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Pion Elastic Scattering from Polarized 13C
in the Energy Region of the P33 Resonance

by
Yi-Fen Yen

Abstract

Asymmetries (Ay) and differential cross sections (da/dfi) were measured for T +

and x~ elastic scattering using polarized and unpolarized 13C targets. The experi-

ment was done at the Los Alamos Meson Physics Facility with the pion beam from

the Low Energy Pion channel. The scattered pions were detected with the Large

Acceptance Spectrometer. The l3C nuclei in l3C-enriched 1-butanol were polarized

by the dynamic nuclear polarization method. Angular distributions of both Ay and

d<r/dfi were measured below the P33 resonance at the incident energy of 130 MeV

for TT+ and JT~ , and above the resonance at 223 MeV for x+ and at 226 MeV for

JT~. In addition, Ay and d<r/dfi were measured in a range of momentum tranfers,

1.75 < q < 2.05 fin"1, at several energies (114, 145, 165, and 180 MeV). At 130 MeV,

the values of Av are significantly different from zero for r~ scattering. For x+ at

130 MeV and for both r~ and T + at all other energies, the A, are mostly consistent

with zero.

Theoretical analyses were done using different nuclear structure models. The

data were not reproduced by the presently available nuclear wave functions. It was

found that the asymmetry is strongly sensitive to the quadrupole spin flip part of

the transition. The data of this thesis complement measurements of the (isovector-

dominated) magnetic form factor from electron scattering. In attempts to fit both

the asymmetry and the magnetic form factor, it was found that the pion asymmetry

data are not reproduced by the wave functions which fit the magnetic form factor at

low momentum transfers.
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Chapter 1

Introduction

This dissertation describes an experiment in which both the differential cross

sections and asymmetries were measured for pion elastic scattering from polarized

and unpolarized 13C targets at several incident energies between 114 and 226 MeV.

The physics of the pion-nucleus interaction and the motivation of the experiment

will be introduced in this chapter. The experimental technique is described in
1 cr,

chapter 2, followed by a description of the data analysis programs in chapter 3,

and the data reduction methods in chapter 4. In chapter 5, the experimental results

are presented and compared with theoretical calculations using currently available

theoretical models. Chapter 6 presents a summary.

1.1 The Pion as a Probe of the Nucleus

In 1935, H. Yukawa[Yu 35] postulated an analogy between the Coulomb force

originating in the exchange of a photon and the nuclear force generated by the

exchange of a meson[Er 88]. The interaction between two electrically charged par-

ticles results from the exchange of a massless gauge boeon (photon). In analogy

Yukawa proposed that the strong nucleon-nucleon interaction involves a gauge

boson (pion) with a finite mass which characterizes the short-range (~ 10~13cm)



nature of the nucleon-nucleon interaction.

Since the discovery of the pion in cosmic raysfLa 47,Pe 47,Bj 50,Ca 50], the

physical properties of the pion have been studied. The pion is a spin-less meson

with negative intrinsic parity (J* = 0") and isospin T = 1. The three isospin

sub-states (Tz = +1, 0, and -1) are represented by 7r+, TT° , and n~ particles,

respectively. The root-mean-square charge radius of the pion is 0.66 fm, compared

to 0.86 fm for the proton[Er 88]. The mass of the charged pions is 139.57 MeV

and that of the neutral pion is 134.96 MeV. The mass difference is believed to be

due to the self-energy of the electromagnetic interaction. The mean life of the TT° is

T = 8.7 x 10"17 s in its rest frame with a primary electromagnetic decay (~ 98.8%),

7T° —> 27. The charged pions decay (~ 100%) by the weak interaction into /** + uM,

and therefore have a longer mean life, r = 2.6 x 10~8 s, in the rest frame.

