the SASP spectrometer. Only
the major components are shown. The FEC is inserted between the target chamber and
Q1, if necessary. Detailed information is found in reference [Wa96].
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a metal-framed target ladder located inside the vacuum-sealed target chamber. Among
of the beam before inserting the primary target of interest. An empty target is also avail-
able for the measurement of background events. The target ladder motion is completely
controllable remotely so that a particular target, at any desired target angle, can be ex-
posed to the incoming beam. The outgoing nuclear reaction products are analysed by the

spectrometer located immediately downstream of the target chamber.

Table 4.1: Different nuclear targets and their thicknesses as used in the measurements.

Nuclear Targé't. Thickness ( Vring/cmg)w Cnmments B
g 50.02 ] Natural Carbon
3¢ 96.00 98.90 % Enriched
Mg 97.20 99.42 % Enriched
10Ca 15.68 99.00 % Enriched
CH, 48.06 -

ZnsS — ) Scintillation Screen

4.2.2 Second Arm Spectrometer (SASP)

SASP (see Fig. 4.4) is a newly-commissioned magnetic spectrometer which can be
operated either as a single arm spectrometer or as a second arm spectrometer (SASP)
in conjunction with the existing medium resolution spectrometer (MRS) in a dual arm

system (DASS). The DASS facility has been designed for both spectrometers to share a

scattering angles. The maximum angular range of SASP is 23° to 135° in the normal

operating mode.

m. Outgoing particles from the nuclear reaction are focused by the front-end quadrupoles
into the dipole magnet which bends the particles by 90° in the vertical plane (bend plane)
with respect to the initial beam direction. The particles emerging from the dipole magnet
go through the focal plane detection system which consists of two large vertical drift
chambers (VDCs), a scintillation hodoscope of five paddles, and a large single scintillator
(81) installed at the top of the detector tower (see Fig. 4.4). Position information of
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the reaction particles is obtained from the VDCs. The energy loss of cach particle is
provided by the scintillator array for particle identification. The top-end scintillator is
used to purify the final trigger signal. The larger solid angle and the shorter flight. path
compared to MRS makes SASP a better pion spectrometer than MRS, the other half of
DASS. The use of Front-End chambers, which limits the count rate, is optional in SASP
operation. The absence of the front-end chamber allows a relatively high beam intensity
on the target. This particular feature in SASP is an advantage, especially in low cross
section measurements such as nuclear pion production.

Three magnetic clements are used in SASP. Two front-end quadrupole magnets foens
the outgoing reaction products into the dipole bending magnet which then analyses the
momenta of the particles in the vertical (bend) plane. and focuses them onto the foeal
surface below the VDCs. The dipole magnetic field can be tuned to observe a desired
momentum range of the scattered particles at the focal plane. Reversing the coil current,
permits the detection of either 7+ or 7=. The 7 spectra contain low energy protons in

the background, while the 7 spectra are {ree of this contamination.

(p.77) data were taken at 221. 280. and 350 MeV with five different. seattering
angles, while the data for (p. %) were acamnulated at 250 and 280 MeV at. cight. seattering
angles. The front-end chamber was inserted at higher scattering angles where the event,
rates are relatively low. However, most of the data taking were completed using a high

beam intensity in the absence of the front-end chamber.

4.2.3 SASP Detection System

The flight path of the particles through the spectrometer is illustrated i Fig.
4.4. It also shows the layout of the various detectors in the system. In the case of Lhis
experiment, the reaction pions were detected in multiwire drift chambers and scintillators
as schematically shown in the figure. Signals from the wire chambers positioned at the
front and top ends of the spectrometer provide spatial and time-of-flight information for
ray tracing of a particle passing through SASP. Particle identification is achieved by the
combined information of energy loss of particles in the top-end scintillators and their
times-of-flight through the spectrometer. The cyclotron radio frequency (RF) signal is
used in combination with scintillator signals for the particle identification in the absence

of the front-end chamber.
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Front-End Chamber (FEC)

The front-end chamber has two sets of two orthogonal wire planes labelled as
Xy, X{, Yo, and Yy which are perpendicular to the central particle ray. Each plane
consisls of sixteen pairs of alternating active anode and cathode wires in between cathode
planes. The distance between the two adjacent anode and cathode wires is 2.5 mmm, There
is an offset between the primed and unprimed planes which equals half the anode wire
spacing. The usual gas mixture used in the front-end chamber consists of a 50/50 mixture

of argon and isobutane by volume at a total pressure of one third of an atmosphere.

When a charged particle passes through the gas, a small region is ionized. and
the subsequent electrons start drifting towards the nearest anode wire. each of which is
connected to an independent discriminator and time-to-digital converter (TDC). A charge
pulse on an anode causes the TDC to start. All the TDCs are stopped together at a
fixed time after the SASP event-trigger is satisfied so that longer drift times correspond

to smaller TDC values and vice versa. The wire arrangement. of the front-end chamber is

3
e

illustrated in Fig. 4.5(a) where the unprimed and primed planes are labelled in opposite
order from each other. The absolute address of a particular wire is taken as a word in the

data stream which is called as chn.

If FIRST and LAST are the lowest and highest absolute addresses respectively. for

a given wire plane, then [sce Fig.4.5(a)).
N =chn — FIRST, for X,.Yy (FIRST =0, LAST = 15).
N'= LAST - chv!, for Xo.Yy (FIRST =16, LAST = 31).

The position of a charged particle in the chamber is then calculated as the average
of the positions in the two planes. This is shown in Fig. 4.5(b) where one anode-cathode
cell is illustrated with an ionizing particle passing through the chamber. Suppose that the
cathode-anode separation in each plane is [. and the drift time from cathode to anode is
A. The parameters X, ¢, X' .t are shown in the figure for each plane. In terms of these,

one can write the drift distances X and X' as

— i 1 v . (A=t
X=%,and X ===,

where #(t') is the drift time in the unprimed(primed) plane [see Fig. 4.5(b)]. In terms of

[}

6



(a) Wire arrangement inside the front-end chamber.

each containing 16 active wires. L is the anode separat

ion.
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Figure 4.5: The front-end chamber geometry which consists of two identical wire planes,



the anode wire spacing L (where L = 21), the average measured distance X is given by

X+X t—t'+ A
. :( + )L.

X= g = (i

(4.7)

Since the TDCs are operating in 4 common stop mode, resulting in a longer TDC time

corresponding TDC time T = ty — t4,;5 where tg = common stop time, as
- T -T+A\ ,
X= (—) L. 18

The staggering of the planes is useful to decide whether the passing particle is either

added or subtracted from the wire number N. According to the wire arrangement, one
can see that a particle coming to the right of an unprimed wire with N/ = N will result
in 2(N' = N)+ 1 = +1. and similarly a particle to the left of an unprimed wire with
N = N"+41 will result. in 2(N' = N) + 1 = —=1. Therefore, this quantity is used to decide
the correct side of the struck wire. The absolute average position of an ionizing event in

the FEC is then calculated as

&] } L. (4.9)

SX0 = {N+ [2(N" = N)+1] [ —IA

The anode spacing is L = 500 in units of 50 pm.

Focal Plane Drift Chambers (VDC)
Two large vertical drift chambers (VDCs) are located immediately above the focal

to cach other, and inclined by 45 degrees to the outgoing central ray from the dipole exit.
Each VDC consists of two wire planes which are called the X plane and the U plane. The
angle between X plane wires and U plane wires is 30°. X and U planes are separated
by a common cathode plane, which is a thin aluminized mylar foil. The set of these two
planes is then sandwiched by another pair of similar mylar cathode planes. The gas in the
VDCs is a 50-50 mixture (by volume) of Argon and Isobutane at atmospheric pressure.
Gold-plated 20 pm tungsten wires spaced 6 mm apart are used for the anode wires. There
are two field-shaping guard wires between any two adjacent anode wires in each plane of
the VDCs as shown in Fig. 4.6(a). Fig. 4.6(a) also illustrates the passage of a charged

particle through a plane, and the corresponding drift times, T}, to the struck wires.
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(a) Position calculation from the VDC.
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Figure 4.6: The geometry of the vertical drift chambers installed to trace Lhe particles
back to the focal plane. (a) shows how the anode and field shaping or guard wires are
arranged in a single plane. The angular orientation of the wires in the X and U planes are

illustrated in (b). (c) shows how the U coordinate is transformed to the Y coordinate.
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The VDCs operate in the common stop mode (as does the FEC) so that large drift
times correspond to small TDC times. Electrons released due to the ionization of the vDC
gas by a traversing charged particle drift towards the anodes. A valid hit requires that at
least, three adjacent wires be struck. There can be more struck wires, however, only the
one with the minimum drift time (maximum TDC time) and its two adjacent neighbours

are used in the position calculation.

Defining Ther = largest TDC value, N = wire # with the largest TDC value, Tinin
= smaller of Ty -y and Ty, and Anin(mazr) = drift distance for Tpniy(maz). and X = the
distance from the anode to where the particle trajectory crosses the plane [see Fig. 4.6(a)],

One cin write,

imin dﬂiﬂ: d;\?+1 (4 10)

T(L=-X)

7

which leads to

;j&: _ ‘:l,rnﬂ,fié dﬁi‘ﬂin 7+ d;\‘-k; (4.11)
L dmﬁf - dmin ' o

Also we have tanf = dp-/ X, so that

X ggmaf

L doaz —dpin

_{ _ Eg\}l — iiﬁgin (4.13)

L - g(dmf;: ;dmin)r i
Using the relation dgy; ft = Vdrift X ldpify, one can transform the drift distances to drift
times, tgrip. Letting T = tg ~ tdarift. where g is the common stop time, d = v(tg ~ 7).
Therefore, X can be written as follows:
_ L(Tmin = Tin41)

X = Dimin - ) 4.14
2(Tmi'n - Tmﬁr) ( )

The absolute position of the ionizing event in the chamber from its reference end is there-

fore,

%(Tﬁiiﬂ = N+1ﬁ) (4!15)

Xiot = LN + T
fot 2(Tfnm - Tmtj?;) '

where L = 1200 in 50 pm units.
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Transformation of (X.U) to (X.Y)

The design of the VDCs is such that the X-plane wires and U-plane wires are at an
angle of 30 degrees with respect. to each other. The geometry of the wire planes is shown
in Fig. 4.6(b). The transformation of U coordinate to ¥ coordinate is done as follows:
U=(X+AX)cos30° and AX = Y tan 30°. thus giving U = (X + Y tan 30°) cos 30°.
This leads to the relation

V3

- ] r .
U= —2—-.'\ + 5} . (4.16}

Since Y is measured as positive in the downward direction

Y =V3X -, (4.17)

Scintillation Detectors

In addition to the multiwire drift chaumbers. the detection system includes severad
plastic scintillation detectors in two different, geometries. A charged particle loses some
of its energy in traversing the scintillator mainly in jonizing the atoms. It also excites
the atoms in the medium and the following de-excitation results in low energy photons,
The subsequent scintillation inside the material is converted into an clectronic pulse by
the attached photomultiplier tube. The photomultiplier output is fed to a charge sensitive
preamplifier and then to an analog-to-digital converter (ADC) for further processing, The
charge-integrating ADCs digitize charge pulses froin the charge sensitive preanplifiers,
giving a digital value proportional to the energy deposited in the scintillator by each
particle. Signals from the scintillators contribute to the particle identification and to the
SASP trigger, in combination with signals from the multiwire chambers. Five scintillator
paddles are utilized above the focal plane VDCs and a single large scintillator is used at
the top of the detector tower (sce Fig. 4.4).

4.2.4 SASP Trigger and Electronics

Nuclear reaction products passing through SASP are observed by means of an
interfaced system of electronics and computers. The master trigger generated by the
electronics accepts only the valid events of interest, which are subsequently passed on to
the data acquisition computer. The definition of a valid event is software controllable
during data acquisition. A flexible event trigger also minimizes hardware changes of the
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electronics during the data taking. For these reasons, the detector electronics are interfaced
with the computer through CAMAC (Computer Automated Measurement & Control)
clectronic modules. The logic functions defined on each CAMAG module can be changed
as desired to modify the trigger, and hence the experiment can be monitored and computer-
controlled,

A valid event consists of a coincidence between signals from the detectors at the
front-end and the top-end of the spectrometer. The relative timing of the various signals
is crucial since the different types of detectors have different response times and they are
located at different positions on the flight path. A schematic block diagram of the SASP

trigger electronics is shown in Fig. 4.7.

PDO SASP TRIGGER ELECTRONICS

o [’”QNELmE
= analysis
3 I |event-processed 5 - ,,Tt?!cara“

gate registers
generator |______

computer—

data acquisition

start, stop
TOP-END
EVENT

== A

—{ delay } "77 2365/ -

= TDCstops(wire chambers)
2363 )= TDCstarts (scintillators,RF)
= ADC gale

fast clear

2365—

2365)———= RFTDC
stops

Figure 4.7: A schematic diagram for the electronic trigger set-up of the SASP spectrome-
ter. Only the major components set for pion detection are shown. A detailed description
of the SASP electronics is found in reference [Wa96].

A separate CAMAC crate houses the TDC modules connected to the anode wires
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of the vertical drift chambers and the front-end chamber. These TDCs are started by
the anode wire signals and stopped at a fixed time by the final trigger signal—the master
TRIGGER. The final trigger is generated by two primary triggers that come from the
FRONT-END EVENT and the TOP-END EVENT, respectively. When the final trigger
signal is generated the TDC controller transfers the addresses and data from only those
TDCs that are digitized to a CAMAC-controlled interface buffer which holds the data for
the computer to read the whole event.

TRMIN and TRMAX are CAMAC:-specified variables representing a given delay
and duration of the front-end trigger signal to allow for the particle flight-times through
the spectrometer. The master trigger is then produced by combining the front-end signal
with that coming from the top-end detection system. The trigger operation includes an
option of requiring hits in the front-end chamber. This feature is provided by introducing
an auxiliary trigger called slow auz, which is set to 1 if the front-end chamber is to be
excluded from the final trigger requirement or sct to the front-end trigger logic if the
other option is preferved. Generally, a nuclear reaction prodiices a high event-rate which
saturates the processing capability of the data acquisition computer. Therefore, the lateh
operates as a lock which allows an event to be triggered only if the computer is ready to
process it. The events which are lost in this way are taken into account by correcting the

triggered event sample for the computer live time during the measurements.

As shown in Fig. 4.7, if the front-end chamber is required in the final trigger, all the
signals will be fast cleared until the computer says that it has processed the earlier event,
and is ready to accept the next event. This message from the gate generator clears all
the ADC and TDC registers as well as the latch (busy gate), preparing for the next event,
to be triggered. All the information of the event, such as the fired wires, pulse-heights
from the scintillators, flight-times, etc. are registered and then passed to the computer
buffer. This occurs when the scintillator ADC outputs are held and the TDCs of all drift,
chambers are enabled. The master trigger signal is also delayed by a fixed time before the
TDCs are stopped. At this instant the computer, having stopped its on-line dati anal ysis,
transfers the information from its buffer to magnetic tape. During this process, the lateh
blocks any other events until the ready-signal from the computer is generated. One can
also see in Fig. 4.7 that if the front-end trigger is required in the final trigger, all the
events which are not detected at the front-cnd will be fast-cleared.

Stopping the vertical drift chamber TDCs with a common signal, generated at a
fixed or set time after the start signals and after the last of the relevant signals reach

the master trigger gate, does not affect the determination of the coordinates of a particle
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passing through the drift chaziber. Only time differences are involved with this calculation

as discussed in section 4.2.3.

Typically in an experiment, millions of events are dumped to magnetic tape. These
events are analyzed off-line after the experiment. The data acquisition allows one to
perform an online data analysis so that the data quality can be monitored. This allows
the experimenter to introduce any changes when necessary. Total numbers and rates of
scaled quantities, such as the number of trigger events, busy latches, etc., are also recorded
by the acquisition program, which periodically dumps these scalars onto tape. This scalar
information is necessary to determine the total beam cwrrent, computer live time. detection

efficiencies, rates, and other quantities essential for the final analysis.
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Chapter 5

Data Analysis

Data sorting, calculations, and spectra processing were carried o the VMS/VAX
cluster at TRIUMF. A set of software user-routines running within the command environ-
ment of the analysis program NOVA [Gr93] was used to analyse, event-by-event. the data
stored on magnetic tapes. These user-routines include all the mathematical manipnlations
that are necessary for reconstructing the spectra which display various physical quantities

of the nuclear reactions involved.

5.1 Data Stream

The data written on the tape in event-by-event format has a particular record
structure. An event record is a data stream which consists of three major components; a
header, a fixed length component, and a variable length component. The header contaius
the record length and an event type flag to identify the data stream either as an event, or a
set of scaler values which was read out at five second intervals. For event data, the header
contains a flag to distinguish real particle events and pulser-generated psendo-events, ADC
and TDC information for the scintillators is contained in the fixed length component of
the data stream. The variable length component of the event record consists of addresses
and values for wire chamber TDCs that registered hits,

The first part of the analysis is to filter the useful data and skim out the unwanted
events, thus reducing the number of events for further processing. In the first stage of data
processing, both one- and two-dimensional spectra were produced to examine calculated

variables and to obtain diagnostics for detector efficiencies, beam polarization, and beam

45



intensity variation. Appropriate conditions were imposed using software cuts and only
acceptable data were retained for further processing. Details will be given in sections
5.3 and 5.4. Scaler tables for cach data run were also made. Incident beam polarization
was calculated using the scaler values from the in-beam polarimeter. The event-by-event

analysis procedure is described by the flow chart shown in Fig. 5.1.

5.2 Particle Identification

Particle identification is crucial in the experiment since the focal plane spectra must
correspond to the particular reaction products of interest, for (p,n*) reactions, the spec-
trum at the focal planc. Therefore, pions have to be precisely distinguished from protons
and deuterons, which may also appear at the focal plane. The various particles have dif-
ferent rest, masses. For a given momentum, they have different velocities, deposit different
amounts of energies and do not have the saine flight times through the spectrometer. The

energy losses and times-of-flight are essential in purifying the spectra.

Two-dimensional spectra of encrgy-loss versus time-of-flight are used to identify the
particle types. One then introduces an appropriate two-dimensional software gate to select
pions for the rest of the analysis. The cyclotron radio frequency time is used as a time
reference instead of the time-of-flight if the front-end chamber is not used in the data
taking. To illustrate this, two dimensional spectra shown in Fig. 5.2 show the different
particle types in each case. This way. one can select the required particle type (pions in
this case) by eliminating the other particle types and most of the background events as

well.

3.3 SASP Optics

A precise understanding of the spectrometer optics is essential in the data analy-
sis. The ultimate objective is to determine the true focal plane position of the scattered
particles provided that the flight path of the particle through the spectrometer is well
understood. The focal plane of the spectrometer is an imaginary surface where all the
particles of a given momentum from a point on the target come together, regardless of
what angle they emerge from the target. A histogram of events at the focal plane should
show sharp peaks corresponding to the different excited energy states in the residual nu-

cleus. In practice, these peaks are broadened by optical aberrations of the spectrometer,
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Figure 5.1: The flow chart diagram showing the event-by-event data analysis procedure,
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Figure 5.2: The two-dimensional histograms used for particle identification, showing the
different types of particles appearing at the spectrometer focal plane. In the first plot,
front-end chamber information is used to distinguish the different particles along with

their energy losses. RF time is used in the second plot for the particle identification.
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and the kinematical change of the momentum of a scattered particle within the spec-
trometer solid angle. Therefore, the focal plane spectra have to be corrected for these
aberrations and kinematic shifts to improve the momentum resolution.

5.3.1 Focal Plane Reconstruction

Information for the calculation of the focal position for each event is provided by the
X1.X2 (bend plane) and Y1, Y2 (non-bend plane) coordinates from the focal plane VDCs,
The geometry used is shown in Fig. 5.3 where a planar approximation (the focal surface
is assumed to be a plane) is used to calculate its approximate position. This position is
then projected onto the true, curved, focal surface to obtain the accurate position at the
spectrometer focus. The X1 and X2 information allows one to calenlate the angle of the
ray in the bend plane while the position and the angle calculation in the non-bend plane

is achieved using Y1 and Y2 information,

In the side view of the bend plane shown in Fig 5.3. H is the separation between the
two VDCs and X 1C is their offset. The distance from VDCI to the foeal plane (planar
approximation) is I and 8 is the angle of a particle ray to the VDC planes. Using the
position information of X1 and X2 from each VDC (see Fig. 5.3). one can wrile,

H
DX12 X1~ X[F'

=3

tanéd = 5.1)

i
—
5

where, XF is the approximate focal plane position in the (x1,y1,21) coordinate system,
and can be written as,
] X1H-(X2-X1)F

XF = ———. (5.2)

SASP has a curved focal surface located immediately below VDC1 because of its
large momentum bite (25 %). as illustrated in Fig. 5.3. This curved focal surface was
determined empirically by analyzing the data taken during the commissioning experiments.
It can be parameterized conveniently by a fourth-order polynomial. From the direct,
information of the vertical drift chambers at the top-end, the trajectory of a particle ray
can be determined and the ray’s focal plane position (§X F) is ebtained by its intersection

point with the focal surface.

The curved focal surface is given as
Z=P+P XF4+Py- XF>+ Py . XF34+P,. XF" (5.3)

49



A,
i
1
1

Transpmt

¢ .
coordinate system Focal plane

position

Central ray Arbitrary ray
Figure 5.3: The geometry used to define the focal plane position of a given particle ray

passing through the second arm spectrometer (SASP).

The X F position is first calculated iy the X1 (VDC1) coordinate system using the planar
approximation. In the same coordinate system, the equation of a given particle ray is

written as
Sfj\fiXF%B, (5.4)

where. M and B are provided divectly by the VDC information. The focal position (§X F)

is, therefore, given by the solution of the following equation:
O0=(Po~B)+(P\—~M) XF+ Py XF? 4 Py. XF3 4 P, . X | (5.5)
5.3.2 Newton-Raphson Method

One has to solve a fourth-order equation to determine the focal position. Instead

of solving this analytically, which consumes considerable computer cpu time, a numerical
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Figure 5.4: The Newton-Raphson method for solving f(X) = 0.

method called the Newton-Raphson method [Co72] was adopted to calculate the intersec.
tion point on the focal surface. The equation to be solved is of the type, f(X) =0. Au
initial approximation X, to a root of [f(X) = 0] is first chosen. This approximation is

then improved by defining

Xo=Xi—d=X; - [ 5 ] . (5.6)

The derivative f/(X) measures the slope of the tangent line to y = J(X). Continuing
as in the above equation, we obtain the Newton-Raphson iterative root-finding procednre
which is illustrated in Fig. 5.4,

Xny = Xy - [ i&i)‘ ] ) ()

A very rapid convergence is typical in the Newton-Raphson method, but convergence
is not guaranteed. For our application in particular, the Newton-Raphson method was
observed to always converge. It is clear that if a sequence produced by the above equation
converges to @, then a is a root of f(X) = 0, which in our case is the focal plane position

(SXF) for the given particle ray.

In the running mode in which there is no front-end chamber, the front-end coor-

dinate vector is determined using the top-end coordinate vector in conformity with the
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conventional beam transport calculation. The transport matrix elements of the spectrom-
eter magnet system are used in combination with the top-end information. The front-end
and top-end quantities of the reaction particles in SASP are related to each other in beam

transport convention according to the expression [Ye80],

[ Xr] [ Ry 000 000 0.00 000 Ris 1] x5 ]
Op Ryy Rey 0.00 0.00 0.00 Rog O
Yr - 0.00 0.00 R33 Rz 0.00 0.00 Y; (5.8)
Pp 0.00 0.00 R43 R4y 0.00 0.00 D,
Lp - —= == —= - L
[ 8r | | 0.00 0.00 0.00 0.00 0.00 Res || 5; |

The left side of the matrix equation represents the coordinate vector of the outgoing
particle at the top-end of the spectrometer. The right side shows the unknown coordinate
vector of the ingoing particle, which is being operated on by the transfer matrix, R, of the
overall SASP magnet system. Here, X(©) is the position(angle) in the bend plane and
Y(®) the corresponding non-bend plane quantities with F and T denoting the top-end
and front-end gnantities, respectively. L is the distance travelled by the particle, which
in this casc is not essential since the entire flight path of the scattered pion up to the
top-end detection is calculated using a different method to determine the pion survival
fraction (see section 5.12). § is the momentum of the particle. This simply means that the
R matrix contains the beam-optics transport properties of the SASP. The origin of the
initial coordinate system is chosen at the target with the z-axis along the central ray and
the z-axis downward in the vertical plane (bend-plane). The final coordinate system is
chosen in the same way with its origin being the intersection point of the outgoing cental

ray and the focal plane.

The final position and the associated angle (Xr, OF) in the bend plane depend
only on the initial position and angle (X;. ©;) in the same plane. This is also true for
the non-bend plane quantities, and hence some of the coefficients in the R matrix are
zero. The fact that the particle momentum remains constant along the flight path means
Rgs = 1. Since SASP was designed to achieve a point-to-point focus, ;5 = 0. Among
the remaining coefficients, Ry, Ryg, Ra), Ryo, and Ry are associated with parameters in
the bend plane whereas R33, R34, R43, and Ry4 are non-bend plane parameters. These
first-order transfer matrix elements for the SASP are described in details elsewhere [Pu94].
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9.4 Scattering Angle Calculation

The scattering angle of the reaction has two components: the bend plane angle (0,)
and the non-bend plane angle (®;). These angles can be determined directly from the
position information provided by the front-end chamber (FEC method). However, when
this chamber is absent a trace-back method using the position information provided by
the vertical drift chambers at the focal plane is used. The A(p, 7)A+1 data accunlated
with the front-end chamber during the spectrometer commissioning are used to compars
the above two methods of calculating the scattering angle. This comparison is supposed to
show a one-to-one mapping between the two methods. In practice however, the trace-back
method is influenced by the aberrations of the spectrometer, and requires corrections,
When these are applied much better agreement between the two calculations is achieved

as illustrated in Fig. 5.5.

The scattering angle can readily be calculated from the trace-back method using
the first-order optical transfer clements. However, some of the significant higher-order
terms based on the needed corrections to achieve a one-to-one mapping between lirst. and
second methods were taken into account. These corrections were obtained as polynomial
functions of the exit angles at the focal plane (Op, &) as well as the momentum of the
particle over the total momentum bite of the spectrometer. For exatnple, O is ealenlated

in the trace-back method with first-order transfer matrix clements as

q

O)=—. {5.9)

g

e

where ©F is the bend plane angle of the outgoing particle at the VDCs. This caleulation,
which assumes that the target coordinate (X) is small, is further improved by determining

the higher-order corrections according to

Or
Rop

261+A(6)+B(5)-@,+C(J)!(%)';". (5.10)

The coefficients A, B, and C were obtained as functions of the momentim deviatjon

—

5) by comparing the two methods of calculation for ©;. @y, corrected for higher-order
aberrations, is determined by solving the quadratic equation (5.10). A similar procedure
was applied to determine the higher-order corrections for the P; caleulation nusing the
trace-back method. Assuming that the target coordinate (Y;) in the non-bend plane iy
small, the first-order calculation of ®; is given by

S
-

&y = =L (5.11)

£
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where @ is the non-bend plane angle of the outgoing particle at the VDCs. It was realized
that the higher-order corrections for the &; calculation were more significant than those
for ©;. The improved ®; angle is obtained by solving higher-order equation

ﬁ = &; + A'(S, Or) + B'(8, OF) o, + C'(4. Or)- ‘I’fl + D'(8, OFf)- 'I‘? .

Taa (5.12)

The cocflicients A’, B’, C’' and D' were determined as functions of both § and O by

comparing the two methods of &; calculations.

The comparisons of the @y and ®; calculations are shown in Fig. (5.5) which has four
different two-dimensional plots. (a) shows the comparison between the ©; calculated from
the first-order transfer matrix elements and VDC information, and directly from the FEC
information. The comparison in (b) shows one-to-one mapping between the improved @,
versus that calculated directly from the FEC. The slight smearing in the vertical direction
is due to the fact that the target position (X)) was assumed to be zero in applying the
higher-order corrections. Similarly, (c) and (d) in Fig. (5.5) show the comparisons of
initial and improved trace-back calculations of ® 1 versus that from the FEC method. A

dramatic improvement in ®; corrected for the higher-order effects can be seen in (d). The
improved trace-back calculations for ©; and ®; were used in the missing-mass calculations

for the reactions that were measured without the front-end chamber.

5.5 Optical Aberrations of the Spectrometer

The resolution of the focal plane spectrum can be improved by applying corrections
for the optical aberrations of the spectrometer. The focal position, SXF, as calculated
from eqn. (5.5), still suffers from aberrations in the bend plane, and hence a major
contribution to the total uncertainty in the focal position is caused by the scattering angle
©/. Before determining corrections for these aberrations, SX F' was first corrected for the
kinematic shift. The kinematic correction, FKIN, is calculated as

FKIN = [g'(é')A:Si i— . di} Py, (5.13)
po do|

where the momentum deviation § = f(SX F) and SXF = g(8). The central momentum
of the spectrometer is pg, and gg is determined from the two-body kinematics as explained
in the next section. For pion detection in SASP below the saturated magnetic field

6=Dg+D;-SXF+ Dy -SXF?+ Dy.SXF3 (5.14)
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The D-coefficients in ascending order were determined to be 4.22200x 1077, 3.5096x 10! R
7.16481x1074, and 2.97777x1075, respectively. The corrected focal position, SX FK | is

obtained from SXF by correcting for the kinematic shift, and applying the higher-order
aberration corrections as

SXFK=SXF—F'KIN—C1 -C2-0/-C3-07 -y @}—C%(;)} -Cy- 07,
(5.15)

The C-coefficients were determined by considering a single isolated peak at a known
specific point of the focal plane. These coefficients were obtained as functions of § nsing
similar data sets with different magnetic field settings in order to scan the entire focal
plane.

The SX FK histogram was examined as a function of the ®; angle to sec if there were
any optical aberrations in the non-bend plane. No aberration corrections were determined
for ®; dependence because these aberrations were very small. The effects of aberrations
and the corrections are illustrated in Fig. (5.6) which has six different plots. (a) and (b)
show the dependence of SXFK and SXF on ©;. while (¢) and (d) demonstrate that
there are almost no aberrations left to SXFK as functions of ®; and O« Py, The one
dimensional histograms in (e} and (f) show a dramatically improved resolution in SXFK
compared to SXF, illustrating that more of the final states can be clearly resolved witl
this resolution optimization.

5.5.1 SASP Momentum Calibration

Two-body kinematics of the reaction gives the momentum (p) of the particle de-
tected in the SASP. Suppose we identify a strong peak that corresponds to a well-defined
final state of the observed reaction, and obtain the mean peak position from the focal
plane spectrum. This peak position moves across the focai plane for different magnetic
field settings (B) of the SASP magnet. The relationship between p/B and SXFIK is the
momentum calibration of the spectrometer. The SASP momentum ealibration for pion
detection below the saturated magnetic field condition was determined as a function of

the focal position, and is given by
Pr=B-[By+E\-SXFK + Ey- SXFK® + I, SXFK| (5.16)

where p, is the momentum of the pion detected in SASP. The bending magnetic field is de-
noted by B. The E-coefficients, Eo — E3, were found to be 4.996977x 10+! , 1.75371x 101,
3.580239x10~4, and 1.487987x 10-9, respectively. The m-momentum is used along with
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the reaction kinematics to calculate the missing mass of the residual nucleus for the reac-

tion A(p,7)A+1. The missing mass histogram is the ultimate data spectrum that is to be
processed in further analysis to extract reaction observables.
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Missing mass implies the determination of nuclear excitation energy of the residual
nucleus of the reaction. Therefore, the missing mass spectrum is the chief agent. that
displays the physics of the reaction. Using two-body reaction-kinematics, which are illus-
trated in Fig. 5.7, the nuclear excitation energy can be caleulated as follows. Considering
the two-body process, where the incident proton interacts with the target nuclens to pro-
duce the outgoing pion and the recoil nucleus, one can write relativistic four-momentum
conservation for the system as

Spectrometer

Beam dump

Outgoing
pion

Recoil nucleus
(R)

Incident
proton

7 Target nucleus

(T)

Figure 5.7: Geometry of the two-body reaction as observed using the spectrometer systemn
in the proton hall.

Py+Pp =P, + Py, (5.17)

where P denotes the four-momenta of the incident proton (p), target nucleus (T), ontgoing

pion (7), and recoil nucleus (R). By definition, four-momentum is
P, = (E, pz,py,p:) (5.18)

£
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where E is the total energy of the particle which is related to the particle mass m and

3-momentum by
E*=p?+m?, (5.19)
Equation (5.17) can be manipulated to get
Ef+ﬁ%+ﬁ§+23,aPT=23,ePﬁ=2FT~FﬁzF§, (5.20)

Using the encrgy relation [eqn. (5.19)], one can obtain,

(m + m7 4w )+3(EPE; —pﬂipr) (E‘ E:-p,- pi.)'=-2( TE- )—mE.
(5.21)

Since the target nuclens is at rest in the lab frame. pr = 0. Thercfore.

\I\u

(m + mr + mnz ) +2my(E,-E;)-2 (EpEr = ppps cosf) = = ((mg)g + AE\)
(5@22)

where (mg)p and Apy represent the rest mass and the excitation energy of the residual

nucleus. Thus, the missing mass of the nuclear reaction is obtained as

Apyx \/(nr + ni%x + 1:1;3) +2my (E, - E;) -2 (EpEr = ppps cosf) — (mo)g .
' (5.23)

In this equation:

and mp, my, and m, denote the rest masses of the proton, target nucleus, and the scattered
pion, respectively. The kinetic ener gy of the incident proton is labelled as T,. The momen-
tum of the scattered pion (p,) is given by the momentum calibration of the spectrometer.
Excitation energy of the reaction is calculated for spin-up and spin-down incident protons

separately and increment the corr esponding histograms for the extraction of reaction cross

sections.
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5.7 Kinematic Correction

The momentum of a particle emitted in a nuclear reaction is a function of its angle
of emission with respect to the primary beam. The spectrometer subtends a solid angle
dQQ at the target so the pions (if a particular state is concerned) entering the spectrometer
from the target will have a small momentum spread and will reach the focal plane at
slightly different positions, resulting in a broadening of the momentum spectrum at. the
focal plane. In order to obtain point-to-point focusing in the spectrometer, the momenta

of the pions originating from the target must be corrected for this kinematic shift.

This correction can be obtained by taking the derivative of eqn. (5.22), as

—2mydFE,; — 2E,dE; + 2ppcos@ dp, — 2ppprsind d = 2mpdmy, .
{5.24)

The right hand side is zero because the recoil mass. m k. 1S constant for a particular event.,

Using the expression for the total energy of the pion,

Er=\/p2+m?,

the change in pion energy as a function of its momentum is given by

Pr Pr .

dE. = - sdpr = —dp; = B, d T
f—;——-—rp; sy Pr E. Y} Br dpg

where 8, = £ = L,

Substituting for dE; in eqn. (5.24) gives
2 (mrB, + E,B. — ppcos8) dp, + 2pappsind df = 0 , {5.25)

or,

dp —Pp Prsinf

de {Bx(mp + E,) - ppeos@}

(5.26)
The kinematic correction is included in the missing mass calculation itself by accounting

for the correlation between the particle momentum and the corresponding scattering angle.

5.8 Spectrometer Acceptance/Solid Angle

The pion yield varies from place to place on the focal plane due to the variation of the
acceptance of the spectrometer. Therefore, the acceptance variation must be measured
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su that the pion yield can be corrected. Data for the acceptance scan were taken by
measuring the reaction p+p = d + 7 at 500 MeV and 60°. The pion peak was moved
across the focal plane by changing the magnetic field setting of the spectrometer. The
peak yield was obtained at each field setting to determine the shape of the acceptance
variation. The pion yields at different points on the focal plane are shown in Fig. 5.8 for

different, field settings.

The dependence of the focal plane accep “nce is defined by the relative intensity of
the pion peak at different points on the focal plane. Typically the acceptance curve is flat
for the central region, and decreases at the low- and high-momentum regions of the focal
plane. The relative intensity of the pion peak was determined by normalizing the peak-
yield to the computer live-time, wire chamber detection efficiency, and the integrated total
beamn charge collected at, the beam-dump. The acceptance calculation can be extended
further to determine the spectrometer solid angle using\  xnown cross section of pp —
dr*. Some of the pions decay in their flight path through the spectrometer, hence the
measured pion yield at the focal plane has to be corrected for the pion survival fraction

as well,

The relation between the yield and the reaction cross section is
C . da R ) o
Yzeldff-nt-ﬁ-éﬂéEfféSF, (5.27)

where the yield is the net number of counts in the peak corrected for the computer live
time, I is the total beam charge, yi% is the reaction cross section, and AQ is the effective
spectrometer solid angle. Ejy is the detection efficiency and nt = 2(ptNy/14) denotes
the total number of scattering centers in the target per unit area for the CHy target.
The target thickness is given by pt (p = density and t = physical thickness), and Ny is
Avogadro’s number. The atomic mass of the CHa target is 14 amu and the factor 2 is
included to account for the two scattering centers for each molecule. A correction for the
pion survival fraction, S,, in the flight path has also been included in the calculation,
The solid angle variation across the focal plane is shown in Fig. 5.9 as a function of
the focal position. This solid angle was evaluated with front-end software cuts of —103
mr < O < +103 mr and =37 mr < &; < +37 mr. The restricted front-end opening
corresponding to these software cuts defined the spectrometer solid angle, which in turn
was used in calculating the reaction cross sections. The geometrical opening is shown in
Fig. 5.10 where SX0 represents the vertical position and SY0 the horizontal position,

both in units of 50 microns at the front-end.
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Figure 5.8: Focal plane spectra showing the pion yields for different field settings of the

spectrometer. The net peak yield is extracted to calculate the solid angle in each case.
These data were taken for the pp — drt reaction at 500 McV and Or = 60° in the lab.
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SASP Solid Angle Variation
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Figure 5.9: The solid angle variation of the SASP spectrometer as a function of focal plane
position SXFK. The data used for this calculation are from pp = dn* reaction at 500
MeV and 0, = 60° in the lab.

5.9 Reaction Measurements

The main objective of the present experimental study was to measure several nuclear
reactions to investigate the nuclear pion production in the bombarding proton energy
range from 200 MeV up to 400 MeV. We have measured both the A(p,n")A+1 and
the A(p, m7)A+1 reactions on two p-shell nuclei and one d-shell nucleus at four different

energies. The cross section and analyzing power angular distributions were determined

culated by extracting the corresponding peak-yields of the observed bound states of the

residual nucleus. The missing mass spectra for spin-up and spin-down incident protons
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Figure 5.10: The selected front-end aperture of the spectrometer is shown. It defines Lhe
solid angle used for the absolute spectrometer normalizition in caleulating the reaction
cross sections. See the text for detajls.

were obtained separately. A sample set of focal plane spectra is shown in Fig. 5.11 to
illustrate the production yields of botl, positive pions and negative pions, with sufliciently
good energy resolution to resolve the discrete final states of the residual nuclens, The ma-
jor contribution to the resolution came from the encrpy straggling in the target becanse
fairly thick targets had to be used to obtain sufficiently high count-rates. The energy
spread of the incident beam also made some contribution. The energy resolution jn the

shown spectra is ~180 keV.

5.10.1 Differential Cross Section

The pion yields (Y;) for the discrete final states in the residual nucleus are extracted

from the experimental data. This yield has to be normalized using several expaorimaerital
B g I

quantities to obtain the reaction cross section for any particular nuclear transition. The

spin-dependent cross section is

do Y- (Computer Live Time) ( dQ Lﬂf,)

= d SZ;?II .

dQecm. \ o 5.28
dQc.m. Isir]t AR Eff - Sy (5 28)
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Table 5.1: The list of reactions and the associated kinematics selected for the present

study is shown.

Reaction 7E£1¢3rgy (MEV) Angular Rangeriin Lab (degrees)
2C(p, nt)18C 250 25°, 30°, 50°, 62.5°, 70°, 80°, 90°, 100°
280 25°, 30°, 40°, 50°, 70°, 100°

BC(p, 2t ¢ | 250 25°, 30°, 50°, 62.5°, 70°, 80°. 90°, 100°

280 25°. 30°, 40°, 50°, 70°, 100°

BC(p, )0 | om 25°, 45°, 65°. 85°
280 25°, 45°. 65°, 85°, 105°
350 25°, 45°, 65°, 85°
BMg(p, 7-)27Si 280 25°, 45°
350 | 25°, 45°
OCa(p.xt)Ca | 250 25°. 30°
280 25°, 30°. 40°, 50°, 70°, 100°

The conversion factor, g—f%% is the jacobian of the solid angle transformation from the
laboratory to the center-of-mass frame. Since the data acquisition computer is not able to
process all the events at all times, the yield has to be corrected for the actual computer
live time, Eys is the overall detection efficiency of the system which is assumed to be
determined entirely by the wire chambers. Also, one has to normalize the pion yield
to the total number of incident protons (7), the effective solid angle of the spectrometer
(AQ), and the total number of scattering centers per unit target area ( nt). The pion decay
while traversing the spectrometer is taken into account by correcting the yicld for the pion
survival fraction (S;). Inserting these normalizations and corrections, the differential cross
section is calculated as

E = E(“d‘j’/dﬂtm(ﬂ + P(T)dﬂ'/dﬂfm(jlvl ) (529)

dQe.m, P(t) + P(1) ‘

where, 1 and | denote the up and down incident beam polarization directions, respectively.

The analyzing power is given by

A = — {7 dﬂ/dﬂ;,,,(‘[‘) — dﬁ/dgtmp(iﬁ) . }
Y P({)do/dQm (1) + P(1)do /dSQem.(3) |

The minus sign in front of the above expression is due to the fact that the SASP accepts

(5.30)

the particles scattering to the right when looking in the beam direction.
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m Current Normalization
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The beam intensity was monitored with two independent devices throughout the
experiment, once by using a secondary emission monitor (SEM), the second by the in-
beam polarimeter (IBP). Both devices had been previously calibrated against a Faraday
cup. The IBP is located upstream of the target while the SEM is downstream of the
nuclear target on the beamline. There are several thin aluminum foils in the SEM which
collect electrons from surface emission as the proton beam passes through the device. The
number of electrons emitted by each proton is proportional to its energy loss in the foils.
The total number of counts from the p — p elastic scattering in the IBP target provides
a measure of the total beam current. The agreement between the two methods should
be within 1 to 2 % if both monitors work properly. However, the IBP target changes
dimensions due to radiation damage after being exposed to the proton beam for a loug,
time and gave a slightly lower value for the total beam current. It is more relinble Lo
obtain the integrate.! beam charge from the SEM. The corresponding calibration of SEM
versus Faraday cup shown in Fig. 5.12 as a function of the incident beam energy is a 4’

order polynomial fit to the data points,

o)
=3
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Figure 5.11: Examples of spectra showing the nuclear excitation energy of the residual
nucleus in each reaction. Pion yields from positive and negative pion production are shown

at bombarding cnergies of 250 McV and 280 MeV at a lab scattering angle of 25°.
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5.12 Pion Decay Correction

Some of the pions decay along their flight paths through the spectrometer. A
correction for the pion survival fraction is necessary in extracting the 1 u:ld The pion
survival fraction is calculated by the relation

t L. ] [ m-L: o
Sz = EXP[—=} = r‘xp[ —T J = EIp[E z r] s (5.31)
770 L vBetol PrCTO

where ¢ is the pion survival time in the spectrometer. The pion decay length. e7g, is 7.803
m. The decay fraction depends on the effective flight-path (L), which varies along the fo-
cal plane detectors and with the pion momentum. In calculating the effective flight-path
through SASP one has to take into account the geometrical positions of the multiwire
chambers and the scintillator paddles as well as the pion decay into muons and the asso-
ciated directions of these decay-muons. A Monte Carlo caleulation [Fa96] to obtain the
effective flight-path for pions traversing SASP. as a function of the central mnomentun
and the momentinn deviation of the pions has been done. A detailed description of this

calenlation is found in [Be9G).