For pions with kinetic energy of the order of 100 MeV, time dilation in the labo-

ratory frame is sufficiently large to permit preparing a pion beam and detecting the

scattered pions. Thus in the mid-70 s, three "meson facilities" were built to pro-

duce high intensity pion beams. Among the three, the Los Alamos Meson Physics

Facility (LAMPF) in the United States produces the pion beam of the highest

intensity and the widest energy range. LAMPF provides pion beams with kinetic

energy up to 500 MeV. This fully covers the energy range of the pion-nucleon P33

resonance. Because of the strong isospin dependence and the large cross sections

of the pion-nucleon interaction, pion-nucleus scattering can provide information

on nuclear structure that cannot be obtained from electron and proton scattering

experiments (see below). With the information extracted from pion as well as

electron and proton scattering experiments, one can gain better understanding of

both nuclear structure and the pion-nucleus reaction mechanism.



1.1.1 Pion-Nucleon Interactions

Pion is the lightest strongly interacting particle. It has been found that the

total cross section of pion-nucleon scattering displays a resonance behavior, which

is evidence for the existence of excited baryons. The first resonance (Fig. 1.1) is

known as the A resonance. It has a width of 115 MeV and a maximum cross

section at the pion incident energy of 195 MeV in the laboratory, corresponding to

a center-of-mass energy of the it -proton system of 1232 MeV. Since the quantum

numbers of the A resonance are isospin T = | and spin J = f, and the relative

angular momentum between the pion and the nucleon is / = 1, the A resonance is

often called the P33 (P2T,2j) resonance[Ei 80].

For the P33 resonance simple isospin coupling implies that the cross section

ratio of 7r+-proton and ir~-proton elastic scattering is 9:l[Er 88]. The same ratio

holds for 7r~-neutron to 7r+-neutron because of charge symmetry. Thus, the pion

interacts strongly and selectively with protons and neutrons. Pions can be a very

sensitive probe of diiFerences between neutron and proton parts of the nuclear

ground state and transition densities[Mo 78]. This special feature of pion scattering

was successfully applied, for instance, to the inelastic scattering to the | state

(9.5 MeV) in 13C. The ratio of cz 9, found for the ir~ and x+ inelastic cross sections,

was taken as evidence for a pure neutron transition to this state[De 79,Se 82].

1.1.2 Interaction of a Pion with a Spin-^ Nucleus

In the past 15 to 20 years, a large amount of elastic cross section data have

been taken for experimental and theoretical studies of the pion-nucleus interaction.

These studies, however, are limited largely to the spin-independent part of the

interaction, as will be explained below.

The amplitude for the scattering of the spinless pion from a spin-| nucleus, is
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expressed as

T = ?(8) +iG{B)h •<?, (1.1)

where a is the nuclear Pauli spin matrix, h is a vector perpendicular to the reaction

plane, i. e., n = (k x k )/|k x k | with k and k being the momenta of the incoming

and outgoing pions. The T{9) and Q(8) are, respectively, the spin-independent and

spin-dependent pion-nucleus scattering amplitudes. The former involves no spin

transfer (AS = 0) to the nucleus; the latter involves a spin transfer (AS = 1). Both

F(9) and Q{8) have isoscalar (AT = 0) and isovector (AT = 1) parts, which are

not denoted explicitly in Eq. 1.1.

The differential cross section (da/dft) for scattering from a target with nuclear

polarization parallel (+) or anti-parallel (-) to n is expressed as

]2 + [ InuF((9) ± RcQ($) ] 2 (1.3)

i2+1 m i2

± 2 x [ Im?(6) -ReGie) - R&F(9) • hnQ($) ]. (1.4)

Here (^)+ ( ( ^ ) - ) denotes the cross section of the pion scattering from a target

which is fully (100%) polarized parallel (anti-parallel) to n. For an unpolarized

target the nuclear spin orientation is randomly distributed. The scattering from

such a target has the same cross section as the average of ( j j )+ and (JJJ )_,

m =
(i.6)

The cross section of pion elastic scattering from most nuclei with non-zero spin

is dominated by the spin-independent amplitude since usually 1^(0) f* ^> K?(0)|a-

Fig. 1.2 illustrates this point by showing a decomposition of the *+ - 1 3C elastic

scattering cross sections at 130 MeV into AS = 1 (chain-dashed line) and AS = 0

(dashed line) parts. The spin-independent part is dominant over the iull angular
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distribution. Only at the second minimum of the cross section can one see a small

deviation due to the AS = 1 part, which involves the Q{B) amplitude only. This

means that elastic cross section data do not provide sufficient information on the

small spin-dependent part of the interaction.

In order to study the small spin effect, an observable which is sensitive to

the Q($) amplitude is necessary. The only spin observable presently accessible in

experiments on spin = 1/2 nuclei is the analyzing power. For a spin-^ system, the

analyzing power is equal to the left-right asymmetry or, briefly, asymmetry (A,,)

for a 100% polarized target.

In other words, Av is the difference over the sum of (gjj)+ and (g^ ) - - However,

in the laboratory the nuclear polarization is always less than 100% • Thus it is

necessary to express Ay in terms of the actual nuclear polarizations. For a polarized

target with the nuclear spin orientation parallel or anti-parallel to n, and nuclear

polarization Pj or P | respectively, the cross sections are

ti - parallel). (1.8)

By substituting ^ by Eq. 1.5 the above two equations convert into

Hence the analyzing power

* ~ (i)+ + (I)-
can be expressed as

It has become customary to call the analyzing power simply the asymmetry, as-

suming that the correction for the incomplete target polarization has been made.



In terms of f(0) and Q{6) (using Eq. 1.4), the asymmetry is

4[ lmT{9) • Reg(g) - ReF{0) • Img(fl) ]_ 4[ lmT{9) Reg(g) ReF{0) Img(fl) ]

2Im[jT(0) .Q($)*]
8 ' •

Being proportional to the interference term of the spin-dependent and spin-independent

transitions, the asymmetry is strongly sensitive to ?{&) and Q($) as well as to the

relative phase between them. In a first-order optical potential calculation, the ?{&)

amplitude involves only the central force, whereas the Q{6) amplitude involves the

spin-dependent force. Since the pion is a spin-less particle, Q{B) is originating solely

from the pion-nucleon spin-orbit force (L-S), which is the interaction between the

nuclear spin and the relative angular momentum between the incoming pion and the

nucleon in the nucleus. In elastic scattering, the elementary T-nucleon spin-orbit

force in the 7r-nucleus c. m. system may cause a spin-excitation of the nucleus. In

addition, the nuclear spin transition may involve the interaction of an intermediate

particle of non-zero spin, such as the A, with the nuclear core. Thus, asymmetry

measurements will provide unique information for studies of both nuclear structure

and pion-nucleus dynamics.

1.2 Motivation of this Experiment

Since significant nuclear polarizations can now be achieved[Ab 82,Ja 86,Bu 86],

it has become possible to measure the asymmetry in pion scattering from polar-

ized nuclear targets. In this experiment, which is part of a series of such studies,

asymmetries and cross sections for pion elastic scattering on l3C targets were mea-

sured. Other experiments were done on elastic TT-15N scattering at 162 MeV (on

the resonance) at PSI[Ta 89,Me 90], elastic and inelastic ?r-13C scatterings at 162

MeV[Ex 90], and the Single-Charge-Exchange (SCX) reaction 13C(ir+,iro). (Go 91]

This thesis reports on the elastic pion-13C scattering experiment done at several

8



energies in the region of the P33 resonance.

For these first asymmetry measurements, light spin-^ nuclei, such as 13C and
15N, were chosen since Q{$) is roughly A"1 x J-{9). This is because the AS = 1 tran-

sition generally occurs on only one of the A nucleons in the target nucleus[Bu 86]

but the AS = 0 transition involves all nucleons coherently. 13C appears to be a good

choice since experimental data exist for pion[Se 83,Se 82,De 79,Se 81] elastic and

inelastic scattering from 13C, and for electron[Hi 82,Hi 86,Hi 87,Mi 89,Si 85,Lap 75],

and proton[Bl 78,Ri S2,Co 82,Co 88,Se 84] scattering. The scattering experiments

using different probes throw light on different aspects of the nuclear structure and

reaction mechanisms. Currently theoretical models have quite successfully repro-

duced most of the cross section data which are dominated by AS = 0. The asym-

metry measurement from the 7r-13C scattering is expected to provide a stringent

test of these models by providing new information on the AS = 1 part.