5.13 Detection Efficiency

Another important. characteristic in the cross section normalization of the system is

the total detection Pfhuvucy The scintillation detectors used were almost 100 % efficient

usc) An accountable blu‘:kgmund enters fm pion dvtectmn in (p *rr) measurements since
a relatively high beam intensity has to be used to compensate for the low cross section.
This leads to & situation where the background seen in VDC1 is not the same as that in
VDC2. Therefore, each plane of the two VDCs was independently examined for its own

detection E[ﬁriency It turned out. t]lat.— the EHiCiU]CiE‘i of X1and Ulin VDGI were almust

VD02 (typu,ally thu LHILIQDL)’ of VDCl was QD% and that gf VDCQ was 8?%)@ In the
second step, a good event sample was isolated by removing the background and in order
to check the efficiencies of the U1 and U2 wire planes. It was found that the X planes
had same efficiencics as the U planes in each VDC so that the total detection efficiency

was calculated as

Eff= [Eff(m) *E;I(UE):, . (5.32)
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5.14 Error Calculations

Only the statistical errors have been included in the results. A detailed description
of the error calculation is given in Appendix C. The statistical error in spin-up polarization
is calculated as

QP‘*:%[QE + (PR (5.33)

and that in spin-down case is calculated with the corresponding spin-down variables in the
same way (see section 4.1.2). The error in the analyzing power (AA) for the IBP target

is assumed to be 0.01, and that in the left-right asymmetry is given by

The statistical error in the calculation of differential cross section is determined as

Lo 1 i 7 +)2A2,; ,ﬁ+%gx ’
(iﬂ‘—@{(“j YAt +(P™) )+(ﬁp=—)

‘¥

I P )
x [(PY)PATP™ 4 (Pm)iatpt - 2 (E_E) A*A } . (5.35)

A A2

where ¢ is the differential cross section and Ao is its statistical error, while 4+ and —
indicate the spin- up and spin-down cases, respectively. The Ao for each case is obbained
from the yield of the corresponding final state in the missing mass spectrum. A similar

calculation gives the statistical ervor in the analyzing power as

DAy = (P - ,:%_ o ) {(,F'+ +P)? [(’f)’—"fﬁ + (g+)2g‘*‘§=]
, + + p- N :
+ (ot -07)? [(a‘)za;‘# + (o*)2A%P- + Lﬁlau}} . (5.36)

The analyzing power of the p — p elastic scattering on the thin CHy tar gel in IBP
is required in order to measure the beam polarization. This quantity is determined hy
obtaining the data from phase shift analysis of p — p elastic scabtering data [Ar95] and
correcting the analyzing powers for the Carbon coutamination of the CHy target [Wi 190].
This calibration shown in Fig. 5.13 as a function of the incident energy is a 4'" order
polynomial fit and the errors shown are indicative of the accuracy of the partial wave
analysis [Ar95].
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Analyzing Power for IBP (CHR) Target
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Figure 5.13: The calibration of the analyzing power for p — p elastic scattering from the
thin CHy target in the IBP as a function of the incident beam energy. The error bars are

based on uncertainties of phase shift solutions.



Chapter 6

Results

The results extracted from the present study of the reactions A(p. m£)A4-1 and
A(p, 7%)X are summarized in this chapter. The former process allows one o sludy the
discrete bound states of the residual nuclens. while pion production to the continmmm e
be used to study the mechanism of pion production process. The eross seetion ad ani
lyzing power angular dependencies have been determined ouly for the strongly-populaded
discrete final states as well as for two or more nuclear excitations in the continunm region
of each reaction. The differential cross section. do [dQ. for cach of the observed nuclenr
transitions is given in units of (ub/sr) in contformity with the usual convention. The ana-
lyzing power. A,. a unitless quantity. is a measure of the ;—szrummt.ry of m production at a
given setting between beam protons polarized up and down with respeel. Lo the reaction
plane. The variation of do'/d$t and Ay with momentum transfer provides information on
the production process in the case of the continuum production and can lead to nucloar
structure information in the case of production to discrete states. The physics content, of

the results will be presented in the next chapter.

6.1 Analysis of the Discrete Final States

The cross section and analyzing-power angular distributions cajculated for the
bound states of A(p, 7)A+1 are given in this section. The spin and parity assignments for
these states are taken from the most recent compilation [Aj91]. Somne of these spin-parity
designations will be questioned in this present study (sce the discussion). Reactions in-
volved in this (p, 7) study are 12C(p, 7+)13C, HC(p, 7+)11C, 10Ca(p, 7t )M Ca for positive
pion production, and 13C(p, 77)140 for the production of negative pions. These reactions
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were measured at different incident proton energies and momentum transfers. All the
angular distributions of the calculated results are plotted as a function of the scattering
angle in the center-of-mass frame. See Appendix A for the munerical values of the results
which include statistical errors only. A discussion on systematic and normalization errors

is also inchided in this appendix.

6.1.1 '*C(p, n+)'3C Reaction at 250 and 280 MeV

The reaction information is obtained by detecting the outgoing pions in an exclusive
measurement. A typical pion spectrum observed at the spectrometer focus is shown in
Fig. 6.1 which illnstrates the relative strengths of the nuclear excited states of the residual
nuclens, 13C. The reaction was observed up to 40 MeV excitation in a single momentum

bite because of the large momentum acceptance of the spectrometer.

LI_I_LIllxlllll]llljl]l\llllllllllllllllllllllllLll'lJllllllllllll'!lllll!llIl]Ll'll']x!llllllllli"l
3200 E
. [ + - 3

;_:.' E Q Q 12C(p,7T+)13C§

g = E

2800 [ cje e Tp=250 MeV3
o n + 3

2 218 S 718 —o=0 3

- £ 212 XN s 8 Lap=R5 3
2400 ¢ ale o w 3
F ae =~ N 3

e o % ‘OQ =

E o ~ 3

£2000 F & e | o8 3
- E ) >~ - 3
a E 2§ || 38 E
nd ~— o - (= 3

21600 E o =S e 3 3
] 3 = T & S P E
5 E 7 3 = =% ¢ 3
o F o [=] «© ~~ i E
1200 [ ;@ & 3
& 3 © o © o 3
E ' : - E3 3

3 S E

800 E = E

E I 3

E + 3

400 £ 3

E 3

o _lIlllllllllll‘l'lll]ll’l'l|ll'll'llllll|_PIIIllll'l\llllllll[lllll’llllll'lllIllll"lllll‘l]l!'lllll’{-

-4 0 4 8 12 16 20 24 28 32 36
Excitation Energy (MeV)

Figure 6.1: The recoil nucleus excitation spectrum for l2C(p, 7 )13C reaction at 250 MeV

and 25° laboratory scattering angle.

The peaks sitiing on the background continuum correspond to excited nuclear levels
(or states) of the final nucleus. The background continuum was fitted by a 8%-order
polynomial and subtracted from the spectrum, leaving only the resultant spectrum of
final states, which were fitted to gaussian shapes using a peak-fitting program [Ma96].
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In :vis program the line widths were set to the value obtained for a single isolated £ 4]
state with relatively higher statistics (eg. the %+ at 9.5 MeV) and the centroids to ;e
values recorded in the literature [Aj91]. Only the numerical yields in the peaks were
allowed to vary. This procedure allows yields to be extracted not only from fully resolved
peaks but also from peaks which are not fully resolved (eg. the 3.685 and 3.854 MoV
states). The single state line shape and the calibration of the focal plane were known
well enough to permit such a procedure (see appendix B). The extracted peak yields are
proportional to the strengths of the observed transitions, and were u=rd to obtain the
physical observables, the differential cross section and analyzing power. The results, for

the strongest transitions. are shown in Figs. 6.2 and 6.3.

The calculated differential cross sections and analyzing powers for >C(p, 7 4)13C at,
280 MeV are plotted as a function of the center-of-mass angle and shown in Figs. 6.4 and
6.5 for the same nuclear transitions as shown in the case of 250 MeV. The over-lapping
data points are those determined from two different measurements with similar kinematie

settings.
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Figure 6.2: The differential cross section and analyzing power angular distributions for
the 12C(p, #*)!13C reaction measured at 250 MeV.
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6.1.2 '*C(p,7t)'*C Reaction at 250 and 280 MeV

The observed recoil nuclear excitation spectrum derived from the outgoing pions de-
tected at the spectrometer focus is shown in Fig. 6.6 which indicates the relative strengths
and parity assignments listed for different bound states of the residual nieleus are hased
on known information [Aj91]. New evidence found in the present study for spin and par-
ity assignments of some of the high-spin states will be discussed in the next section, The
sitions. In Fig. 6.7 are plotted do/dQ) and Ay for the ground. 6.094. G.725. 7.012. 7.3.141,
and 8.318 MeV states as a fur.ction of center-of-mass angle. and in Fig. 6.8 are those of
the 9.801, 10.425, 10.736, 11.666, 14.868. and 23.288 MeV states.
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Figure 6.6: The recoil nucleus excitation spectrum for the '3C(p, 7+)C reaction at 250

MeV and 25° laboratory scattering angle.

The same measurements were repeated for '3C(p, 7+)14C with 280 MeV besun pro-
tons. The extracted differential cross sections and analyzing powers for the samne transi-
tions as observed at 250 MeV are plotted as a function of the conter-of-mass scattering
angle in Figs. 6.9 and 6.10.
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“C(p,m*)*C Reaction at 250 MeV
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Figure 6.7: The differential cross section and analyzing power angular distributions for
the 3C(p, 7+)!C reaction measured at 250 MeV.
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BC(p.m*)"C Reaction at 250 MeV
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Figure 6.8: The differential cross section and analyzing power angular distributions for
the 13C(p, 71)14C reaction measured at 250 MeV.
82



10°} ¢

do, di (nb, sr}

“C(p,*)"*C Reaction at 280 MeV

G. Btate
[F=0*

ivl"*ﬂ,“l‘l

.. . , ——
7.012 MeV
107 + + JT=2% 3
*
Y |

(R

|
¥

je]
L &

4
|

L |

g

do /A0 (nb,'sr)

MeV

(%1

do/dd [nb/sr)
o

6.728
J"=3"

MeV

8318 M
JT=2%

1 _ e

. ] — = QL+ _ —

PO ] = * k3
N H . ! 5

. ~ =l S —~ —

[

Hied-

80 95 110 ~ho a5
Scattering Angle _ (Deg.)

the BC(p, 71)1C reaction measured at 280 MeV.

83

50

]

80

T



10° | ’ DS
*, 9.801 MeV . 11 666 MeV |
- R

/sr)

3 10° | * I7=3 ]

ra

do/d0 (nb

»
de/d0 {nb/sr)
S S

L

E;
L

[ 2]

[
el
A

¥
o]

1D = T =T T =T T - 3 - T s B e = Toreaes
. 10.425 MeV MY 14.868 MeV
2 * Jr=2" * JT=(657)

do/d0 {nb/sr)
o

R 10.736 MeV 10°F o o 23.288 MeV

. Jﬂ:4#

ﬂ\ﬂ","’dﬂ \[nh\fgr;ﬂ

>0 _ — I = 0 Py * o . ,i;
=% 1 = T

L0385 5065 E0 85 il b

[ ]

35 50 65 80 95 110
Scattering Angle__ (Deg.)

Figure 6.10: The differential cross section and analyzing power angular distributions for
the 13C(p, 7*)11C reaction measured at 280 MeV.
84



6.1.3 °Ca(p, n*)* Ca Reaction at 250 and 280 MeV

Due to the restrictions imposed by the allocated beam time it was only possible
to take data on the ‘"’C:L(p. 7Y Ca reaction at laboratory scattering angles of 25° and
307 at, 250 MeV. Therefore. the angnlar distributions of the differential cross sections and
analyzing powers were not obtained. A typical recoil nucleus excitation spectrum is shown
in Fig. 6.11 which displays the observed low-lying bound states of the residual nucleus

(*'Ca) as well as the continuum.
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Figure 6.11: The recoil nucleus excitation spectrum for the 4'Ca(p, )1 Ca reaction at

250 MeV and 25° laboratory scattering angle.

The relative strength of the bound states was observed to drop sharply with in-
creasing momentum transfer for the ”GCa(p, n+)41Ca reaction at 280 MeV. As a result,
the measurement of cross sections and analyzing powers for the bound states was limited
to three forward scattering angles (25°, 30°, and 40°), and hence the angular distributions
were not well determined. The cross section and analyzing power angular dependencies
will be given in section 6.2.3 for three different excitations in the continuum region for

H0Ca(p, 7+)¥1Ca at this beam energy.
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6.1.4 '*C(p,7~)"0 Reaction at 221, 280 and 350 MeV

The differential cross sections and analyzing powers for the production of negative
pions were determined at 221 MeV. Population of bound states of the fral nucleus for the
(p.77) reaction is weak compared to that for the (p.7*) reaction shown in the previous
sections. The reaction was measured at four different scattering angles and the results
were determined only for the strongly-populated states of the MO recol nuclens. The
missing mass spectrum for BC(p. 77)40 observed with 280 MeV incident protons al 25°
lab angle is shown in Fig. 6.12 which displays the strongly populated excited states of the
residual nucleus (*0). The spin and parity assignments of these bound states are based on
known information [AjO1]. The differential cross sections and analyzing powers extracted
for these bound states are plotted-in Figs. 6.13 and 6.14 as a function of the scattering

angle in the center-of-mass frame for this reaction at 221 MeV.
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Figure 6.12: The recoil nucleus excitation spectrum for the BC(p, 77)MO reaction at 280

MeV and 25° laboratory scattering angle.

86



Be(p,m)™0 Reaction at 221
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Figure 6.13: The differential cross section and analyzing power angular distributions for
the C(p. =)0 reaction measared at 221 MeV.
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“C(p.m7)™0 Reaction at 221 MeV
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Figure 6.14: The differential cross section and analyzing power angular distributions for
the 13C(p, 77)'0 reaction measured at 221 MeV.
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The measurements described for 221 MeV were repeated for the same reaction at a
bean energy of 280 MeV. The calculated differential cross sections and analyzing powers
are plotted as a function of the center-of-mass angle. These results are shown in Figs.

6G.15 and G.16 for the excited states shown in Fig. 6.12.

‘The third energy at, which the production of negative pions was investigated was
350 MeV. The cross section is very low at this energy. The differential cross section and
analyzing power results for the discrete final states are given in Figs. 6.17 and 6.18 where

the resnlts are plotted as a function of the center-of-mass scattering angle.
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“C(p.77)"0 Reaction at 280 MeV
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Figure 6.16: The differential cross section and analyzing power angular distributions for

the 3C(p, 7~)140 reaction measured at 280 MeV.
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BC(p.m7)“0 Reaction at 350 MeV
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Figure 6.17: The differential cross section and analyzing power angular distributions for
the 13C(p, 77)140 reaction measured at 350 MeV.
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¥C(p,m7)"*0 Reaction at 350 MeV
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Figure 6.18: The differential cross section and analyzing power angular distributions for
the 13C(p, =)0 reaction measured at 350 MeV.
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6.2 Analysis of the Continuum Region

The continuum region of the nuclear excitation energy spectrum (for exaunple Fig.
6.1) was studied for each reaction in the same way the bound states were treated. Contin-
uuin slices, 1.6 MeV wide. were chosen clear of the bound states to calculate differentinl
cross sections and analyzing powers. The recoil nuclear excitation energy was set at the
mean value for the slice. Two or more continuum slices were chosen for cach reaction. See

the next Chapter for a detailed discussion.

6.2.1 Continuum of 2C(p, #*)!3C Reaction

Two continuum slices which correspond to 15.5 MeV and 19 MeV excitation were
chosen for the reaction >C(p.7%)!13C at 250 and 280 MeV. The measured differential
cross sections and analyzing powers as a function of the center-of-mass seattering angle

are shown in Figs. 6.19 and 6.20.

Continuum of "C(p,n*)"®C Reaction at 250 MeV
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Figure 6.19: The differential cross section and analyzing power angular distributions for
the continuum of 2C(p, n+)!3C at 250 MeV. The contimuim slices were 1.6 MeV wide.

Two continuum slices were selected at 17 MeV and 19 MeV for the BC(p, nH)MC
reaction. The measured differential cross section and analyzing power angular distributions
at 250 MeV and 280 MeV are given in Figs 6.21 and 6.22, respectively.

To study the continuum behaviour for the reaction °Ca(p, 7+)4!Ca, three contin-
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Figure 6.21: The differential cross section and analyzing power angular distributions for

the continuum of BC(p, #1)MC at 250 MeV. The continuun slices were 1.6 MeV wide.

uum slices, 1.6 MeV wide, were selected at 16, 20, and 24 MeV excitation energy. The

measured differential cross sections and analyzing powers at 280 MeV are shown in Fig.

6.23.

The continuum region of the missing mass spectrum for the 13C(p, #~)0 reaction
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Continuum of ™C(p.w*)"“C Reaction at 280 MeV
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Figure 6.22: The differential cross section and analyzing power angular distributions for

the continuum of C(p.7)1C at. 280 MeV. The continmumn sliees were 1.6 MeV wide,
was studied at three excitation energies for 221 MeV and at fonr excitations at cach of

21 MeV. while the four excitations selected for the 280 MeV data were 19, 21, 24, and 27
MeV. The yields in the continuum were even stronger at 350 MeV. The four continuum
excitations selected for this energy were at 19, 21, 25. and 30 MeV. The dilferential cross
sections and analyzing powers for 221, 280, and 350 MeV are shown in Figs, 6.24, 6.25,

and 6.26, respectively.

96



Continuum of *Ca(p,7*)*Ca @ 280 MeV
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Figure 6.23: The differential cross section and analyzing power angular distributions for
the continuum of 9Ca(p, 7+)41Ca at 280 MeV. The continuum slices were 1.6 MeV wide.
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Continuum of ‘SC(p.z’-ri)“D Reaction at 221 Mev
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Figure 6.24: The differential cross section and analyzing power angular distributions for
the continuum of 1¥C(p, #=)!0 at 221 MeV. The continuum slices were 1.6 MeV wide.
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Continuum of *C(p,#7)*0 Reaction at 280 MeV
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Continuum of ™C(p,m~)"0 Reaction at 350 MeV
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Figure 6.26: The differential cross section and analyzing power angular distribntions for
the continuum of 13C(p, 77 )M0 at 350 MeV. The contimnun slices were 1.6 MeV wide.
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Chapter 7

Discussion

The results extracted from the data in the present (p.n%) study are discussed in
this chapter. One of the major oebjectives of the study is to find information abont the
reaction mechanisin for nuclear pion production. This has been pursued by measnring the
at high excitations

angular distributions of cross sec §G. and analyzing powers. A

-

in the contimum region of missing mass spectra for the observed reactions. On the basis of
these results we discuss the results determined for the discrete final states of each reaction
using o maodel for the reaction mechanism. Finally. the role of the A-izobar resonance
in nuclear pion production is discussed in the light of the present observations as well as

some of the previous studies.

7.1 Continuum Studies from Inclusive Measurements

The continuum of the missing mass spectrum was studied for each reaction to in-
vestigate the behaviour of the A(p. )X reaction mechanism. Differential cross section and
analyzing power angular distributions were extracted at several high nuclear excitations
in these continua, which show a nearly linear rise in the spectra up to about 25 MeV
excitation (sce Figs. 6.1. 6.6, 6.11, and 6.12 as examples). Results were obtained for
selected slices, 1.6 MeV wide, at two or more nuclear excitations depending on how far

the continuum extended beyond the bound state region in each reaction. The results are

tabulated by the mean nuclear excitation for each slice. The angular dependence of the

cross section reflects the reaction strength at different rnomentum transfers, while that

g power provides information on the dominant reaction channels through

which tlm pions are produced.
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The analyzing power angular distributions obtained from the data for A(p.m)X
transitions are compared with those caleulated for the free pp = dat and pn = ppr-
processes through a kinematical transformation from the nuclear process into a free two-
nucleon process. Thus. we are looking for evidence that nuelear pion production is merely
a two-nucleon sub-process ocenrring within the nueleus. This kinematical transformation
and the subsequent calculation of the analyzing powers in the cquivalent {ree two-micleon

process are discussed in the following section.

We are looking for evidence that the (p. 7 1) veaction proceeds through pp = pn(38,)nt
where the final pn is considered to be either a denteron or just an unbound state. However,
the reaction also proceeds via pn — nna® and pp = pn(*Sy) 11 chinnels if we assuine
that the two-nucleon mechanisin is the dominant underlying process. We estimate that,

the contribution from the latter two processes is small on the following grounds:

1. The pp = pnm™ cross section is lager than the pr = wnat cross section [Ves2).
The former process has isospin channels oy and i while the latter goes vin oy

and ooy where a1y > a1 > ay) (see section 2.1 for details).

In

It has been shown by applying kinematies and nuelear wave Ginetion considerations
tends to favour as small & mass as possible, This means there is very little relative
momentum in the NN system. This favonrs a 39 conliguration for pn from PP =+
dnt (i.e.. a deuteron) and a 'S configuration for nn from pn = nna'. The final
state for pn = nn(1Sy) 7% has zero spin. thus the J™ final states are determined by
the relative angular inomentum of the 7+ with respect to the nn(' Sp) and the parily
of the 7, 1.e., 07, 1+, 27, 3%t ... . The prominent NN — AN -3 NN7 stades have
J7 of 2% and 3~, which are not possible for pn = nn(1Sy) 7+, Thus. in the A-region
[the energy range used for these (p, 7#) weasurements], the pp = pu(*S)) 71 cross

section is substantially lavger than that for pn = nn(' Sy) =,

3. The only viable NN — NN= process which can explain (p, 7 ) is pre = ppr,
By isospin conservation, the cross seetion for this process is the smwne as that for
pn = nnmt., Cowmpariug the cross sections for (p,m) to those for (p, ) shows
that the pn = nna? contribution to (p. %) must be very small. Hence for (p, 7 )s
the process almost always proceeds via an interaction with a nuclear proton. It does
not rule out prn — nnxt, but the excitation of states requiring this transition would
be quite weak. In fact experiments on m~ absorption on 3He, i.c., 7= 3He= pnn

involving quasi-free 7~ pp('Sy) — pn with a n spectator, and pd — pppr” where
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there is quasi-free pre — pp('Sy) 7~ with a spectator p [Du96] have shown that in
this case the dominant, process is oy which is a T = 0 process (i.e., it is impossible
to excite the A which requires T = 1). Thus. most of the strength in pn — ppr~
or, equivalently. pn = nnr? comes from the case where the final pp or nn have a
reasonable amonnt of relative internal momentum and are in a P-wave or higher.

This is not. favoured by nuclear transitions.

4. The pp = pn{!Sp) ©t component has a T = 1 pn final state which is reached via
the gy isospin channel. and hence has a cross section which is about the same order
of magnitude as that for pn — pp('Sy) #~. Therefore. this contribution to the
tatal (p.77) cross section is also small compared to the contribution from pp —

(38 ) wt.

valent

o

7.1.1 Kinematical Transformation into pp — dnt Equ

In order to compare the analyzing-power angular distributions for pion production
from the free. two-nncleon process (pp — d7™) to those from the bound nucleon in the
nuclear medinm. one has to determine the effective kinetic energy of the incident proton
and the corresponding scattering angle for the free process, taking into account the Fermi
momentum associated with the struck target nucleon in a nucleon-nucleon collision within
the nuclens. This calculation is performed by decomposing the A(p.w)A+1 process into

twa sub-processes. We change
p+A—-n+(A+1). (7.1)
to
prp+ A= oa+d +(A=-1), (7.2)
where, p and p' are the incident proton and the target nucleon, respectively. After the
collision, the assumed final nucleon pair in the nuclear medium is represented by d’, leaving
the rest of the nucleus. {4 — 1), as a spectator,

Transformation

The pion momentum, p,, in the process described by eqn. (7.1) can be calcu-
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be determined in a different way. The center-of-mass 4-momentun: vector, W, for the
A(p, )A+1 reaction is

W="P,+P,. (7.3)

where P,. and P4 are the four momenta of the incident. proton and the target nucleus. In
the center-of-mass system. W = (w. 0.0.0) i.c.. W has no three momentum by definition.
- i 3 s . ooz 5 .5 x s Fooq :

Thus, W - W = w*. This is a relativistic invariant so W also has the same value in the

laboratory frame:

w? = (Pp+ Py)- (P, + Py) = :m;‘t + %+ 2m 4 E,.

Here m, and m 4 are the rest masses of the proton and the target nuecleus, respectively
" A I g ! .
and E, =T, + m, is the total energy of the proton. where T, is its kinctic CHOTEY.
P p ] E. I P A
To determine the pion energy in the center-of-mass system (EZ) one can write W — Pr =
P41 where PL and P3 ., denote the four-inomenta of the pion and the target nueleus in
A+l A+1 A

the center-of-mass systein. respectively, Evaluating (P10 (P and using
W-Pl=(w0) (E.p.)=wE..

one gets,

. w? +ms = mf‘? . .
E. = — A 4 T (7.4)

2

where m is the rest mass of the pion.

To relate E; to py, the Lorentz transformation between the laboratory and center-of-
mass systems must be known. To obtain this the relativistic 4 and g for the center-of-mass
systems are needed. In the laboratory W = (E, + 4, pp) = (yw, yBw). Therefore,
B = Pp/(Ep+my). and v = 1/v/1 =732, The pion momentum is determined by applying

the Lorentz transformation

E. = 7(}3; — PBpscos ()) . (7.5)

where 6 is the laboratory scattering angle. Manipulating this expression, one obtains a
quadratic equation in p-
)

(E; + vfps cos 9) = ~? (p?T + ‘m;‘f_) ;

[-73 {1 ~ (B cos 9)‘3}] p2 — [QE;’)’/? cos 0] pr + [fy%n?;j - Ef] =0. (7.6)
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The solution of this expression is the pion momentum for the process given in eqn. (7.2).

The struck proton momentum, (p,), is calculated by considering the four-momenta

of the processes shown in eqns. (7.1) and (7.2):

anel

Fp+ P},' +Py =P+ Pp+Pyy.

The latter equation is equivalent to
PF‘ — Ff -+ va = R' . (7;7)

Also. one can write the square of the four-momentum transfer, ¢, for the process as
I = (P, - P:;)- (P, — P;). which leads to

9w i
I=my+ mi - 2B,k — ppprcos ) . (7.8)
t can be calenlated becanse all the parameters in this expression are known. Taking the

dot prodnct of each side of the eqn. (7.7) with itself. one obtains the expression,

[ m;’f + 2By Ey + pppy) = 2 Ey Er + ppprcosf) =m (7.9)

R, I

Note that for this expression:

. Py =(Ey, 0,0, =py), i.c., the struck nucleon is headed straight at the beam proton

to minimi

#z¢ the nuclear momentum. p,y, required for the process. Any other direction
for the struck nucleon will require higher target proton momenta and, since the
nucleon wave function probability drops off as 1 /pﬁ.n, the relative probability of a
struck nucleon with a direction other than opposite to the beam proton is greatly

diminished. Thus. it is assuined that the struck nucleon direction is peaked in

2. Both the struck nucleon and the absorbed deuteron are on the mass shell. Since
they are internal particles in the reaction, they are virtual particles and, by the
uncertainty principle, they do not have to be on the mass shell, i.e., PPy = mg and

Py« Py = m3 are not required. However, there are three internal particles, p/, d' ., and
(4=1). Their propagators 1/(P2 ~m2), 1/(P} —m3), and 1/(P_, —m%_)) are all

present in the matrix element calculation, and each propagator, in principle, becomes
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infinite if the particle is on its mass shell. Actually they are Dirac delta functions,
and give finite numbers in the integration. In the kinematics being considered, either
(A —1) is on its mass shell. or p’ and d' are on their mass shells, or nothing is on its
mass shell. Here p’ and d' may be considered to be on their mass shell, while (4 =1)

carries all the virtuality in this caleulation.

3. The reason that the p and n. which are swallowed back into the nucleus, are consid-
ered to have the mass my is that as (pp+ Pn)? increases beyond m;*;, Py goes up and,
by the 1 /pIS,, argument above. the probability for the transition to occur begius to
fall rapidly. Thus, the kinematics and nuclear wave function considerations favour

(pp + pn)") to be small as possible, and the minimwm is m;“;.

Taking these into account. we can proceed to obtain py from equ. (7.9). This results

in a quadratic equation in p,y
[4(E,, - E:)Q = (pp — p=cos 9)2] 7:'/':, + [4(1)1, ~ preos )R] Py
+ [4{(B, - Eoym,)? - K* =0, (710

where K = (m(—; —-my — t). The solution to this equation is the momentum of the prolon,

Pp'» in the process shown in eqn. (7.2).

A typical case is presented to give the reader some idea of these arguments by
showing the required p, as a function of the average nuclear momentum. The average

nuclear momentum is

Pavg = ’217"'\/[{(7711 +ma)? — M,f}{M,% - (my - 7n2)2}] ,

where the nuclear mass breaks up into M, — m; + ma. Onec example in our case is
3C — p+!?B where M, ('3C) = 12109.58 MeV, m,(p) = 938.2796 MeV, and my(12B) =
11188.83 MeV. For this example p,., = is 173.52 McV /c. For the argument to work, p,,

should be greater than payg. i.c.. in the 1/p® region. However, pp should not be much

greater than payg or clse the process becomes extremely unlikely. The needed pyy increases
as the effective pn mass goes up. For example. calculations of BC(p, nt)1C at T, = 280
MeV and 0145 = 30° show that for the final pn to stay together as a deuteron p,r = 221.14
MeV/c, whereas py increases up to 243.01 MeV/c if an extra 10 MeV is added to the
pn system. In fact, one has to add about 21 MeV [Wa96] for the pn system to go into a
P-wave at which point the Py becomes 266.49 MeV/c. If the probability rule of the wave
function (1/p®) is applied, one will see that the latter process is much less likely than the
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former by about a factor of five in the probability. This suppression becomes even larger

at higher incident proton energies, particularly in the A-region (300 - 350 MeV).

Having given a detailed insight into the presumed reaction mechanism, we continue
the calculations. We calculate the effective beam energy of the incoming proton for the

pp = dnt process. The center-of-mass energy squared for the pp system is
w; = (Py+ Py) - (Py+ Py) = 2m2 + 2 EpEy + pypy) -

For a pp system in which the target proton is at rest, one can write

w? = 2771;'; + 2Epemp.
Here, E,. = T, + m,, is the total effective energy of the incident proton. Therefore, the
effective kinetic energy of the incident proton is given by

2 2
w; — 4my

Tpe = (7.11)

2my,

In order to calculate the effective scattering angle. 87, in the pp center-of-mass. the
following method is used. The effective momentum of the incident proton in the pp center-

of-mass system is

2

e =M.

Ppe =\ By

where

Eje = we/2.
Similarly, the effective momentum of the pion in the pp center-of-mass system can be de-

termined as

Pre = V E;;‘ - 777'?.' *

where

E..= [w;.2 +m? - m?,] / [2we]
by reference to equ. (7.4).

Since t = (P, - P;)? is a relativistic invariant, evaluating it in the effective pp

center-of-mass system gives

= mﬁ +m2 - 2{E;eE;e — Pp.Pre COS 0;‘} . , (7.12)
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The quantity # is also found in eqn. (7.9). By combining it with eqn. (7.12) the effective
scattering angle in the pp center-of-mass system can be found. Thus, for cach T}, and @
in the laboratory system, T;E and 6] can be calculated for the effective free s:'us.o of the
pp = dn* reaction. The nuclear excitation energy corresponding to the sclected continuum
slice is already included in the ground state mass of the residual nucleus (m.441). Using
the interactive dial-in SAID program [Ar96] the analyzing power for the free process
for each T, and 6 pair used in the data taking was obtained so that the analyzing
powers extracted from the experiment could be directly compared with the equivalent free

pp — dn¥ process.

7.2 Analyzing Power Comparison with the Free Process

In this section, the analyzing power angular distributions caleulated from the nnelear

excitation continuum are compared with those calculated from the equivalent free NN

N N process,

7.2.1 Continuum Analyzing Powers of A(p, #1t)X Reactions

The final two-nucleon pair in the pp = pnwt sub-process for A(p, 71X is assnmed
to be in a S| triplet state (see section 7.1). Therefore, this nucleon pair is cither in
its bound state. which is the deuteron, or the nucleons are unbound, but with small
relative momentum. Furthermore, the proton-induced positive-pion production reaction
has been observed to proceed through a strong intermediate state of virtual A(1232)
formation[Hu87] where dominant amplitude comes from the 38 state of the final two
nucleons. To help understand this mechanism. the analyzing powers of A(p,7*)X have

been compared with those of the frec pp — dn* process.

Continuum of 213C(p, #+)X Reactions

The analyzing-power angular distributions extracted from the muclear excitation
continuum of the 2C(p, #*)X and BC(p, )X reactions at 250 and 280 MeV are com-
pared with the pp — dn* equivalents in Fig. 7.1 where two continuum excitation values
have been chosen for each reaction. The dotted line represents the kinematical calcula-
tion of the pp — dn* for the actual incident beam energy, while the solid line represents

the same calculation of pp — dn* performed for a lower effective beam energy. This is
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explained below.

In Fig. 7.1 the calculation represented by the solid line is in better agreement
at 250 MeV, the solid line represents the pp — dnt equivalent process for 230 MeV
while the dotted line represents the free case for the actual beam energy of 250 MeV.
The comparison is also shown for the data taken at 280 MeV, where the solid line shows
the free process equivalent to 265 MeV. The overall results in Fig. 7.1 show that pion
production within the nucleus displays a NN — NN signature. The better agreement
between the experiment and the transformation (solid line) calculated for a lower effective
proton beam cnergy can be best attributed to the effects of nuclear distortions in both
the incoming and outgoing channels. Distortions lead to a lowering of the effective center-
of-mass energy of the internal process plus a reduced momentum transfer. Lowering the

effective beam energy of the transformation does both of these. However, it remains true

onto A(p. #+)A+1 is suggestive of the underlying mechanism.

Continuum of 4°Ca(p, #*)X Reactions

A similar comparison of analyzing powers to equivalent pp — dr* results was
repeated for a d-shell nucleus using the 40Ca(p, )X data at 280 MeV beam energy.
This is shown in Fig. 7.2 where three continuum excitation values (16, 20, 24 MeV) were
cousidered. It is also apparent in this case that the analyzing power angular distribution
shapes of the (p,7*) reaction are in close agreement with the free pp — dnt process

when the cffective beam energy is reduced slightly. Note that in this case the effective

whercas only a 15 MeV decrease was needed for the carbon isotopes. This indicates that
the distortions are larger for *°Ca, as would be expected for a larger nucleus. This is the
first nucleus other than 1s and 1p shell nuclei to display the pp = dnt signature. Thus,
it scems, our data show consistent evidence that the (p. =) reaction on nuclei proceeds

through an eclementary NN — NNn process.
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those calculated for the free pp = dnt equivalent process (sce the text for details). Dotted

lines show the calculated values for the actual beam energy used in the data taking, while

the solid lines show those for a lower beam energy in an attempt to account for nuclear
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7.3 Analyzing Power Shapes of the 2plh Stretched States

Taking the lead that the 5 2plh stretched state of BC(p, n1)MC displays pp —
dnt analyzing-power characteristics, the analyzing-power angular distributions for the 5-
state in 140 from ¥3C(p. 7~)140 at beam energies of 200 and 221 MeV (200 MeV data were
obtained from reference [Ko89]) were compared in Fig 7.3(a) with those of the equivalent,
free pn — pp(1So)7~ process. The transformation calculation for the free case was carried
out using the measured pn — pp(!Sp)7~ analyzing power data [Du96). The results in this
figure show reasonable agreement between the nuclear case and the free case within the
low-momentum transfer region. The most impressive characteristic in this comparison is
the close agreement of the cross-over point of the analyzing power angular distributions.
This characteristic is also observed at lower energies [Gr84] where the pn = pp('Sy) 7~
analyzing power has been mapped onto the analyzing power of many (p.77) reactions to
a variety of final states in A+1 nuclei where the A41 isin a high-spin 2p1h stretehed state

[Ko91].

A comparison of analyzing-power angular distributions between the A(p.n")X and
the free pp — dn™* (see Figs. 7.1 and 7.2) present evidence for a pp = pn(*S)) o1 sub-
process. However, the analyzing power data (sce 4, distributions in chapter 6) for most, of
the A(p, #*)A+1 transitions do not show this basic shape. However, the pp = pn(*Sy) !
hypothesis is still valid. Because of the spin-coupling considerations and Panli blocking
both the A = (A—1) + p decomposition of the initial state and the d + (A=1) —
A-+1 recomposition of the final state restrict the full set of pp = pu(38)) 7 * amplitudes
available. Since the analyzing power is an interference between amplitudes. the resultant,
analyzing power can ecasily be quite different fromn that for the pp — pn(*S;) 7+ case
[for example, see the Ay distributions for J* = %; (6.864 MeV) and J* = g* (7.492
MeV) in Fig. 6.2, and J™ = 3~ (9.801 MeV) and J7 = 2+ (10425 MeV) in Fig. 6.8].
A fully developed microscopic model which uses the pp — drt amplitudes as inputs to
derive (p,7*) analyzing powers is necessary to explain the analyzing-power behaviour
in the reaction A(p,#*)A+1. Similar model calculations [Fa94] have been applied to
an investigation of the (p,7*) reaction on ?H, 3He, "He, and '2C where a reasonably
good agreement is found for light nuclei. The most important thing is that a successful
microscopic model can be employed as a means of determining nuclear structure from the

analyzing power signature.

In contrast to the A, behaviour of the exclusive final states discussed above, there are

some states which do display characteristics similar to those of the free pp = pn(38)) ot

112



process. The 2plh stretched state of J™ = %+ in 13C and that of J* = 5~ in 4C are

examples of such final states for which the results are shown in Fig. 7.3(b) and (c). The

reasons for these states displaying such analyzing power characteristics are not known.

The A(p, 77 )X data would probably not have analyzing powers similar to those for
pn — pp(1Sy) 7~ since the kinematics in the contimunn which favour an S-wave would be
overwhelmed by the strong tendency for the pn — ppn~ reaction to go through a P-wave
since that channel allows A production. This is in contrast to pn = pp( 1 Sp) 7~ which does

not proceed via a A intermediate state. However. the analyzing power angular distribution

micleus!. We find the signature of pn — pp('Sy) 7= in the very same state (the 57)
which displays a pp — pn(3S;) ot signature. The combination of %i 5~ states (of similar
structure) and the mirror 5~ in 0 all displaying NN — NN7 A,y signatures is suggestive

of an underlying NN — NNz mechanism.

It is to be noticed that the analyzing-power angnlar distributions determined for

the 47 (11.666 MeV) and 57 (14.868 MeV) states in MC via BC(p. 7 T)HC reaction at

These two states in "C are also 2plh high-spin stretched states showing the similarity
in their analyzing power shapes with the pp = dnt process to support the TNM model,
suggesting once again the dominance of the oy isospin chaunel. Having shown that the
reaction mechanisin of the nuclear pion production is indeed an elementary two-nucleon
process, we diseuss the results from our bound state analyses in the following section on

the basis of the NN = N N7 considerations.

"The relative spectroscopic abundance of the A+1 final state was successfully duplicated for the (p,77)
reaction on 1f3 nuclei (eg. **Ca) by hypothesizing a pn = pp(*So) 7= subprocess [Brg3].
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Figure 7.3: The analyzing power angular distributions for a 2pth high-spin stretehed stie
in 140, 13C, and 14C are compared with the corresponding quasi-free NN — N Nx process.
The results for A(p, 7~)A+1 compared to pn — ppr~ are shown in (a), while (b) and (¢)
show those for A(p, 7*)A+1 compared to pp = duwt. The experimental data at 200 MeV
are from the reference [Ko89).
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7.4 Bound State Analyses of A(p, TFZE)A 4+ 1 Reactions

This section discusses the relative strengths of discrete final states, their spin and
parity assignments. as well as additional evidence found from the present investigation

that support some of the previously suggested nuclear configurations.

7.4.1 Study of Discrete Final states from Exclusive Measurements

Due to the typical high momentum transfers involved and the peripheral nature
of the A(p. m)A+1 reaction, the resultant recoil nuclear spectrum shows a preference for
higher spin configurations, especially the high-spin stretched states. The (p, 7 ™) reaction,
in particular, can only excite 2plh states with respect to the initial nucleus. Consider the
recoil excitation spectra of '"C and 0 in Figs. 6.6 and 6.12. The final states are mirror
nuclei since they are the 7. = —1 and 41 members of a 7' = 1 triplet. A qualitative
comparison of the spectra shows that the mirror nuclei are similar with transitions of
sitnilar relative strengths. However. there are some differences which can be understood
on the basis of simple. free TNM (NN = NNw) f:c;)nsideratmns, Table 7.1 shows for a
selection of the most prominent states. the presumed nuclear configurations of the final
states in MC and 0. The final column lists the proposed struck nucleon based on a
NN — NN hypothesis. Certain features of the spectra can be understood by considering
this column as explained below. Similarly, the ﬁnal-staté configurations of 13C and 4!Ca
are listed in Tables 7.2 and 7.3. showing the anticipated nuclear transitions in reactions
C(p, 7)8C and Ca(p. n+)!Ca. respectively.

7.4.2 Mirror Final States in *C and *0O Nuclei

Shell model configurations of the strongly excited nuclear states in 14C and 110
given in Table 7.1 show some differences in the intermediate states to reach the final
states from "C(p, 7%). For example, the 6% state is impossible to reach via NN - NN«
for the MC configuration, but it is possible for the YO configuration. Such differences
are manifested by some possible high-spin (J > 3) mirror configurations being stronger or
weaker for one nucleus compared to the other. The spectra showing the reaction yields as
a function of the nuclear excitation for the *C(p, 7¥) reactions are given in Figs. 6.6 and
6.12 for T,, = 250 MeV at 25° scattering angle. The J™ notation represents the quantum
state of a given nuclear configuration, where J denotes the total angular momentum and

7 the parity of the system. Also in the given notation, v(7) denotes a neutron(proton) in
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Table 7.1: Final-state nuclear configurations in "'C and O for the observed transitions

in 13C(p, 7%) reactions. The incident proton interacts with the listed struck-nucleon which
is labelled according to the shell-model structure of He, ) B
Residual | J™ | Final-state Configuration of Excitation | Struck
Nucleus the Residual Nucleus ) (MeV) Nucleon

e ot |2Co (V7)1/2)3+) Ground State ﬁﬁy n or P
Lo 1= {|PCe (vp1y2) (1281 42)) 6.094 any norp
Mo 3| Co® (Vpl/))(ud /2)) G.728 any n or p
HC 4t | 2 C o (vdsp)?) 10.736 Pran
HC 14| 12 C® (vl (mpaya) T ) 11.666 | py/ap
e 57 1 [ C® (mpgy2) ™ (mpyja) (wp ) (vds/2)) 14.868 Paj2p
Lo 6t | |2 Co (mpys2)” l(ﬂ‘pl/:) vl pa) ‘*) none
HC T 1P CO (rpy) " vpu )iy milsa)) | 23288 | pygap
40 ot | P Ce (7py/2)34) Ground State p,/g n
H0 -1 PcCce (mpyja)(m2syp2)) 5.173 Pramn
H0 37| [ C® (mpy)a)(nds;a)) 6.272 Prjan
e 4t 2 Ce® (md5/2)%) 9.915 Pijan
40 4= |2 C O (rp1y2 )0+(Vp;/ N (m] 2)) none
10 57| 1P C @ (upya) " Hupyja)(mpy (W(L/; )) 14.15 Pajan
HO 16t | [P C e (vpyp)” I(VPI/S!)(Wd;/* +) Paj2
4o P Cce (vpay2)™ (7’;11/1)(ml ,/.)(mlx/ ,)) | - none

a particular sub-shell [for example, (mwd5/) means a proton in the d5/9 sub-shell] and the

superscript "-1" represents a neutron- or proton-hole in the considered sub-shell.

J™ = 471 States

The spectroscopic evidence gathered from our data re-aflirm that the known 47
state in 110 at 9.915 MeV is strong, while that in '"C at. 10.736 MeV is weak with respect,
to the relative population in the final sizte. The wenkness of the 4% state in '4C is most,
easily discernable in Fig. B.1(d) in appendix B where the 4% state appears as a minor peak
next to the more dominant 10.425 MeV (27%) state. In contrast the 4+ state in 110 at 9.915
MeV in Fig. 6.12 is quite discernable. This was previously observed in (p, n%¥) studies
near-threshold [Ko89]. The |'? C ® (vdj/p)%) and IEC;‘@(ﬁds/g)g) mirror configurations
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are widely believed to represent these states [Fo78). They can be excited from the ground
state of C only through the mirror channels pn — ppr= and pn — nnwt,

The reason why the P3C(p, #+)19C (4+, 10.736 MeV) transition is weak is that in
the NN — NNz hypothesis it proceeds via pn = nnwt. This is a ¢11 or op; reaction

that case pn — nnat cannot proceed via the A. Therefore, any (p, 7t) reaction which

HC(p, mt)MC (4%, 10.736 MeV) can only go via pn — nnrt, it will be weak. Thus,
we have a really good example where the NN — N N7 hypothesis provides a clear-cut
explanation for the observations and also supports the assumption of a |12 C ® (vd; /-3)2)
configuration for C (4%, 10.736 McV) and a ['? C @ (wd3)3)?) configuration for M0 (4*,
9.915 MeV). Excitation of 'C to its 4% state may proceed via small admixtures from
other configurations to the 41 state such as to [12@@(17;1/-;;)(lsf,;/g))ﬁf whichi is accessible
in (p,w%) via the dominant oyg channel. This however lends support to the hypothesis

that the 4% states are predominantly (d;/2)? configurations.