Additional information on spin transitions in nuclei is contained in the magnetic

form factor |FMI|2- 13C(e,e) data exist[Hi 82] over a large range of momentum

transfers (Fig. 1.3). The solid line is the predicted |FMI|2 using Cohen and Kurath

(CK) wave functions[Co 74,Le 80] in the code ALLWORLD.fCa] The squares of the

isoscalar (isospin transfer AT = 0) and isovector (AT = 1) form factor amplitudes

are shown as dotted and dashed lines, respectively. The AT = 1 part dominates

at large momentum transfers, q > 1.5 fm"1. At q as 0.6 fin"1, the AT = 0 and AT

= 1 parts are of comparable magnitude.

The square of the AT = 1 spin part (without the convection current terms)

(dotted line in Fig. 1.4) is a factor of [{(JLP—fxn)/((*,,+fin)]
2 = 28.5 larger than that of

the AT = 0 spin part (dashed line in Fig. 1.4). Here /ip (//») is the proton (neutron)

magnetic moment. The isovector and isoscalar spin parts add destructively which

results in the solid line in Fig. 1.4. The coherent addition of the spin and current

terms results in the above-mentioned different ^-dependences of the isoscalar and

isovector parts of |FMI|2 , and a good fit to the experimental data up to q « 1.3
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fm"1 (solid line in Fig. 1.3).

The asymmetry in pion scattering has an isospin sensitivity very different from

that of |FMI|2 . For P33 pion-nucleon resonance dominance, the ratio r of the AT =

0 and AT = 1 pion-nucleus scattering amplitudes is, independent of q, r = +2 for

TT~ and r = —2 for TT+, if protons and neutrons contribute equally to the transition

and if first-order processes dominate. Theoretical calculations of the decomposition

of cross sections and asymmetries into the isoscalar and isovector parts for the

TT--1 3C scattering were done using programs PIPIT[Ei 76] and ARPIN[Le 80] (see

chapter 5 for details). A sample of cross section calculations is shown in Fig. 1.5

which demonstrate that the isoscalar part dominates through the whole angular

(or q) range. For the small isovector part, the asymmetry would be very large

because Av is proportional to the reciprocal of the cross section (Eq. 1.14). In

order to reveal the sensitivity to the interference term (2Im[ T(8) • Q(B)']) , which

is linearly proportional to the AS = 1 part, the isospin decompositions of Av x •£

(instead of Ay) are plotted in Fig. 1.6. The calculations in both Fig. 1.5 and 1.6

demonstrate that the isoscalar part dominates in the 7r-nucleus interaction. Terms

analogous to the current terms in electron scattering are thought to be small in

pion scattering.

Because of this very different isospin dependence of the spin transitions by

electron and pion elastic scatterings, the pion asymmetry provides information

complementary to the magnetic form factor for comparison with nuclear model

predictions, especially for the AT = 0 spin part of the transition density. But

measuring both ir+ and n~ scattering, we also obtain information on the isovector

terms. We note that pion-induced single-charge-exchange (SCX) reactions[Go 91]

proceed exclusively by the isovector parts of F{6) and Q{6).

Different interaction models have provided a reasonable fit to the experimental

ff-nucleus differential cross sections over the forward hemisphere (corresponding

to the small q region) throughout the 100 to 300 MeV energy region, but have
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not been very successful in reproducing elastic cross sections over the full angular

range to 180°. An inadequate knowledge of the pion-nucleus dynamics is be-

lieved to be a major cause[La 86]. In the phenomenological optical models, the

inclusion of a second-order term causes larger changes in the predicted Ay than

in da/dti [Bu 86,Hi 83,Ma 90]. Among the microscopic models, the inclusion of

the intermediate A-nucleus spin-orbit interaction[La 86] is believed to be essential

in predicting 7r-nucleus spin effects. The studies of asymmetries are expected to

resolve some of these problems of pion-nucleus dynamics.
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Chapter 2

Experimental Technique

The experiment was carried out with the pion beam from the Low-Energy Pion

(LEP) channel in area A at LAMPF. The major components of the experimental

apparatus, such as the polarized target system, pion beam line, detectors, and

beam monitors, and the data acquisition electronics are described in this chapter.

2.1 Polarized Target

The target was polarized by the Dynamic Nuclear Polarization (DNP) method

[Ab 82]. The principles of the DNP method will be introduced below (see also

Appendix A) and the components of the polarized target system will be described

in the following subsections.

In an external magnetic field the magnetic substates of an ensemble of spin -1/2

particles are nondegenerate. The particles may be nuclei (protons, I3C, etc.) or

electrons. Since the populations of the two substates are not the same, the net spin

of the ensemble has a preferred direction in space, that is, the ensemble is polarized.

The sample needs to be cooled in order to reduce the thermal disturbance to the

polarization. At absolute T = 0 K, all of the spins in the sample would be in

the lowest energy magnetic substate, thus the target would be fully polarized.
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However, since absolute T = 0 K cannot be achieved experimentally, microwave

energy is used to transfer polarization from easily polarized free electrons in the

sample to the nuclei which are more difficult to polarize because of the smaller

magnetic moment.

In a magnetic field (B) the energies of the magnetic substates of the spin I = 1/2

nuclei will be shifted by an amount AE due to the interaction of their magnetic

moment (/i) with B. The magnitude of AE is proportional to B and /x, and the

sign of the shift depends upon the sign of the eigen value of the operator I* (m =

+1/2 or -1/2):

AEm = + 1 / 2 = -/Tm = + 1 / 2 • B = -fi(x3C) B and (2.1)

AEm=_1 /2 = - £ m = _ 1 / 2 • B = +/i(13C) B, (2.2)

where /i(13C) = 0.7024 n. m. When the temperature of the spin system is at

equilibrium with the temperature of its environment (thermal equilibrium, TE,

condition), the two substates are populated according to the Boltzmann distribu-

tion,

Nm s s-1 / 2 /Nm = + 1 / 2 = exp(- 2/x(13C) B/*T), (2.3)

where Nm=_x/2 (Nm=+i/2) is the number of nuclei with m = -1/2 (+1/2), T is the

temperature of the environment, and k is the Boltzmann constant. The polarization

is defined by

For spin I = 1/2 nuclei, it can be shown that

Nm=+i/2 + Nn.-1/a

Under the TE condition, the polarization is then given (Eq. 2.3) by

= tanh((i(nC) B/*T). (2.6)
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In order to obtain high polarization, the target needs to be placed inside a

high magnetic field in a very low temperature environment. In this experiment,

the Zoltan magnet provided B = 2.50 Testa to a cold (cryogenic) target. A 3He

evaporation refrigerator was employed to maintain a temperature below 0.5 K

around the target material. Under these conditions, the nuclear polarization of
13C is approximately 0.1% and that of a proton is about 0.5% according to Eq. 2.6

with /x(13C) replaced by fi(p) = 2.793 n. m. Clearly, these polarizations are not

large enough to be useful as a polarized target. However, they play an essential

role in the absolute calibration of the nuclear polarization (see page 27).

The polarization of the protons in the target was increased significantly by ap-

plying the Dynamic Nuclear Polarization technique[Bu 86,Ja 86] using microwave

irradiation to transfer the electron polarization to the protons. A paramagnetic

chromium-V complex in the target material provided free electrons. Since the mag-

netic moment of the electron is typically three orders of magnitude larger than that

of a nucleus, the polarization of electrons from the Boltzmann distribution under

the TE condition is as high as 99.8% (according to Eq. 2.6 with /i(13C) replaced

by n(e~) = -1.0012 /*B = -1838,133 n. m. ). Applying microwaves of either one of

the frequencies (Appendix A)

(2.7)

= (69.225 ±0.1065) GHz, (2.8)

at B = 2.5 T, an electron-proton system will simultaneously flip the spin orien-

tation of an electron and a proton. Because the electron spin-lattice relaxation

time (typically milliseconds) is much shorter than that of nuclei (typically several

seconds)[Bo 74], the electron will flop back to its original spin substate and be

ready to flip the spin of another proton.