JT = 5~ States

The nuclear wave function of 1C in 5~ state is given in Table 7.1 as

Mce (mpasa) = (mpy y2) (py o) (wdsja))s=
and that of 10 in the same state as
I'* C ® (vp3y2)~" (vp1)2)(mpy a) (s )5 .

Spectra in Figs. 6.6 and 6.12 show that both of these states are excited with similar
strengths with respect to the rest of the spectrum. Both these states are high-spin 2plh
states with respect to 13C. As long as there exists a NN — NN channel to excite these
states they are expected to be strongly excited because of the large momentum transfer
and peripheral nature of the (p, 7) reaction. According to table 7.1, these states can be
reached via a pp — pn(®8)) nt reaction for “C and a pn — pp(1Sy) 7~ reaction for
0. These are the predeminant reaction mechanisms for both reactions according to the
NN — NN hypothesis and consequently both states should be relatively strong and this

is confirmed experimentally.
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The differential cross sections for these states, shown in Figs. 6.8 and 6.10 for
13C(p, n*)MC at 250 and 280 MeV, decrease with increasing momentum transfer in a
similar way to the data shown in Figs. 6.14, 6.16, and 6.18 for the BC(p, #)MO reaction
at beam energies of 221, 280, and 350 MeV. Furthermore, these states are not reachable by
1plh excitations from the ground states of MC and 0. As far as the TNM is concerned,
the only reaction channel available via (p,7~) is pn — ppr~ which excites the residual
nucleus only to a 2plh state. In the latest compilation of N = 14 nuclei [Aj91], the 14.868
MeV state in 14C is listed as a possible 5~ or a 6+ configuration. The 14.15 MeV state
in 10 is listed as a possible 5~ state. If the C state is 6%, it could not be accessed
via (p,m*) (see Table 7.1). The fact that both states are strongly represented in their
appropriate spectra strongly suggests an assignment of 5~ for both states.

J™ = 7t States

The anomalous bound state in C observed at 23.288 MeV excitation seems to
be quite strong via 13C(p. 7*) at forward angles (see Fig 6.6). Spectroscopic information
from our data reveals that this nuclear excitation is prominent at low momentum transfers
but weakens fast at higher momentum transfers. The differential cross scctions for this
state at 250 MeV and 280 MeV are given in Figs. 6.8 and 6.10, showing that the relative
population of this state is comparable to those of the other strongest low-lying states of
the spectrum. As can be seen in these figures, the analyzing power angular distributions
show nearly zero values for all angles, which is a rather different characteristic compared
to all the other strongly excited states of this nucleus. The final state configuration for
this strong transition in *C is proposed to be

?Cce (7p3/2) ™" (mpy j2) (3 9) (vds ) )7+
Our 7% assignment to this state is a guess based on the observed tendency of the (p,7)
reaction to selectively excite high-spin stretched 2p1L states through its peripheral nature
and inherent intrinsic high-m::entum transfer. A similar, but weakly populated and
rather broad state is observe:® 1 the mirror nucleus (10) at nearly the same nuclear
excitation. Because of its bro ! nature, it is doubtful that this enhancement represents
a single state, in particular the 7% state. As can be seen in Table 7.1, the final stale
configuration in this case is anticipated to be
"2 C ® (vp3j2) ™" (mp1y2) (vids o) (mdds 2) )7+
According to our observations, a 7* state in 1YC would be strong since it would be
reached from !3C via the dominant pp — pn(®S)) n* process, whereas 140(7+) from the
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saine target nucleus is not possible via pn — ppr~. However the latter channel is possible

in '3C(p, 7 ") if the ground-state neutron configuration in 13C is
(vipgse)~ l(b’lda/@)2 = (1/2)"L

This qlmnld nnly bies & smiadl i‘rartinn of the initial quantum state of the !3C ground state.
may be puss‘ublc that the enhaﬁrzement at 22 MeV can be associated with a 7t state. The
asymmetry and the relative strengths of the proposed 7+ state in (p, 7%) supports the
NN — NN hypothesis and the 7+ assignment.

7.4.3 Transitions to Low-spin States in *C(p, n*) Reactions

"C and MO are inembers of the same isospin T=1 triplet. Therefore spectra for
both the MCp. 71)MC and BC(p, 77)M0O reactions should display a similar set of states.
This should be especially true for the low-lying states. This is seen in a comparison of
Figs. 6.6 and 6.12. The low-lying states follow the pattern 0F, 1~, 0%, 3. 2+, 2-, and
2% in both cases. with the 3™ states dominating both spectra. This is to be expccted
for the highest angular momentum states because of the large momentum transfer of the
(py ) reaction. Conversely the 0% states are weak. The 0% ground states can be resolved
«:mly bucause of their isolation from all ﬂther states. The 07 6.5844 MeV state in HC is
6.728 MeV pth, Tht, D+ 5.92 MEV state in 1D is iny dlscernable at 221 MeV Above
this energy this state is also lost in the dominant 3~ (6.272 MeV) state.

7.4.4 Discrete Final States in 12C(p, 7*)!3C Reaction

is givul in Fl&,i G6.1. A stmngly excited graup of states in 13(3 has been ldentlﬁed mVﬂIVIng
nuclear excitations of 0.00(5 ), 3. DSQ( ) 3. EzSE(3 ) 3. SS4(3+), 6. 864(a+) 7. 492(

7;6(55(%4;7 ). and 9.50( 9+) MeV. Broad peaks in the spectrum beyond 9.50 MeV excitation
seem to consist of admixtures of several states and hence a meaningful analysis is very
complex. The final nuclear configurations of the discrete states in 13C are présumed to
be those given in Tablf' 7.2 where only the strong transitions are listed. The 6. 864( )
7.492(;3 ) and 7;668( ) MeV states are not listed as these can be different combinations

of the 9.50( %+) ccnﬁguratmn.
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Table 7.2: Nuclear configurations for the strongly-excited final states in 13C via
2C(p, n*)13C transitions. The incident proton interacts with the listed struck nucleon
which is labelled according to the shell-model structure of 2C.

Residual | J7 | Final-state Configuration of Excitation Struck
Nucleus the Residual Nucleus (MeV) Nucleon
1B %— PCce (vp12)) Ground State | any n or p
B¢ %+ 2Cc® (v2s)/2)) 3.089 any norp
Bc 37112 ce (7p32) ™ (7p1 2l vpy 2)) 3.685 Paja2p
B3¢ g—+ 2Cce (vds2)) 3.854 any p or
B¢ Il 2ce (wp3s2) ™ (7pyy2) (vds)a)) 9.50 Paj2p
or [PC® (7p3s2) ~Hmwds2)(vpy j)

As explained in Chapter 2, the experimental spectra illustrate single particle and
2plh (and their possible admixtures) final states excited by the (p.7*) reaction. Differ-
ential cross section and analyzing power angular distributions determined for the strong
transitions < 10 MeV are shown in Figs. 6.2 and 6.3 at 250 MeV while those at 280
MeV are shown in Figs. 6.4 and 6.5. Some of these states are not, completely resolved
in the spectra. However, the unresolved groups of states were unfolded into their compo-
nent states in the peak-fitting procedure to extract their yiclds. Differential cross sections
calculated from these data for some low-lying states arc compared with those from two
previous studies [Lo84, Hu88] in Fig. 7.4 which shows a close agreement between our data
and [Hu88]. The ground state cross section in [Lo84] secems to have had some problems at
large angles. The agreement with [Hu88] indicates Lolos [Lo84] may have had problemns
with background for do/dQ lower than 10 nb/sr.

J™ = 2% State in 13C

wjo

The g+ final state in !3C is strongly populated (sce Fig. 6.1), and is identified
as a high-spin 2plh stretched state. This can be reached via a TNM channel, pp =
pn(®S;) 7, and has equally strong contributions corresponding to the following final
nuclear configurations

2ce (Wlpa/z)"l(Wlpx/z)('/lds/Q))g+
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Figure 7.4: A comparison of differential cross sections for the low-lying final states of
BC(p, m*)13C at 250 MeV. The Lolos results are from reference [Lo84] and the Huber

results are from [HuS8].

and

"”?ce (7T1P3/2)"1(V1P1/2)(W1d5/2))g+ .
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This nuclear transition can be understood on the basis of the two nucleon mechanism
with the dominance of the ayg isospin channel. Here. the incident proton interacts with
one proton from the py /2 sub-shell and the subsequent collision lcaves a hole, while the
final proton and the neutron are bound in p, /2 and dsja sub-shells, thus creating a 2plh
high-spin stretched state in the 3C residual nucleus. The analyzing power angular dis-
tributions (see Figs. 6.3 and 6.5) calculated at 250 and 280 MeV have similar shapes as
one expects from the free pp — dn® case. A cominon thiread should be discerned here. In
all (p. ) spectra beyond the initial set of low-lying states, the states which are strongly
excited are those in 2p1h configurations with respect to the initial state nuclei and in those
configurations the combination which gives the highest spin is the one that is the most
strongly excited. This is so for the 5 state of 1'C and M0, the 4% state of MO, and the
same for the g+ state of 13C.

21.50 MeV Excitation in 13C

One can see a strong peak in the excitation spectriun shown in Fig. 6.1, which
corresponds to a high nuclear excitation at 21.50 MeV in B¥C via B2C(p. 7). This is
similar to what is observed in MC nuclcus via BC(p.#nt) in Fig. 6.6. However, the peak
in 13C is not as narrow as that in MC. This broad natire makes the interpretation of
this strong excitation complicated. There seems to be an admixture of several transitions
respousible for this excitation. We believe that a major component of this state might

13-

be 3 with a final configuration, IUC@(W]]);;/Q)‘l(7.'1(!,—,/._,)(1/1(15/2)) -, which can be

13
¥

reached via pp — pnw* through 19 isospin channel.

7.4.5 Discrete Final States in *'Ca via “°Ca(p, n*) Transitions

The differential cross sections and analyzing powers have been extracted from the
exclusive measurements of *0Ca(p, #+)"Ca at 250 MeV and 280 McV. A typical missing
mass spectrum of this reaction is shown in Fig. 6.11 from the data collected at 250 MeV
and 25° angle in the lab. The ground state and some low-lying excited states have been
identified at nuclear excitations of 1.94, 2.01, 3.83. 3.91. 5.22, and 5.48 MeV. The yiclds
to these bound states in 4!Ca were observed to decrease drastically with the increase of
momentum transfer. Therefore, the differential cross sections and the analyzing powers
for the bound states have been calculated only for the data collected at forward angles.
These results are given in Appendix A.

The 40Ca spectrum is very ambiguous with many closely-spaced levels beyond the
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first excited state at 1.943 MeV. The only unambiguous state is the ground state, a spin
%ﬁ single-particle state with a neutron in the 1f z shell (see Table 7.3). This state is quite
strongly excited as one would expect from its hiéh spin value. The v2p3,, state might be
identified with the first excited state at 1.94 MeV which is a single-particle neutron state
or it could be the g+ state at 2.101 MeV which would necessitate a 2plh configuration
(see Table 7.3). In either case this experiment is unable to distinguish between the two.

However, the former seemns more likely because of its simple configuration.

Table 7.3: Nuclear configurations for strongly-excited final states in *!Ca via
WCa(p, n+)" Ca transitions. The incident proton interacts with the listed struck nucleon

which is labelled according to the shell-inodel structure of *9C.

Residual | J7 | Final-state Configuration of Excitation Struck
Nucleus the Residual Nucleus {McV) Nucleon
100, Im Y Cuo (v1f72)) Ground State | dy/a p
0Ca 37 1% Cae (2p3/2)) 1.94 d3jap
BCa | ZY 110 Ca® (nldyn) = (71 f2/2) (111 fz2) 5.22 d3ap

At 3.8, 5.2, 6.1, and 7.4 MeV excitations there are some fairly prominent peaks.
All of them, except for the last, fall in regions where there are states labelled 1._,‘2"", -1._,1+,
and ’31—+. The most prominent peak falls, as expected in the ‘I.T,T+ region. This state at
5.219 MeV has a double assignment. of (l._?-+ or I.T,'"'L) [En90]. Expel'ience with the (p,7nT)
reaction would suggest that an assigninent of 17_,7—+ is appropriate with a 2p1h configuration
of (7(1(13/‘_)_)-1(7T1f7/2)(l/1f7/2) with all components aligned, unlike the %+ state (see Table
7.3). Similarly an assignment of %+ to the 6.1 MeV state seems in order. At 7.4 MeV,

there are no states listed in the literature [En90].

It should be pointed out that not all the high spin states (regions) have been picked
out. There is a 1—2‘3+ state at 4.52 MeV [En90] which is not seen. The reason for this
is unknown. Perhaps it is a configuration which requires excitation from a neutron and

naturally would be suppressed.
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7.5 A(1232) Excitation in (p, #%) Reaction

At this stage. we have good evidence that the nuclear pion produstion reaction
proceeds through NN — N N7 processes occmrring within the nuclear wedinm. Thus,
the effective reaction mechanism is such that the two nucleons interact strongly in the
initial state. The most probable intermediate state is A+N where one of the mcleons
is excited into its lowest excited state which is the A(1232) isobar. plus the other mu-
cleon. This virtual A particle can propagate a very short time within the many-nucleon
and a nucleon, resulting in the final state of two nucleons and a pion. This A-excitation
action. The allowed A-amplitudes are different in the two reaction modes. This lends
to a situation where a strong A-resonance is observed in (p. 7%) while it is very weak in
(p.77). This phenomenon can be understood in the context of the following arguments
which are graphically illustrated in Fig. 7.5. Iu Fig. 7.5. we consider that the incoming
projectile proton interacts with one of the target nucleons which is moving towards the
projectile. After the interaction, the final nucleon pair. which is presumned Lo be lefl in
a S-state with a small relative momentuin between the two nucleons. is captiured in Lhe
final A+1 residual nucleus. All the particle directions in this figure are considered in the
center-of-mass system. Then we analyse the initial. intermediate, and final states of Uhe

the intermediate state.

In the context of TNM. the only reaction channel available for - production is
pn = ppw~ where the final proton pair is presumed to be in a relative 'S, singlet,
state. This assumption is reasonable due to the large momentum transfer involved in
the A(p, m)A+1 reaction which highly favours an eptimal momentim sharing for the pro-
cess to occur. This assumption seems borne out by the transformation discussed in see-
tion 7.1.1 which describes mapping NN = NN# measured analyzing powers onto those
of A(p.m)A+1. The favourable comparison in sections 7.2 and 7.3 bears out the ss-
sumptions. The total spin of the initial pn state can be either a spin § = 1 triplet or
S = 0 singlet with isospin 7" = 1 or T = 0. As illustrated in Fig. 7.5, the possible par-
tial wave amplitudes which satisfy the § = 1 triplet are 384, :3P25‘1éigég Dyt g4 1+,
3F4_.3_'2-, and so on. Similarly, those amplitudes which satisfy the $ = 0 singlet,
are 'Sg+, 'P -, 'Dys, 'Fy-, and so on. Since the total wave function of the initial
fermion system must be completely antisymmetric one has T=0(1) when S=1(0). This
leads to the amplitudes, 35+, 1P -, 31;’3*‘?‘1-&-;, 1/, and so on having T=0, while
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150+, EPEE‘F.D*? Do+, 3F4".3=12=? and so on having T=1.

Now consider the intermediate AN state which has total spin §=2 or 1, and isospin

i

T=2 or 1 because A is spin 3, isospin % and N is spin % isospin 1. Therefore, the J* of

I

AN in a S-wave can be either 2+ or 1*. while in P-wave it can be either 3=, 2—. 1. or

I

07. In an examination of what initial states satisfy both the T = 1 requirement (7' = 2 is
impossible for NN systems) and the J* possibilities, only the ! Do+ amplitude is possible
for a AN S-wave and the 3Fy-, 3F,_, 3p,_, 3P,_ and 3P,- amplitudes are possible for
a AN P-wave. The final state, pp('Sp)n~. because of the 7, have unnatural parity J*
values of 07, 1%, 2=, 3%, ... . An examination of the initial states which satisfy T' = 1,
and the J* of AN and pp(1Sp) 7~ in Fig. 7.5 leaves only the amplitudes 3P,- 5- and
3Fy- which are relatively very weak. The strong A amplitiudes such as ! D51 and 3F;- are
not allowed. However, both of these strong A amplitudes are allowed in reaction channels
proceeding via pp — AN — pn(3Sy) 7+, This inability of the pn — pp(15y) 7~ to proceed
via strong AN intermediate states is a primary reason why the (p.7t) reaction is much

stronger than the (p, #7) reaction.

Since the single particle wave function drops drastically with the increase of ma-

transfer in order to study the A-resonance. An examination of the reaction strength for
a selected strongly-populated final states in the 3C(p, %) at constant momentum trans-
fer helps to understand this phenomenon. The relative matrix element squared, M2, is
plotted in Fig. 7.6 as a function of /s — My at constant 4-momentum transfer squared
t = 0.527 (GeV/c)? for the 3~ (6.272 MeV) state in 14O to study the A-excitation in
the "*C(p.77)M0O reaction. Here s is the effective center-of-mass energy considering the
NN — NN two-nucleon process, and My is the average nucleon mass. The relative
matrix clement squared extracted from the differential cross section is free of any effects
due to an increase in phase space as the energy increases. Thus, |M|? versus /5 — My at
constant ¢ is indicative of the energy dependence of the NN — NN reaction.

The relative |M|? is calculated as

v = k-5 [2] [ 2] .

where S is the total energy, and kj and k, are the momenta of the incident proton and
the outgoing pion, respectively. All are calculated in the (p + A) center-of-mass system.

The constant K is o i
o 04m® (2J44+1)(25, +1)

W 2041 + 125, +1)

]

The results are given in Fig. 7.6(a) which shows that the cross section tends to be
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smaller at the A invariant mass of 1232 MeV. The cross section enhancement in this figure
for the lower invariant mass region reflects the threshold behaviour of the reaction. This
demonstrates that the A-isobar excitation in the reaction A(p,m7)A+1 is very weak as
expected (see section 7.3).

The A excitation was also examined for the continuum region of the A{p. 7 7)X
reaction at constant {. The relative matrix element squared was plotted against the
Vs — My at a constant ¢t = 0.539 (Gev/c)? for a selected high excitation region (21 MeV)
of the 13C(p, 7~)X continuum. Fig. 7.6(b) shows the results of this analysis indicating
that the (p, 77) reaction strength in the continuum region becomes more dominant with
respect to the exclusive final states as beam energy increases. However. M2 to the
continuum shows no hint of a delta excitation. and the question would probably not, have

been answered by taking more data at higher cnergies.

According to the explanation (at the beginning of this section) on the A excitation
in the A(p, #*)A+1 reaction. one should see strong A effects in this case. This was studied
previously [Hu88]. The invariant matrix elements were extracted from the differential cross
sections of the reaction A(p, 7)A+1 in order to remove any effects due to an increase in
phase space as the energy increases. The matrix clements extracted from the BC(p, M C
are shown in Fig. 7.6(c) as a function of the invaria_nt mass at a constant ¢ for the 3
(6.728 MeV) final state in C. The results show a cross section enhancement for the
invariant mass in the A region. indicating that the (p,7%) reaction proceeds via strong
A-isobar excitation. These observations provide evidence supporting that the nuclear pion

production proceeds predominantly throngh NN — N N7 two-nucleon reaction channels.
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Figure 7.5: A bricf analysis to illustrate that the A(1232) excitation in the A(p, 7~ )A+1

reaction is weak compared to that in the A(p, 7+)A+1 reaction. See the text for details.
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Figure 7.6: An illustration of the A excitation in the (p, %) reaction. (a) shows the
relative matrix element |M|?2 vs NN — NN# CM energy for the reaction BCp,»~)0
at a constant 4-momentum transfer squared ¢ = 0.527 (GeV/c)2, A similar plot is shown
in (b) for the (p,7~) continuum at a t = 0.539 (GeV/c)2. Matrix element vs CM cnergy
for the reaction 3C(p, 7+)!C is shown at a constant ¢ = 0.50 (GeV/c)? in (¢). The data

shown in (c) were obtained from reference [Hu88).
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Chapter 8

Conclusions

For the present A(p. 7#)A+1 study measurements were made using TRIUMF’s
Second Arin Spectrometer which was used for the first time for a complete experiment
withont having to require the presence of a front-end chamber. This was achieved by ana-
lyzing the beam opties of the overall spectrometer systemn, allowing the particle trajectories

SASE is capable of weasuring low cross-section reactions, such as nuclear pion produc-

tion. within a practical period of time by running at high beam currents and eliminating

problems arising from high count rates in a front-end detection system.

This investigation is focused on the reactions 2C(p, n+)13C, Be(p, nt)l4C,
WCa(p.w)1Ca, and 3C(p. )"0 observed over the energy range of 220 - 350 MeV.

Angular distributions of differential cross sections and analyzing powers have been deter-

mined for the strongly-populated discrete final states as well as for the continuum region.
These analyzing-power angular distributions, for both the continuum and for some of the
final states, have been compared to those for free NN = NN#. Consistent agreement

snggests that NN = NN is the dominant reaction mechanism.

For the (p.#+) reaction on nuelei. the NN — NN7# process which is of interest is

power angular distributions between pp — dnt and the continuum (p,7t) is suggestive
that the nuclear pion production occurs predominantly in a quasi-free NN — NN«
momentum transfer in the collision is shared by the initial state and the two final state

nucleons. The observed discrepancies can be accommodated by a change in the effective
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beam energy by an amount that can be reasonably attributable to initial and final state
nuclear distortions.

It is shown via the pp — dnt variant that the NN —» N N7 hypothesis is applicable
for nuclei heavier than the 1p valence shell nuclei (e, A =1 to 16). A comparison of
measured analyzing-power angular distributions in the continmun for the (p. 7)) reaction
on a d-shell nucleus (*0Ca) with those for the free pp = drt equivalent process shows
similar agreement. as did (p,7¥) on 2C and C. The only difference in the "Ca case
as opposed to the 1p nuclei case is that a lower effective beam cuergy is required Lo gain
reasonable agreement with the pp — dr*t analyzing power. This can be attributed to
larger distortions in the “°Ca case which is quite reasonable as Ca is a larger nucleus.
Hence. it can be concluded that the NN — NN# process in the pp = da ! variant is the

dominant (p, #*) mechanism for any nuclei.