The strong dipole-dipole interaction between the proton and a 13C nucleus then

transfers the polarization from the proton to the nucleus. Since the proton and
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13C spin systems are strongly coupled, it is assumed that a common spin temper-

ature, Ta, can be defined to describe both spin systems[Re 55,Re 69] (Equal Spin

Temperature theory, see Appendix A). For an ensemble of free electrons, protons

and 13C nuclei, the DNP enhanced nuclear polarizations can then be expressed as

Pp = tanh(/i(p) B/JbT.) and (2.9)

Pi3C = tanh(/i(13C) B/JbT,). (2.10)

Thus, the microwave irradiation enhances the proton spin polarization and the

p-13C coupling then enhances the 13C spin polarization.

The populations of the two proton spin substates (m = -1/2 or +1/2) are

enhanced, respectively, by applying microwaves frequencies of v+ or i/_ (Eq. 2.8),

i. e., the direction of polarization was reversed by a small change in the microwave

frequency. For technical reasons, the actual microwave irradiation frequencies used

during the experiment were

i/±(exp.) = |2 / i (OB/4 | ± |4/i(p) B/fc|, that is (2.11)

i/+ = 69.47 GHz and i/_ = 69.04 GHz, (2.12)

corresponding to the first harmonic (twice) of |2//(p) B\/h = 106.5 MHz.

Since the irradiation frequency value depends on the strength of the target mag-

netic field, it is important that the field is constant over the entire target volumn.

The magnet used in this experiment had an inhomogeneity of AB/B < 4x 10"*

over the target volume which was sufficient to obtain high polarization throughout

the target.

The polarized target contains the following elements:

1. 1-butanol (C4H10C)) target material which contains l3C and *H, and a para-

magnetic complex which provides free electrons,

2. a magnet (Zqltan) which provides a high homogeneous magnetic field (B = 2.5 T)

at the target,
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3. a 3He-evaporation refrigerator system which cools the target material to a

very low temperature (< 0.5 K),

4. a microwave system to enhance the nuclear polarization, and

5. a computer-interfaced NMR system to measure the nuclear polarization.

The preparation procedure of the target material is described below. For other

elements, the details are partially given in Ref. [Pp 85]. The basic principles of

some of the main components are summarized below.

2.1.1 Target Material

Among several kinds of available chemical compounds, 98.9%-13C enriched 1-

butanol (CHafCHa^CI^OH) was chosen as target material. The background nuclei

of this material are hydrogen and oxygen. Since pions scattered from 13C have

much higher kinetic energy than those scattered from hydrogen, the events from

hydrogen are well separated from those from 13C in the angular region of interest.

However, the kinetic energies of pions scattered from oxygen are fairly close to

those scattered from 13C because the masses of 16O and 13C are not very different.

Since the energy resolution was only about 3 MeV (FWHM), a background run was

therefore needed in order to subtract the 16O events in the region of the elastic 13C

events. If the ratio of 16O to 13C is small, the uncertainty due to the background

subtraction will be less. The 1-butanol has the advantage that the ratio of the

number of 13C to 1 60 is 4:1, which is large and was the best we could obtain

commercially at the time of the experiment. (Toluene 13C?Hg was used in a later

experiment [Ex 90]. The advantage of the toluene is that it has no oxygen but the

polarizations were smaller than with 1-butanol).