In contrast to the continuum analyzing power results, (p. ) to exclusive final states
have analyzing power angular distributions which have decidedly non-characteristios of
pp = dn™. This is not surprising as the constraints of removing one nucleon from the
target nucleus and restoring a “d” (i.e.. a *S; pn pair) back into the recoil nuclens ean
restrict the available pp — dn* amplitude set. The analyzing power, being an interfer-
euce of amplitudes, is quite sensitive to small amplitude changes, thus radically ditferent.
A(p.7")A+1 analyzing powers may not be unexpected. Nevertheless there are some ox-
clusive final states which display characteristics of pp = dot analyzing powers. These are
notably high-spin stretched nuclear excitations such as the %+ (9.5 MeV) state of ¢
the 5~ (14.868 MeV) state of C.

It is interesting that the equivalent 7' = 1. 5~ state of MO at 14.15 MeV displays
characteristics of the pn — pp(1Sy) 7~ analyzing power. A comparison of measnured
analyzing-power angular distributions for the reaction A(p, 77 )A+1 with those ealeulated
for the free pn — pp(1Sp) 7~ equivalent process at energics of 200 and 221 MeV shows
a favourable agreement. However, unlike the final state of the Alp.nt)X where the final
nucleon pair (pn) is favoured to be in a relative 38 state by both dynamics and kinematies,
the final pp pair in the A(p, 77)X reaction is not favoured to be in a relative 1Sy, state,
Therefore, a similarity in the comparison of analyzing powers between the A(p.n )X
continuum and the pn = pp(Sy) 7~ free process, as is observed for (p.x!), is not
observed as expected. It is hypothesized that in the 5~ case the restrictions of absorbing

a final pp pair favour a }Sy configuration.

It is not known why high-spin stretched states favour characteristics of NN —

NN=t analyzing power. It can be speculated that such states allow only one reaction
yzing p p y
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route from the initial target shell configuration and that the final NN pair is absorbed
onto an unoccupied shell where the NN — N N7 amplitude set is not compromised by
spin and Pauli blucking considerations. However, the 71 state of 4C at 23.288 MeV is
also i high-spin stretched state, and displays a flat analyzing power in contrast to that
of pp = dr*. Therefore, sorting out the observed characteristics of the exclusive (p. ™)
analyzing powers will require a fully developed theoretical treatment, hopefully using the

NN = NN amplitude sets as input.

The quantum numbers and/or configurations of the mirror states produced by the
reactions C(p.m#) can be understood to some degree by invoking an underlying NN —
NN process

es. The difference in the prominence of the 4T state in '*C and YO spectra
by NN = NNz and pp = dnt dominance. The 5~ state is equally available via NN —
N N7 channel for both 1C and 0 and both are equally prominent. In contrast, the 7+
(23.288 MeV) of MC is only accessible to (p, #%), and the corresponding peak in MO at a
similar excitation seems to be weak. It is the confidence in these NN — N N7 signatures
that 2 JJ7 ol 57 s assigned to the 14.868 MeV and 14.15 MeV of MC and 0. respectively

MO state at 23.288 MeV.

Using the same arguments that (p, #*) excites predominately the highest spin states,
the peaks seen in the Ca(p, n )" Ca spectrum at 3.8, 5.2, and 6.1 MeV can be associated
with the 127 (3.83 MeV). the * (5.219 MeV) and the 4% (6.066 MeV) states. The

latter two states are of uncertain assignment in the literature [En90] and their appearance

in the (p.7%) spectrum favours the highest possible J* assignment.

There does not seem to be a strong role for the A-isobar excitation in the interme-
diate state of the reaction A(p,77)A+1. The relative strengths of the observed (p,n+)
dence of the (p,77) reaction shows a A-excitation. but not such resonance is seen in the
(p.@7) reaction. This energy dependence of (p, 7~) reaction is confirmed in this exper-
iment. The (p,77) energy dependence has been previously restricted to exclusive A-+1
final states which favour 'Sy final pp absorption. For (p,7~) to the continuum, final pp
pairs in a relative P-wave could be expected which can have a direct A-excitation. The
energy dependence to the continuum was extracted in this experiment, but no definitive
A-excitation could be seen. However, it is quite evident that (p, 7~) strength to the con-

Whether A-excitation in the continuum is responsible cannot be determined from this
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experiment.

In summary, strong evidence is found to support a NN — NN7 model for the
reaction mechanism of the nuclear pion production process. In particular the observed
spectroscopic features of the measured reactions are interpreted on the basis of this model.
The role of the A-isobar excitation in the (p,7™) reaction is discussed on expectations of
the described reaction mechanism. The analyzing power to the continuum of the reaction

(p.=*) constitutes strong NN — NN signature.

With the data of Huber [Hu88], Korkmaz [Ko89] and this experitment. a solution
to understanding the (p, 7) reaction seems apparent. A fully developed theoretical model
is required which uses NN — NN7 amplitudes as specific input. It is essential that the
model be fully relativistic. If such a theory is developed, the varicty of differential cross
section and analyzing power (do/dQ and A,) information in exclusive (p, ) reactions may
be interpreted on the basis of nuclear structure information. Also one ean extend these
measurements by choosing several other nuclei over a wider energy vange. More physies
information can be extracted from such measurements with further inproved resolution

and better statistics taken within a wider angular range.
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Appendix A

Data Tables

Numerical values of the results extracted from this study are given in this sce-
tion. The cross section and analyzing power data include only the statistical errors. The
thickness of the nuclear targets, 2C. 3C, and Ca. weve 58.2, 96.0. and 15.68 mng/cm?.
respectively. The error of the target thickness is estimated to be ~ 3%. There are also
other systematic uncertainties coming from the solid angle (5%). pion survival fraction
(3%). chamber efficieney (5%), background subtraction (4%) so that a total of ~ +£9%

systematic error is estimated in the results.

A.1 Data Tables for the Bound-state Analysis
Each data table has the reaction and the incident proton energy at which it was

a function of the center of mass angle.
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Table A.1: The angular distributions of cross section
MeV for the bound states of the RC(p.at)BC
MeV.

and analyzing power data at 250

at excitafion energies of 0,000 and 3.080

Ground State

3.080 M«,-\"

oc.m. (ch-)

do /dS) (nb/sr)

Ay

dor [d$2 (nb/sy) |

26.78
32.22
53.29
66.31
66.31
66.31
74.17
84.21
94.25
104.18

458 £ 8
343+7
67.24+25
214425
26.4 £ 2.6
245+24
160 1.7
11.7+0.9
9.2+1.2
22+09

0.115 £ 0.023
0.123 £ 0.029
00.239 £ 0.049
0.700 £ 0.137
0.582 £ 0.114
0.625 £0.125
0.935 £ 0.129
0.890 £ 0.110
0.759 4+ 0.317
0.678 & 0.559

o009 4= 8

418 £ 8

131 +£3
46.0 £ 3.4
43.7£ 3.0
39.2 4+ 2.8

ST
082 4+ 0,025
0,588 = 0,030
0,600 4 0.0436
0096 £ 0.096
0,025 4 0091
0,139 = 0.003
0478 £ 0.100
-0.683 = 0.059
13 & 0.075
0,933 & 0.074
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Table A.2: The angular distributions of cross section and analyzing power data at 250
MeV for the bound states of the C(p.7%)13C at excitation energies of 3.685, 3.854,
6.864. 7.492. 7.686, and 9.500 MeV.

3.685 MeV 3.854 MeV
Ocm. (Deg.) | do /dQ (nh/sr) Ay do /dS) (nb/sr) Ay
26.78 368 + 9 -0.095 £0.031 1672 £ 16 0.070 £ 0.0127
32.22 345 + 10 -0.032 £ 0.040 1085 £ 15 -0.030 £ 0.019
23.29 117+6 0.063 £ 0.062 1876 -0.747 £ 0.044
66.31 40.2+£5.2 0.586 £0.163 47.0+5.2 -0.327 £0.150
66.31 4.6 £ 4.9 0.414 £0.157 474+ 48 -0.270 £ 0.135
74.17 26.1 £ 3.7 0.850 £ 0.162 21.2+ 34 0.629 4+ 0.186
84.21 170+ 2.0 0.445 £0.164 154+ 1.8 -0.213 £0.161
04.25 40.9 £ 4.8 0.009 £0.162 20.7+4.3 -1.206 £ 0.161
104.18 36.7 £ 5.9 0,723 +£0.185 | 63.7+£5.5 -0.647 £ 0.107
6.864 MeV | 7.492 MeV
Oean. (Deg.) | do [dS2 (nb/sr) Ay do /d? (nb/sr) Ay
26.78 780 £ 11 -0.187 £ 0.019 1187+ 14 0.315 £0.018
32.22 643 £ 11 -0.221 £ 0.023 1039 £ 15 0.363 + 0.021
53.29 260+ 5 -(.164 £ 0.026 3107 0.313 £0.030
66.31 90.1 £ 4.8 -0.006 £ 0.070 122 £ 7.2 0.148 £ 0.076
66.31 89.6+4.3 -0.022 £+ 0.063 137 £7.1 0.092 £ 0.068
74.17 425+ 2.6 0.518 + 0.083 84.7+£54 0.280 % 0.089
84.21 209+1.3 1.102 £ 0.092 74.8+£3.0 0.137 £+ 0.056
94.25 15.742.0 0.824 £0.177 63.4 5.2 0.420 £0.112
104.18 20.5+1.9 -0.022 +£0.125 41.3+4.1 0.169 £ 0.137
7.686 McV 9.500 MeV
Ocm. (Deg.) | do/dQ2 (nb/sr) Ay do /dQ2 (nb/sr) Ay
26.78 404 £ 10 0.487 £ 0.035 1520 £ 15 0.370 £ 0.017
32.22 277+ 10 0.471 £ 0.047 1247+ 15 0.395 £ 0.020
53.29 92.3 £ 5.4 -0.007 £ 0.075 456 = 7 -0.207 £ 0.020
66.31 50.3 £6.1 -0.224 £+ 0.160 2404 8 -0.737 £ 0.043
66.31 53.4 £ 6.0 -0.148 £ 0.146 239+ 7 -0.741 £ 0.040
74.17 44.6 £ 4.9 -0.467 £ 0.159 173+ 5 -0.829 =+ 0.044
84.21 319428 0.142 +0.119 126+ 3 -0.624 £ 0.034
04.25 33.3+5.0 -0.145 £ 0.211 10745 0.062 £+ 0.059
104.18 21.0+ 3.8 -0.290 + 0.252 58.7+ 3.3 0.671 = 0.077
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Table A.3: The angular distributions of cross section and analyzing power data at 280
MeV for the bound states of the "2C(p.7+)13C at excitation energies of 0.000, 3.089,
3.685. 3.854, 6.864. 7.492. 7.686. and 9.500 MeV.

Ground State 3.089 MeV .
8-m. (Deg.) | do/dQ (ub/sr) Ay do /dS2 (ub/sr) Ay
26.85 300 £ 10 0.586 + 0.047 303+£12 | -0.161 + 0.042
32.09 226 + 9 0.609 % 0.053 329 & 11 -0.363 = 0.046
12.67 100 + 4 0.840 + 0.057 181 +6 -0.369 + 0.048
53.12 48.6 £ 2.5 0.918 + 0.070 104 £ 4 -0.104 = 0.047
74.06 17.2 £ 0.9 0.729 £ 0.072 31.9+£1.2 | -0.233 + 0.050
104.00 1.10£0.29 | -0.766 £ 0.333 197409 | -0.732 + 0.063
3.685 MoV 3.854 MeV )
Oc.m. (Deg.) | do/dQ (nb/sr) Ay do /dS (nb/sr) ,7,,7 f{y 7 -
26.85 439 £ 18 0.087 % 0.058 1534 £ 26 0.148 = 0.02
32.00 306 £ 15 0.118 £ 0.071 1021 £ 22 -0.029 + 0.030
42.67 160 £ 9 0.239 £ 0.078 343 4+ 11 -0.324 + 0.044
53.12 76.3 £ 4.5 0.495 & 0.084 130 £ 5 -0.372 £ 0.056
74.06 2.5+ 1.3 0.714 £ 0.083 374+1.6 0.286 = 0.057
104.00 11.9 £ 1.1 0.256 = 0.144 30.0 + 1.4 -0.878 = 0.065
6.864 MeV 7492 MeV
Oc.m. (Deg.) | do/dQ2 (nb/sr) Ay do /dSY (nb/sr) - éy
26.85 655 + 16 | -0.168 + 0.034 | 1270 + 24 | 0.425 + 0.028
32.09 524 £ 14 [ -0.230 + 0.038 | 1087 + 22 | 0.505 £ 0.031
42.67 278 £ 8 | -0.277 £ 0.040 | 570 + 13 | 0.493 £ 0.033
53.12 124 £ 4 [-0083 + 0.046| 273 + 7 0.532 + 0.036
74.06 31.0 £ 1.2 | 0.710 £ 0.053 | 67.5 + 2.0 | 0.519 £ 0.041
104.00 18.6 &+ 0.933 | -0.287 & 0.070 | 25.6 + 1.3 | 0.110 % 0.075
7.686 MeV 9.500 MeV
Oc.m. (Deg.) | do/d) (ub/sr) Ay do /d§2 (nb/sr) ) ; Ay
26.85 486 £ 18 | 0.580 + 0.051 | 2162 £ 28 | 0.445 + 0.021
32.09 406 + 16 | 0.559 + 0.056 | 1850 + 26 | 0.444 + 0.023
42.67 210 £ 10 | 0.648 + 0.065 | 999 + 15 | 0.400 £ 0.023
53.12 66.9 £ 4.8 | 0.529 + 0.094 419 % 7 | -0.002 £ 0.025
74.06 28.3 £ 1.5 | 0.553 + 0.073 | 93.2 £ 2.1 |-0.496 + 0.032
104.00 12.6 & 1.1 | 0.063 + 0.127 | 386 + 1.4 | 0.770 + 0.051
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Table A.4: The angnlar distributions of cross section and analyzing power data at 250
MeV for the bound states of the C(p, #+)!4C at excitation energies of 0.000, 6.094,
6.728, 7.012, 7.341. and 8.318 MeV. - o
BCp,at )”C.‘ Rédctmn at 250 Mev

Grmmd State ) S 094 MEV

Oen. (Deg.) rlt:/dsz (nh/sr Ay do [d2 (nb/sr) B Ay
9663 171 £ 4 | 0225 & 0032 | 511 + 7 | -0.362
32.04 115 £ 3 | 0230 £ 0037 | 373 £ 5 |-0.445
53.02 144 + 1.2 | 1.081 £ 0.084 | 99.9 + 2.6 |-0.460
66.00 702 + 1.00 | 0.992 + 0.134 | 348 + 1.8 |-0.018
73.85 6.96 £ 0.76 | 0.524 + 0.146 | 25.2 £ 1.3 |-0.987
83.87 4.18 £ 050 | 0.466 + 0.189 | 232 + 1.1 | -0.805
+

&

H H H
H H B F H

o o

o)

[

&5

HP_

93.93 486 £ 0.70 | -0.004 £ 0.200 | 27.6 & 1.3 | -0.744
103.81 | 2.20 & 0.82 | 0072 & 0.512 | 24.2 £ 1.7 |-0.887
6.728 MeV 7.012 MeV

Oc.n. (Deg.) | do/dQ (nb/st) Ay do /dS) (nb/sr)

H
er H W
i pa]

jan]

o

(e

\H_

26.63 1273 +£12 | 0.020 % 0.012 308 £ 7 |-0.149
32.04 857 £ 10 |-0.110 & 0.015| 318 £ 9 |-0.166
53.02 198 £ 4 |-0.632 + 0.032| 585 + 4.0 |-0.038
66.00 69.0 £ 3.0 |-0431 + 0.058 | 30.2 + 2.9 | 0.544
73.85 36.1 & 1.9 |[-0.084 + 0.074 | 18.6 & 1.9 | 0.527
83.87 198 £ 1.3 |-0.220 + 0.089 | 11.3 % 1.4 |-0.031
93.93 27.1 £ 1.6 |-0.600 + 0.078 | 14.1 + 1.7 |-0.718
103.84 30.3 &£ 2.5 |-0726 &+ 0.102 | 189 + 2.8 |-0.624
I 7.341 MeV 8318 MeV
Ocrnr. (Dtg) da/:[ﬂ (llb/‘il 7 ) dc?/dﬂ (nb/sr) B Ay B
126,63 414 £ 7 |-0.174 + 0.022 118 + 4 0.321 =+ 0.046
32.04 328 & 7 | -0.306 + 0.027 141 + 4 0.290 =+ 0.038
85.2 + 3.0 |-0.701 £ 0.047 | 51.6 + 2.2 [-0.075 % 0.055
66.00 26.0 £ 2.0 |[-0274 £ 0.102| 27.8 + 1.8 |-0.015 + 0.089
73.85 138 £ 1.3 | 0.184 + 0.132 | 173 + 1.2 | 0.024 % 0.094
83.87 13.0 £ 1.1 | -0.157 £ 0.115| 134 + 0.9 | 0.183 £ 0.096
93.03 233 & 1.5 |-0.355 + 0.087 | 13.2 + 1.0 | 0.091 + 0.104
103.84 28.2 + 2.3 |-0.783 & 0.103 | 7.36 % 1.26 0.829 0217

0.028
0.039
0.089
0.132
0.147
0.169
0.157
0.184

H W W H H o ® ‘H-f;

|+ H B B B

"I\

o
£
[an]
b
o

l

T T TR TR g

TR TR TR ‘|+
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Table A.5: The angular distributions of cross section and analyzing power data at 250
MeV for the bound states of the 3C(p, #*)C at excitation energies of 0.801, 10.425,
10.736. 11.666. 14.868, and 23.288 MeV.

9.5801 MeV C10.425 MeV
Bc.m. (Deg.) | do/dQ2 (nb/sr) Ay riﬁ/dfl (iih/sr)i o A;fi 7
26.63 318 £ 6 | 0.011 + 0.026 | 364 £ 7 | 0.134 + 0.0%5
32.04 220 £ 5 |-0.060 + 0.029 | 269 £ 6 | 0.106 £ 0.030
53.02 62.8 £ 25 |-0.299 + 0.053 | 66.7 £ 2.9 |-0.001 + 0.058
66.00 340 £ 20 |[-0.042 + 0077 | 217 £ 2.0 |-0.019 + 0.122
73.85 233 £ 1.5 |-0.010 + 0.087 | 14.6 = 1.5 | 0.095 + 0.14]
83.87 125 £ 1.0 | 0.766 + 0.116 | 10.2 £ 1.1 | 0.086 + 0.141
93.93 143 £ 1.1 | 0.632 + 0.115 | 6.87 + 1.07 |-0.039 + 0.215
103.84 8.86 £ 1.42 |-0.558 £ 0.211 | 7.42 + 147 | 0.118 + 0.273
10.736 MeV | 666 MoV
Oc.m. (Deg.) | do/dQ2 (nb/sr)! A:,: - Jc'liﬁ/flfl (;lb/sr) T Ay T
26.63 97.5 + 4.7 | 0.631 + 0.064 | 520 + 8.8 | 0.325 + 0.023
32.04 133 £ 5 | 0.390 £ 0.053 | 364 £ 9 | 0.325 & 0.033
53.02 308 + 2.5 | 0.724 + 0.112 120 £ 5 | -0.187 £ 0.046
66.00 166 + 2.0 | 0.086 % 0.156 | 55.6 + 3.8 |-0.001 + 0.087
73.85 0.19 + 1.40 | 0.008 + 0.210 | 392 + 2.8 |-0.627 + 0.000
83.87 2.35 + 0.91 |-0.324 + 0.532 | 266 + 1.9 |-0.503 + 0.007
93.93 3.46 £ 1.03 | 0.637 + 0.478 | 21.1 £ 1.9 |-0.111 =+ 0.126
103.84 170 + 1.26 | 0.343 & 1.053 | 7.13 & 2.24 | -0.301 * 0.467
14.868 MeV ~ 23.288 MeV N
Ocm. (Deg.) | do/dQ (nb/sr) | Ay | do/dQ (nb/st) | Ay
26.63 625 + 10 | 0.220 & 0.022 | 805 + 14 | 0.016 £ 0.022
32.04 483 + 11 | 0.145 & 0.028 | 693 &+ 13 | -0.001 + 0.024
53.02 207 £ 5 |-0.338 + 0.031| 308 &7 | 0.053 £ 0.031
66.00 133 £ 4 |-0722 £ 0.043 | 147 £ 6 | 0.064 £ 0.054
73.85 92.8 + 3.1 |-0.811 & 0.050 | 96.8 + 4.3 | 0.162 % 0.062
83.87 66.2 £ 2.3 |-0.426 £ 0.048 | 49.9 + 3.1 | 0.114 + 0.085
93.93 409 + 2.4 |-0.096 + 0.081 | 47.6 + 3.0 | 0.228 + 0.089
103.84 366 + 2.9 | 0163 & 0.109 | 354 % 4.0 | 0.008 # 0.157
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Table A.6: The angular distributions of cross section and analyzing power data at 280
MeV for the bound states of the '3C(p, #7)!C at excitation energies of 0.000, 6.094,
6.728, 7.012, 7.341, and 8.318 MeV.

Ground State

do /dQ (nb/sr)

“do/dS2 (nb/sr)

103.67

110 + 4
770 + 4.1
33.6 + 2.3
153 £ 1.5
3.51 & 0.55
1.64 £ 0.32
1.10 £ 0.42

0.696 +
0.757 + (
0.802
0.903 =+
0.249
-0.097 & 0.295
-0.083 -

363 + 8
265 + 7
141 * 4
724 + 3.1
19.8 % 1.0
9.54 & 0.60
| 9.80 % 0.85

-0.205 £ 0.031
-0.214 + 0.039
-0.245 + 0.044
0.076 4+ 0.060
-0.328 £+ 0.073
-0.363 £ 0.094
0.107 %

T 6.728

MeV

7.012

MeV

Or.m. (Deg.)

do /dQ2 (nb/sr)

Ay

| dra’/:inj(nB/sE) ]

Ay

26.71
31.92
42.08
52.85
73.64
103.67

1144 +14
748 +13
202 + 7
126 £ 4

35.9 + 1.5
18.0 + 0.9

17.5 & 1.2

0.119 + 0.018

0.023 £ 0.024
-0.522 £ 0.032
-0.238 £ 0.049
0.157 £ 0.057
-0.477 £+ 0.073

-0.474 £ 0.088 |

253 + 0
210 % 8
94.7 & 4.6
495 + 3.4
10.0 + 1.1
4.70 & 0.67
4.87 * 0.80

0.004 £ 0.048
-0.020 £ 0.056
-0.078 + 0.068
0.341 £ 0.100
0.419 £+ 0.151
-0.281 £ 0.213

-0.539 £ 0.248

7.341

MEV

8318

MeV

do /dS2 (ub/st)

Ay

do/ dQ:( nb/sr) i

Ayr

42.08
52.85
73.64
103.67
103.67

406 + 9
987 + 8
109 + 4
53.8 + 3.0
140 + 1.0
11.2 + 0.7

12.8 + 1.0

0.011 + 0.031
-0.170 % 0.039
-0.481 = 0.054
-0.207 + 0,071
-0.116 =+ 0,102
-0.381 + 0.094
-0.431 % 0.10

116 £ 6
107 £ 6
59.6 £ 3.6
39.0 £ 2.5
13.0 £ 1.0
5.00 £ 0.52

5.49 + 0.70

9 + 0.067
+ 0.077
+ 0.081
65 £ 0.089
2 £ 0.101
-0.030 £ 0.158
0.096 =+ 0.181
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Table A.7: The angular distributions of cross section and

analyzing power data at 280
MeV for the bound states of the BC(p. #+)MC at excitation energies of 0.801, 10.42

10.736, 11.666, 14.868, and 23.288 McV.

hg)

186 £ 1.5

| 0.346

- 9.801 MeV 1042 QMN
Ocm. (Deg.) | do/dQ (nb/sr) Ay | do/dQ (nbjsr) Ay
2671 269 + 8 | 0.101 + 0.040 | 377 'if 9 | 0211 £ 0035
31.92 217 £ 8 | 0.063 % 0.049 | 284 £ 9 | 0.202 £ 0.044
42.08 102 £ 4 | 0161 + 0.060 132 £ 5 | 0.184 £ 0.054
52.85 475 + 2.8 | 0.250 + 0.083 | 509 + 3.2 | 0.306 + 0.087
73.64 15.5 + 1.1 | 0.600 & 0.095 | 9.76 + 1.04 | 0.38 =+ 0.147
103.67 5.18 & 0.56 | 0.030 £ 0.166 | 1.75 £ 046 |-0.466 + 0.308
103,67 7.01 & 080 |-0.150 & 0.159 | 2.94 & 0.64 | -0.090 % 0.307
] 10.736 MeV ] 11666 MeV
Oc.m. (Deg.) da‘/dﬂ (nb/%x A}: riﬁ/dil Ilh/%l Ay
26.71 89.9 £ 6.4 | 0.442 + 0.000 | 571 £ 12 | 0.396 & 0.031
31.92 738 + 6.2 | 0573 £ 0.115 | 420 £ 12 | 0521 + 0.039
42.08 44.0 + 3.7 | 0553 & 0.119 | 235 + 7 | 0.267 £ 0.043
52.85 189 £ 2.5 | 0.425 + 0182 | 042 + 48 |-0.057 + 0.071
73.64 2.99 & 0.87 | 0.985 & 0.468 | 25.0 1.6 |-0.402 + 0.088
103.67 1 0.337 £ 0.419 | -0.910 % 2.024 | 6.94 + 077 | 0.244 =+ 0.164
103.67 | 0038 % 0.588 | 0.657 & 0.980 | 7.01 % 0.97 | 0.469 % 0.170
- 14868 MeV | 23.288 McV
Oc.m. (Deg.) | do/dQd (nb/51 Ay da/diz (nb/sr) Ay
26.71 766 £ 16 | 0.335 & 0.031 | 870 + 18 | 0.012 £ 0.020
31.92 591 £ 15 | 0.250 £ 0.037 | 819 £ 19 | 0.025 =+ 0.032
42.08 329 % 10 | 0.117 4 0.042 | 521 + 12 | 0.129 + 0.033
52.85 157 + 7 -0.289 + 0.060 255 + 9 0.246 + 0.048
73.64 41.2 £ 2.3 [-0.303 + 0.078 | 71.4 + 3.0 | 0.320 + 0.059
103,67 13.9 £ 1.2 | 0412 & 0134 +

0.124
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Table A.8: The cross section and analyzing power data at 250 MeV for the bound states
of the *'Ca(p, 7+)" Ca at. scattering angles of 25.51° and 30.71°.

Oc.m,=25.51°

gf;n’;BD?lg

Ei&éitﬂti@n (Ml{;)

da /dS2 (nb/sr)

Ay

] rirr/in 7( ilb/sr )

Ay

0.00
2.01
3.37
3.53
4.01
5.05
5.34
5.48
5.75
6.24

369 £ 15
700+ 7
84.2x 89
70.1%£ 9.1
232+ 17
34.1 £ 7.1
245+ 18
396+ 20
26.3£ 10.0
2124 12

-0.089 + 0.036
0.348 + 0.126
0.383 + 0.144
0.178 £ 0.176
0.316 + 0.099
-0.051 £ 0.280
0.420 + 0.095
0.227 + 0.068
-0.022 £ 0.513

| 0.047 % 0.077

313 + 33
52.7 + 11.8
70.2 + 26.9
121 + 32
242 + 24
12.2 £+ 19.9
366 + 59
91.4 + 62.1
81.4 + 289
205 + 25

0.042
0.465
0.100
0.447
0.573
-0.568
0.349
0.709
-0.054
-0.032

+ 0.138
+ 0.290
= 0.494
+ 0.320
+ 0.125
£ 2.417
+ 0.206
+ 0.934
£ 0.465
+ 0.159




Table A.9: The cross section and analyzing power data at 280 MeV for the bound states

of the *Ca(p, nt)!!Ca at scattering angles of 25.57°. 30.67°. and 40.83°.

Oc.m.=25.57°

Or.m. =30.67°

Excitation (McV) | do/dQ (nb/sr) Ay do /dSY (nb/sr) Ay
0.00 242+ 22 0.178 £ 0.128 205 £ 18 0432 + 0.118
2.01 20.8 & 8.1 0.470 + 0.553 405 £ 7.9 1.270 £ 0.210
3.20 62.6 + 15.2 0.031 £ 0.343 30.4 £ 9.8 0,469 £ 0.439
3.37 35.9+ 226 0.705 £ 0.600 33.7 £ 16.7 0.771 £ 0.425
3.53 66.7 £ 20.0 0.234 £ 0.409 36.5 £ 14.5 1.019 £ 0.502
3.83 217+ 25 0.325 &£ 0.160 110 £ 17 -078 £ 0.212
4.01 625+ 17.2 0.344 £ 0.380 119 + 15 (.132 + 0181
5.19 445 £ 36 0.352 & 0.110 98.5 + 185 0.712 4 0.261
5.34 160 £ 31 0.257 + 0.266 380 + 20 (0.278 £ 0.093
5.75 111 £ 18 0.281 £ 0.222 53.9 £ 11.6 0.505 £ 0.313
5.93 164 + 21 -0.300 £ 0.186 734 £ 143 | -0.039 =+ ().274’
Bc.1n.=40.83° ’
Excitation (MeV) | do/dQ2 (nb/sr) Ay B
0.00 80.9 % 6.8 0.145 £ 0.119 —
2.01 149 £ 3.2 -0.815 £ 0.315 —
3.20 26.6 & 5.2 0.202 £+ 0.272 -
3.37 259 £ 6.8 0.588 + (.367 —-
3.83 88.3 £ 7.2 0.198 + 0.115 —
4.01 225 £ 4.7 -0.339 £+ 0.304 —
5.19 216 £ 10 0.345 + 0.065 -
5.34 64.6 £ 7.0 0.278 + 0.163 -
5.75 16.1 £ 4.7 -0.306 + 0.433 ~-
5.93 434 £ 5.8 0.342 £+ 0.187 -
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Table A10: The angular distribiutions of cross section and analyzing power data at 221

MeV for the bound states of the MClp, =)0 at excitation energies of 0.000. 5.173.
5.920, 6.272. 6.590, C» 790, 7.768, 9.515. Lmi 14. 1 () MeV -
- meuml State B 5. 17'3 MEV 7 -
7 Uen. (Drg ] drj/dfl (llh/'ﬁl o Ay ) riﬁr/dQ (nb/sl) Ay o
26.87 213 + 0.78 |-0.323 + 0.562 | 6.50 + 0.80 | 0.328 + 0.174
47.90 204 + 0.32 | 0.354 £ 0.204 | 2.51 £ 0.26 | 0.466 + 0.138
68.77 309 + 0.20 | 0436 £ 0.121 | 343 + 0.24 | 0.058 + 0.007
8013 | 186 % 0.25 | 0.116 £ 0.192 | 2.69 & 0.21 |-0.200 * 0.110
T T 5.920 MeV i 6.272 MV
e, (Do) | da/ds2 (ub/sr) Ay | do/an (nb/sr) Ay
2687 | 812 £ 0.75 | 0496 + 0931 | 366 £ 2.0 | 0305 % 0080
47.00 210 £ 031 | 047 £ 0197 | 189 + 0.76 | 0.575 = 0.056
68.77 252 4 028 | 0453 £ 0.149 | 9.35 £ 0.54 | 0.245 + 0.079
80.13 228 & 0.25 | 0155 % 0.156 | 541 + 042 |-0.057 £ 0.113
] T T 6500 Mev ' ) 790 McV
f),, . ( '); ) rlﬂ/ili? nh/sl Ay dﬁr/d(l (uh/gl) Ayr
9687 | 117+ 1.9 | 082 & 0.241 | 114 = 1.5 ] 0410 £ 0.151
47.90 727 £ 075 | 0.274 £ 0.143 | 9.05 £ 0.63 | 0.130 + 0.098
GR.7T 5.57 £ 0.71 | 0.674 + 0.177 | 8.20 + 0.57 | 0.083 + 0.095
8018 | 612 & 0.62 | 0.158 & 0.145 | 5.53 £ 048 | 0.163 + 0.124
B ] ~ 7.768 MeV 9915 MeV
O (Deg) | do/dS (wb/sr) | Ay | do/dQ (nbfsr) | Ay
26.87 | 3.06 + 0.66 | -0.555 + 0.306 | 16.7 + 1.4 | .0.203 + 0116
147.90 242 £ 020 |-0.220 £ 0.168 | 8.03 + 0.50 | -0.164 + 0.087
68.77 0.909 £ 0.176 | -0.187 + 0.276 | 4.64 = 0.33 | 0.230 + 0.098
8008 10438 £ 0.105 | -0.514 £ 0.313 | 298 + 0.25 | 0.279 + 0.122
4150 MeV -
j(),‘é,,,_ (E:)(g) dﬂ'/dfl (I]h/%l) Ay T I .
2687 | 209 £ 1.8 |-0.255 + 0.195 |  — ' -
47.90 8.04 £ 0.66 |-0.349 + 0.119 — —
68.77 4.59 £ 046 | 0.560 + 0.136 — —
89.1 — —

.13 3.39 + 038 | 0.124 + 0.162
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Table A.11: The angular distributions of cross section

MeV for the bound states of the Bep.# )Mo
6.272. 6.590. 6.790. 7.768. 9.915. and 14.150 MeV.

and analyzing power data at 280

at excitation energies of 0.000. 5.173.

Ground State 5173 MoV
Oc.m. (Deg.) | do/dS) (nb/sr) Ay de fd§2 (ub/sr) Ay
26.89 1.09 £ 0.25 -0.937 + 0.367 S.09 £ 0.4 0.327 + (0.071
47.83 0.948 £ 0.141 | 0.778 £ 0.196 1.62 + 0.14 0.516 + 0.110
68.62 0.627 £ 0.089 | 0.925 + 0.193 | 0.837 + 0.077 -0.346 £ 0.127
89.02 0.237 £ 0.058 | -0.243 4 0.335 | 0.462 + 0.064 .78 £ 0188
108.70 0.176 £ 0.042 | -0.782 % 0.283 | 0.194 + 0.037 -0.622 £ 0.260
6.272 MeV 6.590 MeV
Ocm. (Deg.) | do/d€) (nb/sr) Ay de [d$) (nb/sr) ‘\\'k S
26.89 340 £ 1.0 [ 0282 £ 0039 | 510 £ 107 | 0469 + 0.313%
47.83 948 + (.37 0.193 £ 0.053 J.04 £ 048 0.939 £ 0.238
68.62 3.98 + 0.20 -0.002 £ 0.069 2.03 £ 0.26 0.492 & 0.184
89.02 1.51 + 0.13 0134 &£ 0.115 | 0.615 + 0164 | -0.179 4= 0.364
108.70 0.379 £ 0.053 | -0.393 £ 0.192 | 0404 + 0.077 -0.085 4 0.263
6.790 McV 7768 MeV
Oc.m. (Deg.) | do/dS2 (nb/sr) Ay do [dSQ2 (nb/sr) Ay
26.89 12.7 £ 0.8 0.308 £+ 0.087 4.52 £ 0.41 -0.326 = 0.127
47.83 6.78 + 0.41 -0.123 £ 0.082 .04 & 0.17 -0.653 4 (.229
68.62 2.28 + 0.20 -0.063 £ 0.124 | 0.731 £ 0.094 | 0.152 + 0.179
89.02 0.668 £ 0.118 | -0.110 £ 0.241 | 0.360 + 0.060 | -0.509 + 0.217
108.70 0.119 + 0.052 | -0.432 £ 0.603 | 0.234 + 0.040 | -0.905 £ 0.225
9.915 McV 14.150 MeV
Oc.m. (Deg.) | do/dQ {nb/sr) Ay do [dQ (nb/sr) Ay
26.89 19.4 £ 0.77 -0.284 £ 0.055 214 £ 1.0 -0.346 £ 0.065
47.83 5.65 £ 0.31 -0.009 £ 0.076 7.41 £ 0.44 -0.642 £ 0.085
68.62 2.19 £ 0.15 -0.004 X 0.097 | 3.71 £ 0.24 -0.226 4 (.088
89.02 0.789 £ 0.004 | -0.373 + 0.161 1.77 £ 0.16 -0.659 + 0.120
108.70 0.451 =+ 0.054 | -0.243 £ 0.167 | 0.728 + 0.092

-0.281 + 0.173
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Table A12: The angular distributions of cross section aud analyzing power data at 350
MeV for the bound states of the BC(p.77)0 at excitation energies of 0.000, 5.173,
6.272. 6.500, 6700, 7.768. 9.915. and 14.150 MeV.
T Ground State B 5.173 MeV
7(1},;,,1 (Deg.) | dafd§2 (nb/sr) ”Ay do /dQ (nb/sr) WA'y
2602 [ 0750 + 0191 | 0.710  0.314 | 1.91 + 023 |-0.140 + 0.176
48.07 0.6556 £ 0.110 | 0.723 £+ 0.272 | 0.645 0.101 | -0.136 + 0.234
68.63 .| 0.382 + 0.091 | 0.191 * 0.235 | 0.315 = 0.069 | -0.775 £ 0.287
$9.35 | 0.048 & 0.027 | -0.806 & 1.555 | 0.080 & 0.027 | 0,990 + 0.989
o 6.272 MeV 6.590 McV
ub/sr) o Ay dﬁﬂl”fz (nb/sr) 7 Ay 7
0.48 | -0.082 % 0.086 | 2.64 £ 0.56 | 0.649 + 0.345
0.22 0.148 £ 0.114 1.53 £ 0.27 0.392 + 0.271
0.16 | 0.085 £ 0.161 | 0.458 + 0.203 | 0.658 £ 0.692
0.051 | 0.895 % 0.523 | 0.159 % 0.060 | -0.993 + 1.147
) 6.790 MeV 7768 MeV
Ocn. (Deg.) | do/d (nbjst) | Ay do /d) (nb/sr) Ay
26.92 | 3.83 £ 0.44 |-0.476 £ 0. 0.2¢

H H

;l._m 7(7Dl!p,t.) Vfir:r/dSZ
2602 | 822
48.07 2.86
(68.G3 1.36
30.33 0.301

H H K ®

0.170 | 3.08 + 0.29 |-0.417 + 0.143
48.07 112 £ 0.20 |-0.457 + 0.267 | 0.785 + 0.113 | -0.539 + 0.223
68.63 0.385 + 0.133 | -0.819 £ 0.508 | 0.345 & 0.072 | 0.332 % 0.295
80.33 0.034 £ 0.037 | 0.000 + 3.272 | 0.086 + 0.029 | -0.505 + 1.025
| 9.915 MoV - 14.150 MeV

Oein. (D;zgi) do /d) (Ii:/sr) Av do/dS) (Ilb/éi*) Ay '
26.92 | 8.69 + 049 |-0.364 £ 0.084 | 10.10 + 0.65 | -0.604 £ 0.097
48.07 221 £ 0.19 | 0.179 + 0.127 | 4.60 + 0.31 | 0.029 = 0.100
68.63 | 0.771 £ 0.103 | -0.446 & 0.180 | 1.80 * 0.18 |-0.257 = 0.139
89.33 | 0.130 £ 0.033 | 0.998 + 0.851 |0.460 & 0.057 | -0.197 % 0.367




A.2 Data Tables for the Continuum Analysis

This section shows the numerical values of cross section and analyzing power data extracted
from the continua of the measured reactions. These continnum slices were selected to be
1.6 MeV wide at each excitation. Data are tabulated as a function of center of muass angle.

Each table shows the reaction and the incident. proton energy at which it was observed.

Table A.13: The angular distributions of cross section and analyzing power data at 250

MeV for the continuum of the 2C(p. 7 7)X at excitation energies of 15.5 and 19.G MeV.

15.5 MeV 19 MeV

Bc.m. (Deg.) | do/dQ (nb/sr) Ay do/dQ (nb/st) | Ay
96.78 2167 + 18 | 0.069 + 0.011 | 2785 £ 21 | 0.008 % 0.010
32.22 1841 £ 18 | 0.069 + 0.013 | 2362 + 21 | -0.012 + 0.012
53.29 652 £ 7 |-0218 £ 0.016| 936 £ 9 |-0.225 + 0.014
66.31 103 £ 8 | -0.373 £ 0.028 | 592 £ 10 | -0.269 + 0.024
66.31 309 £ 8 |-0410 £ 0.028| 564 + 10 | -0.203 + 0.024
74.17 208 + 6 |-0.376 £ 0.030 | 442 £ 8 | -0.354 £ 0.025
84.21 240 £ 3 [-0.305 & 0.021| 364 + 4 |-0.234 + 0.018
94.25 227 +£ 6 |-0.147 + 0.035| 361 £ 8 | -0.187 & 0.029
104.18 197 & 5 | -0.097 £ 0.033| 303 £6 |-0.120 & 0.028

Table A.14: The angular distributions of cross scction and analyzing power data at 280

MeV for the continuum of the 1‘-’C(p., 7+t)X at excitation cnergies of 15.5 and 19.0 MeV.

15.5 MeV 19 MeV

Oc.m. (Deg.) | do/dQ2 (nb/sr) Ay do [dQ (nb/sr) :;rrAy
26.85 2652 £ 30 | 0.192 + 0.017 | 3198 £ 33 | 0.116 + 0.015
32.09 2205 + 27 | 0.211 + 0.018 | 2604 + 31 | 0.117 + 0.016
42.67 1218 £ 16 | 0.196 + 0.019 | 1575 £ 18 | 0.060 + 0.016
53.12 657 £ 9 0.029 + 0.019 | 895 + 10 |-0.022 + 0.016
74.06 233 £ 3 [-0052 + 0.019] 353 4 |-0079 + 0.015
104.00 101 + 2 0.044 + 0.028 174 £ 3 0.088 =+ 0.022
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Table A.15: The angular distributions of cross section and analyzing power data at 250

MuV for the continnum of the BC(p, nt)X at excitation energies of 17 and 20 MeV.

7 17 MEVW

20 MeV

Oeun. (Deg.)

do /dQ2 (nb/s)

Ay'

z‘i:t?/dg;(nliz:[sr)

Ay

20.63
32.04
53.02
66.00
73.85
83.87
93.93

103.84

1391 £ 12
1161 £ 9
422 £
228 &
175 %
136 +
141 £
136 +

BT - T N T R S W . |

0.004 + 0.011
0018 +
-0.223
-0.333
-0.253
-0.196
-0.180
-0.138

=
=3
it

H_‘
-]

1
0.01
2

o B -]
[os

e I o I ]
=

0.025
0.026
0.039

H H K B W
]

1872 £ 14
1542 11
559
334
250
192
195
161

H H H H H H K
[C =S R -

LTI -

0.021 + 0.010 |
-0.007 =+ 0.009
-0.299 + 0.016
-0.341 =+ 0.023
-0.331 =+ 0.024
-0.189 % 0.022
-0.158 + 0.023
-0.064 + 0.037

H H H H B

Table A.16: The angular distributions of cross section and analyzing power data at 280

MeV for the continuum of the PC(p. 7*)X at excitation energies of 17 and 20 MeV.