The dopant of the 13C-enriched 1-butanol was EHBA-Cr(V), which provides

free electrons. Also, 5% water in volume was added to the 1-butanol since it had

been found [Ma 69] that the polarization could be increased by mixing 1-butanol
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with that amount of water. With 3.4 g of 13C4Hi0O (density = 0.8536 g/cm3 at

room temperature), the amount of distilled water added was

x =

O.S536(g/cm3) 0.95

The 13C4Hi0O and H2O solution had a mass of 3.61 g and a volume of 4.19 cm3. The

molecular weight of EHBA-Cr(V) is 369.3, and it provides 6.02xl023 free electrons

per mole. In order to achieve high polarization, a free electron concentration of (5

to 15)xl019 cm"3 is desired[Gu 77,De 89]. We added an amount of EHBA-Cr(V),

5.2 x 1019(electron/cm3) x 4.19(cm3) x 369.3(g/mole)
6Q2 x 1 0 2 3 ( e l e c t r o n / m o l e ) = 0-133(g), (2.14)

for a free electron concentration of 5.2xl019cm~3 in the 13C4HioO and H2O solution

[JaS6].

The mixture of target materials contains dissolved molecular oxygen, which is

paramagnetic and affects the spin dynamics negatively[Ma 69]. It was therefore

necessary to deoxygenize the target material (degassing process) before use. The

traditional method of degassing uses "stirring-and-pumping" in which the liquid

mixture is stirred inside a flask connected to a pump. Since 1-butanol has a high

vapor pressure, the "stirring-and-pumping" causes a loss of expensive 13C-enriched

1-butanol and also changes the relative concentrations of the different materials

in the mixture. A degassing method used by the TRIUMF group[De 89] on a

similar 1-butanol mixture, involves bubbling dry nitrogen gas through the mixture

for 20 min. This procedure replaces the O2 molecules by N2 molecules, which

are not paramagnetic. We felt that this dry nitrogen bubbling method does not

show clearly how much O2 gas was left in the mixture, so we tried the method of

"freezing-dry-pumping". This procedure is a standard method for removing gas

dissolved in solutions, especially those with high vapor pressure, like alcohol.

The principle of the "freezing-dry-pumping" method is to pump on a frozen

phase instead of a liquid phase. For this purpose, the target mixture was placed

in a flask immersed in liquid nitrogen (LN2). When the mixture was frozen, a
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vacuum pump was used to pump out the air inside the flask, hose, and the rest

of the apparatus. Then the flask was closed to the vacuum pump and placed in

a room temperature water bath. As the sample melted, bubbles came out of the

liquid. These bubbles contained mostly O2 and N2 as well as some evaporated

1-butanol molecules. When the bubbling stopped, the mixture was placed in LN2

to be frozen again. At this time, most of the 1-butanol molecules returned to the

mixture (since 1-butanol has a higher melting point than N2 and O2) while most

of the 0 2 and N2 molecules remained in the gas phase. Thus, as the mixture was

solid again, pumping easily removed the O2 and N2 molecules without losing the

1-butanol or any other component of the mixture. This procedure was repeated

three times. A vacuum gauge was connected to the flask to show the amount of

O2 gas remaining above the solid mixture after thawing and refreezing. It showed

that the pressure of the remaining gas decreased from 1.2 Torr to 2.5 x lO"*1 Torr,

i. e. O2 was nearly completely removed from the target mixture.

The target has to be in a form that provides a large surface area for sufficient

heat transport from the target material so that a cold environment is maintained

throughout the target material. For example, the Heat generated in the sample

by microwave irradiation has to be removed. The target material was therefore

prepared in the form of frozen beads of about 1 mm diameter before it was placed

into the cryogenic system.

The beads were made by letting drops of degassed target mixture fall into liquid

nitrogen from a stainless steel hypodermic needle. In order to prevent beads from

sticking with each other before they were solidified, the needle was connected to a

high voltage power supply which provided positive or negative voltage (1800 volts)

to the needle. When the target mixture flowed through the hypodermic needle,

positive or negative charges were alternately applied (every 1-2 minutes) to the

drops so that they repelled from each other in the LN2 bath before they solidified.

The size of the beads was controlled by the dropping speed which depends upon
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the needle size, the voltage of the HV power supply, and the 4He gas pressure above

the target mixture. The flask which contained the liquid target mixture was filled

with 4He gas which provided a pressure of 20 Torr to the fluid. About 200 beads

per minutes were obtained. The amount of target mixture mentioned above made

more than enough beads to fully load the sample cell.