17 MeV

20 MeV

7ge;rmi (ng) 7

do/dS (ub/sr)

Ay

dﬁ{dﬂ (nb/sr)

,,Ay -

26.71
31.92
42.08
52.85
73.04
103.67
103.67

1582 + 16
1295 =+ 16
720 £ 10
350 =+
119 £+
63.5 £ 1.5
61.3 £ 2.0

T =l

—_

0.143 £ 0.015
0.130 £ 0.017
0.044 £ 0.019
-0.020 £ 0.026
0.034 £ 0.028
-0.040 + 0.036

-0.031 + 0.046 |

2188 £ 19
1784 + 19
1026 £ 12
498 + 8
166 + 3
80.2 £ 1.7

823 £ 2.3

0.132 + 0.013
0.144 + 0.015
0.057 =+ 0.016
-0.029 + 0.022
0.063 =+ 0.024
0.130 =+ 0.032

0.010 + 0.040
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Table A.17: The angular distributions of cross section and analyzing power data at 250
MeV for the continuum of the *°Ca(p, 7*)X at excitation energies of 16, 20, and 24 MeV.
| 1Mev 20 MoV o

Oc.m. (Deg!)r %ZJ/dQ;(?b/Sf) ; Ay N do /dQ (nb/sr) ) Ay
25.51 | 3524 % 36 | 0.020 + 0.013 | 3524 + 36 | 0.020 + 0.013
25.51 3740 £ 51 0.010 £+ 0.018 5262 £+ 62 -0.022 £ 0.015
30.71 3383 = 72 | 0.010 £ 0.027 4670 £ 85 0.032 £ 0.023

) 24 McV N - o

Ocm. (Deg.) | do/d (nbjsr) [ Ay - ]
25.51 7235 £ 54 | -0.008 + 0.010 "'
25.51 7338 £ 74 | -0.006 + 0.013 -
30.71 6488 & 102 | 0.017 + 0.020 —

Table A.18: The angular distributions of cross section and analyzing power data al 280

MeV for the continuum of the *Ca(p, 7+)X at excitation energies of 16. 20, and 24 MeV

16 MeV 20 MeV
Ocm. (Deg) | do/dQ (ub/sr) | Ay do/dQ (nb/sr) | Ay
25.57 3380 + 70 | 0.060 + 0.029 | 5135 + 87 | 0.120 + 0024
30.67 2744 & 54 | 0.115 % 0.028 | 4193 + 68 | 0.119 + 0.023
40.83 1524 £ 22 | 0.131 £ 0.021 | 2385 + 29 | 0.078 4 0.017
61.01 — -0.023 + 0.064 — -0.036 £ 0.053
71.26 857 + 28 | -0.133 £ 0.047 | 1204 + 35 |-0.130 + 0.038
101.12 | 296 & 17 | 0.004 + 0.085 | 404 £ 20 | -0.047 + 0.073
) 24 McV T T o o
Bem. (Deg.) | do/dQ (nbjsr) [ Ay — |
2557 | 6431 £ 100 | 0.074 =+ 0.022 —
30.67 5506 £ 79 | 0.100 + 0.020 —
40.83 3231 £ 34 | 0.071 + 0.015 —
61.01 — 0.003 + 0.045 — -
71.26 1624 + 41 |-0.123 + 0.035 —
10112 | 655 & 27 |-0.104 #0060  — —

[y




Table A19: The angular distributions of cross section and analyzing power data at 221
MeV for the continuum of the C(p, 7~)X at excitation energies of 17, 19, and 21 MeV.

7”' 17 MeV ]  19Mev
Oomm. (Deg.) | do/dS2 (nb/st) Ay do /dS) (nb/sr) Ay
126,87 06.1 + 2.2 | 0.031 + 0.033 3 & 21 |-0.054 £ 0.035
26.87 093.7 + 1.885 | 0.038 + 0.028 + 1.8 0.025 £ 0.030
47.90 56.4 £ 1.1 0.171 £ 0.028 + 1.2 0.098 £ 0.028
GR.77 38.6 £ 0.8 0.212 £ 0.028 + 0.8 0.142 £ 0.026
80.13 29.6 £ 1.0 0.096 + 0.047 - 1.1 0.069 £ 0.043
80.13 20.1 # 0.6 0.092 £ 0.032 5 + 0.7 0.121 + 0.029
21 MeV ' _ '

B T 09 00|
e B
Do o b

! - H

| Rl L
S S
oD

H-

()c.r;:, (Deg.) ii&?l:iﬂ (Eib/SI‘) Ay = —
26.87 104 £ 2 0.016 + 0.033 = -
26.87 94.0 £ 2.0 |-0.109 + 0.030 — —
47.90 704 + 1. | 0.061 £ 0.026 — —
68.77 471 +£ 0.9 | 0.148 + 0.026 — —
80.13 41.9 + 1.2 | 0.028 % 0.042 — —
80.13 | 416 % 0.8 | 0101 + 0028 | = — -

H H
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Table A.20: The angular distributions of cross section and analyzing power data at 280

MeV for the continuum of the 13(3(}33%:)}( at excitation energies of 19,

MeV.

21,

24, and 27

19 MeV

21 MeV 7

Wécim: (Dﬂg)

“do/dS2 (nb/sr)

fit‘?i/rlg? ( Iﬂ)r/rﬁlr‘r)

Ay 7

26.89
47.83
68.62
89.02
89.02
108.70

108 + 2
54.8 £ 0.8
22.9 + 0.4
10.3 + 0.3
10.0 % 0.2
6.19 + 0.17

0.019
0.019
0.023
0.036
0.033
0.037

-0.054
-0.088
-0.035
0015 +
0.025
-0.031

[T TR

-0.035
-0.059
0.003

140 2
694 £ 0.9
30.1 + 0.5
135 £ 0.3
13.3 £ 0.3
8.71 £ 0.20

-0.039

0.000 £ 0.032

0.011 % 0.031

+ 0017
+ 0.017
+ 0.02]

£ 0.029

24 MeV

27 MeV

Ge.n. (Deg.)

do [d) 7(7111;/51?)

Ay

| dasan (ub/sr)

Ay

26.89
47.83
68.62
89.02
89.02
108.70

164 + 2
84.3 + 0.994
37.8 + 0.5
18.3 + 0.4
18.1 + 0.3
114 + 0.2

H H

H H

0.016
0.016
0.019
0.028
0.025
0.028

-0.073 +
-0.058 =+
0.000 +
-0.051 +
-0.040 +
-0.057

183 + 2
99.0 £ 1.1
48.0 £ 0.6
243 £ 04
232 £ 04
16.5 £+ 0.3

-0.053
-0.011
-0.050
-0.093
-0.048

20.086 £ 0.016

= 0.015
+= 0.017
+ (0.025
% 0.023
£ 0.024

150



Table A.21: The angular distributions of cross section and analyzing power

MeV for the continnum of the ':ij(j,z,_?r’)X at excitation energies of 19. 21,

MV,

data at 350
25, and 30

19 MeV

2

MeV

dao/ dS 27( nb/sr)

Ay

1
da [df) V(iub/sr)

Ay

Oern (Dog.)
26.92
48.07
68.63
80.33

20.124 2

-0.085
-0.020
-0.171

0.029
0.032
0.130

H H H

798 + 1.4
311 £ 0.6
102 £ 0.3
2.79 £ 0.11

.0.144 £ 0.026
-0.054 £ 0.020
0.066 £ 0.046
0.085 + 0.122

25 MeV

30 MeV

Oeom, (Deg.)

| do /dQ (ub/sr)

A

e

do /dQ (ub/sr)

A y

26.92
48.07
68.63
89.33

102 = 2
42.2 £ 0.7
134 £ 04

4.49 % 0.15

0118
-0.105
-0.015

-0.241

0.023

0.026
0.041
0.097

H H

H

164 £ 2 -

24.7 £ 0.0

0.
69.7 £ 1.0 | -0.
0.

7.88 + 0.20 | -0.

—
Mt
_—
ot

18
11
00
02

- H

t
= =
i

I
; 73\
It

cn
=
(]
=1 = 13

Tt
H H
o 2
=
-




Appendix B

Peak Fitting Procedure

In order to extract the number of events ascribed to each Hnal state in o resnltant
excitation spectrum. for example the ¥*C(p. = F)C spectrnum in Fig., B0, i wis nee-
essary to fit both the background and then each individual state to a gaussian. The entire

procedure is depicted in Fig. B.1.

The first stage, shown in Fig. B.1. was to fit a polynomial to the backgronnd, This
background and then fitting a polynomial through those points, This procedire avoided
the background polynomial taking wild excursions when asking for a siimultineons it to
both peaks and background. The background. as given by the fit, was then subtreted

from the spectrum. The result can be seen in Fig. B.1(b).

The next stage was to determine the line width of a single isolated imelear exeitation,
This was obtained by fitting a single gaussian to (for example, 17 (6.094 MeV) state in
MC in Fig. B.1(d)]. The line shape for individual peaks is assumed to remain constant
so the common width of all Gaussians was fixed to this value. Next the peak centroids
(excitation energies of states corresponding to peaks) were fixed to the valnes given in the
nuclear data tables [Aj91]. The calibration of the SASP focal plane was very good (see
section B.1) so that this could be done. With both the centroid and the widths fixed. n
peak fitting program [Ha95] was used to fit the the resultant spectrimn after subtracting

the polynomial background. The result is shown in Figs. B.1{c) and (d).

The fitting procedure determined the total number of events in cach Gaussian peak
which was subsequently used in the calculation of the cross sections and analyzing power,

The fitting routine also extracted the number of events for peaks which were not fully



resolved [sce inset in Fig. B.1(c)]. This was possible due to our knowledge of line width
and peak position. The statistical error on the number of events in each peak was given
by the program. For isolated peaks. this error was approximately VN where N was the
number of events in the peak given by the program. For states where there were over-
lapping peaks [for example the 2% (7.012 MeV) state in Fig. B.1(d) and the inset in
(¢)] the statistical error was appropriately larger than VN. Fig. B.1(a) shows the actual
experimental data where the background is fit to a higher-order polynomial while the
background subtracted spectrum is shown in (b). The yield extractions by fitting the data
to gaussian peaks is illnstrated in (¢). More details of the single, and unfolded peaks and
their corresponding nuclear states are given in (d) for the 13C(p, 1)14C reaction measured

al 200 MeV and 25° in the laboratory.
Y

This statistical error had to be augmented for the contribution due to the background
subtraction. To include the error in the background with the statistical error of the
peak yield. a Monte Carlo study [Wa96] was carried out in which a data sample was
generated for the hypothetical example of a gaussian lying atop of a smooth uniform
backgronnd. Applying a least squares {it to a series of such examples. an empirical formula,
equ. (B.2). was found which adequately estimated the increased ervor in the yield due to

the background subtraction.

I this study the least squares fit extracted a yield, N,. and an average background,
By (eveuts/biu), The extraction of the yield is simple enough and the error matrix gives
the error on the yield. However, the problem comes in when the background has already
been subtracted before the peak fitting process is employed. If one has an estimate of the
background, the error due to the background can be added later. For a simple case one
has Total (T') = Yield (V) + Background (B). and so

T=Y+8B.
To extract Y. one has an estimate of B and let it B.y. Then
fc:«'p =T~ Bcsl .
Aerp = AT+ A?Begt = Y + B+ A’Bey .
Therefore, one can write
AYerp =VY +KB. (B.1)

Now B is set to Bydo /A where o is the Gaussian o and A is the histogram bin size, we get
a generic formula for handling the error on the yield, Y, with a background B. Bido/A
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Table B.1: The data generated by a Monte Carlo study to obtain the coeflicients v, 3, and
R for the calculation of K in eqn. (B.2). Here ‘Bekgrnd' is the background as a fraction
of the yield within +o.

Bekgrnd [ o | 3 R K

001  |393 |11 | 0.509402 | 2.9466
100625 | 3.762 | 7.75 | 0.633342 | 1.9889
(0125 | 3648 |6.75 | 0.69193 |1.7214
0.25 3.509 | 5.87 | 0.749016 | 1.5137
0.5 3.32 | 5.56 | 0.811004 | 1.3734
1 3.14 | 5.365 | 0.866135 | 1.2701
2 2.99 [523 | 0911682 | 1.1963
4 2.87 |5.22 | 0.047345 | 1.1484
8 2.82 | 5.12 | 0.960626 | 1.1269
16 2.805 | 5.02 | 0.07221 | 1.1086
32 2763|508 | 0077979 | 1.1041

is By integrated from -2 to 420, which contains 0.9545 of the Gaussian yield, ¥. The
value of K can then be determined from the least squares fit. This results in the empirical

formula,

K= l, . (13.2)

R[l - «xp{=£ﬂ—zjﬂ”)}]

where n is the range over which the least squares fit. is applied in units of . R, «, and

B are empirical constants. In Table B.1, Bekgrnd = B/(0.9545 - V) is the background in
£20 as a ratio to the yield in 4o.

and a laboratory scattering angle of 25°. The spin-up yield on the 23 MeV state was 3792
counts and the error was 61 counts from the peak fitting program. The background curve
was

B=Ay+ A X+ A2 X2+ A3 X+ Ag X'+ A5 X3+ Ag X0+ A7 X7 + Ag X,

where B is the cvents/bin and X is the excitation energy. The A-coefficients in as-
cending order had the values 6.067, 5.635, 0.8248 x 10~', —0.8583, 0.1953, —0.1698 x
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1071, 0.7147 x 1073, —0.1452 x 107", and 0.1130 x 10~5. The peak fitting routine only
contained a background fitting curve to the 4** power which was inadequate.

Putting in X = 23.28 MeV we get that the background under the 23 MeV peak is
320 events/bin. From the peak fitting the o of the 23 MeV peak is 0.1104 MeV. The bin
size: is 0.05 MeV so that 40 would cover 4(0.1104)/0.05 = 9 bins. Thus B in the discussion
above would be 319.95x8.832 = 2826 events.

Taking Bekgrnd = B/(0.9545 - Y') from above we get Bckgrnd = 0.78078 . Taking
n = 16. the extent in units of o over which the background is determined (an arbitrary
decision as there is certainly an extensive continuum to determine this) and interpolating
from Table B.1 for Bckgrnd = 0.78078 we get R = 0.8419634, a = 3.2189, and B = 5.3958.
Using equ. (B.2) we get K = 1.3104 .

This gives the statistical error in the yield including background to be via the dis-

cussion above:

V612 +1.3104 x 2826 = 86 .

B.1 Accuracy of the Calibration of SASP Focal Plane

To appreciate the accuracy of SASP focal plane calibration, it is instructive to
consider the results of a method to determine the SASP momentum calibration! and the

beam energy.

The SASP momentum calibration is given by
Ph=C-B, (B.3)

where Fy is the central SASP momentum (MeV/c), B is the SASP magnetic field (kG)
as recorded by the Rawson-Lush rotating coil probe [Pu93], and C is the SASP momen-
tum calibration in units of MeV/c/kG. Now each peak in the excitation spectrum has a

momentum deviation, d,, given by
P:—- Py
de = | ———1 .

Here Ps is the actual momentwuin associated with the peak in the excitation spectrum.
Using two-body kinematics, it is possible to compute the beam energy, T}, from Py, and

!Ser section 5.5.1 for the discussion into the SASP momentum calibration.
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Table B.2: Excitation energies and momenta corresponding to the strongly-populated tinal
states in '3C(p, 77)14C reaction as shown in Fig. B.1.

State Ex (MeV) | T, (MeV/c?) | € (MeV/e/kG)
o+ 0.000 N o
4- 11.666 249.910 49.972
5= 14.868 250.156 50.044
7+ 23.288 249.707 49.912
Average 240.924 49976
Stnd Dev. 0.225 0.066

the spectrometer angle setting, 8,. Thus for any C. one can calenlate
AT, = Ty(g.s.) — Ty( Excited State) . {13.4)

To find C and T,. C is varied until AT, = 0. If the focal plane calibration is acenrile.
one will obtain the same T}, and C for each excited state in the spectrum. The results of
this calculation are shown in Table B.2 determined for the BC(p, n*)MC example in Fig.
B.1. The average and the standard deviation are given for the 47, 57, and 71 states only.
The 2% state is 20% of the 3~ state at 6.775 MecV. For the 47, 57, and 7Y states the €
and T}, values are consistent. The only state with inconsistent T, and C values is the 3°
at 6.728 MeV.
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extraction of peak yields. (a) and (b) show the background subtraction to separate the
discrete final states. The data fitting to gaussian peaks is shown in (c). More details of
the single and unfolded peaks corresponding to the different excited states are given in (d)
for the 3C(p, 7+)C reaction measured at 250 MeV and 25° in the laboratory.
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Appendix C
Error Calculations

Mathematical manipulations used to calenlate the statisticnl errors of t e results are
discussed in this appendix. The overall statistical error of the results incliudes the crror of
the asymmetry measurement. error of the polarization ealenlation. error of the analyzing
power measurement for the IBP target. error of the cllicieney ealeulation. ervor of the peak
yield which includes the peak fitting ervor and the backgronnd subtraction error. error of
the differential cross section calculation. and the error of the analyzing power ealeulation,

C.1 Error in the Asymmetry Measurements

The incident beam polarization is determined by measuring the left-vight asym-
metry (£) of pp elastic scattering from the thin CHy target. Let L(R) be the nnmber of
events scattered to left(right). The asymmetry is

L-n

L+R

where N = L+ R is the total number of events detected, If N is lixed, then the asymimetry
is determined from Binomial statistics where p is the probability for left seattering. Tn

principle then

=7f2]:e7=]\7_2 1 ,E-Fl
E‘—%—N = [)=,;*p-=,—~2
2 4 .. 4 .
A% = P =p)  (e+1)(-e+1) 1-¢
N N TN



Therefore, the statistical error in the asymmetry is,

TR (C.1)

C.2 Error in the Calculation of Polarization

The polarization is calculated as

L-R 1 €
P={+——5) —=—. C.2
(L n R) A=A (<2)
where A is the analyzing power for the pp elastic event at the IBP target. The error is
caleulated as follows:

1 g
AP = =Ae — S AA.
A A=
a2p = Lazq £ a2y
= :‘i—j €+ FA .

where the cross term is zero because € and A are independent of each other.

AP = % [A'-’e + P?A?A] T

Now one can write the error i spin up and spin down polarizations separately as
I

AP = % [a%+ 4+ (P*)2a%4)* (C.3)
- Ya2 - \2A24]7
AP —Z[As +(P)AA] . (C.4)

Here, P and P~ are not independent so that they have a covariance, cou(P*P~), which
can be calculated from

art AP = (Lact — S aa) (Lac-—Saa
=\z i A F il

. ~ 1 _ 1 _ 1 _ 1 _
APY . AP =FA¢-+-AE i As+-AA—;4—3e+Aa CAA+ Zze"'e AZA.



Since et, €7, and A are independent, their correlations are zero. Therefore, the Pt . P~

covariance is

Cov(PtP™) = %E Fem A4 (C.5)
A

where the error in the IBP analyzing power (A24) for pp elastic scattering is estimated

to have 0.01 {[Wa96] which comes from the accuracy of the phase shift analysis.

C.3 Error Calculation for the Cross Section

Let the differential cross sections for spin up and spin down be ot and o . The

spin-averaged cross section, o, is calculated as follows:
ot =o(14 P+A” COs ).
0" =0(l = P74,cosp).
P ot =P g+ P'TP_}“,, cus .
Pto™ = Pte — P+P-A_,, cos .
Here, cos¢ = -1 because SASP accepts particles scattered to the right. Therefore. the
total cross section is
o= (%) . (C.6)
Here, P+ and P~ are the magnitudes of spin-up and spin-down polarizations corrected

for the instrumental asymmetry by
Pt =(P}-1), P~ = (P, + ).

where Py = (1/2)[P§f + Py] is the average of the observed spin-up aund spin-down po-
larizations due to the instrumental asyinmetry when the beam protons were nnpolarized.
The sign convention (spin-up is +ve and spin-down is -ve) was taken into acconnt. when
the measured polarizations were corrected for the instrumental asynunetry. Typically
Py ~ 1% whereas the measured polarizations, P} and P;, were ~ 75%. A typical error
in P} and P, was ~ 3%. The error in the instrumental asymmetry was typically ~ (0.2%,
and is assumed to be small in this error calculation.

The error formula for the total cross section is written as

_( Oo - do + E‘_’_ _ _01_) +
Ao—(—ap_)AP +(—3P+)AP +<80_)Aa +(Oa+ Ao
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r- Pt
= —— ] A + —_— -
Ao (P*'+P’> g +(P++P">Aa

Ptot-0o") P (ot-0"), .
FEr e AT TR A D

Al = (_PTU:—P——)f [(P“)2A2a+ + (P+)2AQU‘J

1 P2t 2 A2 2+ A2+
+(P++P*)4[(P)(U 0T ) AP+ (PT) (ot =67 ) AP
—2P*P (6T - a")gcou(P+P—) (C.8)

Substitute con(PYP~) = ;—:TEJFE‘A")A from eq. (C.3) to get

2 1 VA2 b PR R R
A“a = (FT‘-{_-‘})'—M-)? [(P~)’A"ﬂ + (P | aANe
1 . oy .
t P E o) [Uﬂ')z(‘# -0 AP + (P70t — o7 ) AP

IPtpetes Y
_2PTPreTe if d (a*—a')‘)A“)AJ (C.9)

Thercfore. the statistical error in the differential cross section calculation can be written as

2
-1 N P S S - At
A(I—(P++P_){(P A e + (PT) Ao +<P_—++P“

. , +p-\2
x [(Pﬂ"’A“’P‘ +(P7)2A*PT — ;;2— (%) AQA}} (C.10)

Here, Aot (Ao ™) is the statistical error of the normalized peak yield from the spin-up(spin-
down) spectrum as deterinined by the peak fitting program.

1=

C.4 Error Calculation for the Analyzing Power

Having determined the error in the cross section calculation, one can calculate the

statistical error in the analyzing power as follows. The analyzing power is calculated using
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the expression,

(C.11)

The error formula is

04 D4, oA,
AAQ:(ﬁ)AU"H—(Eg )A +(6P

04, \ .
APY + LVIAP-
) (DP ) r

. [ (Pt+PY Pt 4+ P)ot
AAH:[( + ;)g — Aot — (BT + P )o Aa”

(P-ot + P+o-)? (P~ o+ + Pro- )2
(6t ~07)o~ N (ot =07 )o?

RV e Ll y ey )2

F‘“] (C.a2)

! [(P* + P Yo Aot —atAc™)

AA, =
My = et P

- (zj1L —o e APY + ﬁ‘él’“)} (.1

24 1 + +
QAH;(P Epr oy = — )q[\F‘ + P ) o Aot — ot Ao~ )2 4

(et —o7) (e~ APt + a*AP*)‘l} (C.14)

— [(P* + P~ ){ (67)2 A%t + (a+)3:§a*}

+
)
+
1
]
|
r"""'_m

(ﬂ’ )‘gA F++((T+) (A* P~ 4+ 2" a Feon(PY P )}] (C.15)

2 1
(P "ot + Pto

p
[
\N

= [(FH’ +P7) {(ﬂh)gﬂgﬂ‘+ + (z:r*’)zAgrf}

A’ A}] . (C.16)

Er;f CT+P+P=

+ (ot ~ ﬁ_)g{(g,)EAEPE’_ +(0*)?a%P™ + Az

162



ATA — PY-P= A2 4 has been substituted from

where een(PYP~) = %;ngl = (% . %) ap = PTfm
e (C.5). Therefore, the statistical error in the analyzing power calculation is determined
"5
AA, = (ml ) (Pt+r)° [(ﬁ-flg?iﬁ + (fﬁ-)'-‘#A‘-?g']
Y \Pot+ Pta- ) ST I
%

‘Ti ) - . 2,*,$P+P= 3 ,77
? [(a‘)‘A‘F* +(o*)?a%P + ”Taﬂ” . (Ca7)

+ (et =a7)
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