2.1.2 Target Magnet

A high magnetic field (Eq. 2.10) and high field homogeneity are necessary to

achieve high polarization. An iron-core C magnet, Zoltan, was placed at the target

position to provide a magnetic field of 2.5 T in the direction transverse to the

scattering plane. Over the entire target volume, the inhomogeneity , AB/B, was

smaller than 4xlO"~4. The magnetic field was stabilized through a feed-back loop

controlled by the peak fitting of the NMR spectrum.

2.1.3 Refrigerator

A cooling system which can efficiently transport heat away from the target

beads and provide a low temperature environment, is essential for achieving high

polarizations. A 3He-evaporation refrigerator was employed in this experiment

to maintain the beads at low temperature (< 0.5 K). The refrigerator contains

a 3He system, which provides a bath of liquid 3He to cool the target cell and

the beads, and a 4He system (Fig. 2.1) to liquify the 3He. The phase transition

(latent heat) from liquid 3He to 3He gas removes the heat generated mostly by the

microwave irradiation of the target material. The cooling power of the evaporator

was enhanced by pumping on the liquid 3He bath (Fig. 2.2). The 3He gas is cleaned

and recycled in a closed loop.

The 4He cooling system[Pp 85] (Fig. 2.1) draws liquid 4He from a storage dewar

through a transfer line. The 4He gas boiled off in the fill tube is separated in the
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Figure 2.1: 4He cooling system of the cryostat. For the 3He part of the cryostat

see Fig. 2.2.

separator. 4He gas from the separator pre-cools the 3He from room temperature

to about 100 K (see also Fig. 2.2). The liquid 4He flow from the separator into the

evaporator is regulated by a valve. The evaporator temperature is about 2 K.

Before leaving the cryostat and passing to the pump, the 4He gas from the

evaporator cools the 3He gas to just above its liquefaction point (Fig. 2.2). The

evaporator provides thermal contact with the condenser of 3He where liquefaction

occurs.

The 3He gas for the 3He-evaporation refrigerator (Fig. 2.2) [Pp 85] is supplied

at a pressure less than an atmosphere, pre-cooled by thermal contact with the

out-flowing gas from the 4He separator, further cooled by the 4He evaporator gas

stream to just above the liquefaction temperature, and liquified by thermal contact

with the 2-K bath of the *He evaporator. The liquid 3He continues to flow into a

heat exchanger where it is cooled to about 2 K by the 3He gas stream from the
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Figure 2.2: 3He-evaporation refrigerator.

target. Expansion through the throttle valve (Run Valve in Fig. 2.2) cools the

liquid to close to the target temperature.

The target beads are kept in a perforated teflon target holder which allows the

liquid 3He to flow around and between the beads.

2.1.4 Microwave System

Microwaves of about 70 GHz (Eq. 2.12) were transmitted to the target in order

to transfer the spin orientation of the electrons to the protons in the target (see

section 2.1). The microwaves were generated in a microwave oscillator (Carcinotron

tube). The frequency was controlled by a DC-voltage driving the oscillator power

supply. Microwaves were transmitted to the sample through a wave guide. The

teflon target holder with the target beads was placed in a copper container which

served as a multi-mode microwave cavity. The target beads were continuously

irradiated by microwaves during the data taking.
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The frequency and intensity of the microwaves were adjusted so that the tran-

sition rate between the "forbidden-transition" substates was enhanced (Appendix

A). By applying microwaves of the frequency corresponding to the energy differ-

ence between these substates, the transition rate can be fully enhanced so that

the populations of these two substates become the same. This situation is called

the saturation point. Two microwave frequencies (i/+(exp.) and i/_(exp.) in Eq.

2.12) were used for obtaining the two polarization directions , spin-up (m = +1/2)

and spin-down (m = -1/2). In this experiment, i/+(exp.) was ~69.04 GHz and

i/_(exp.) was ~69.47 GHz in the case of TT+ scattering. For n~ scattering, the

values of v+(exp.) and i/_(exp.) are interchanged because the opposite pion charge

requires a reversal of the direction of the magnetic field. The desired spin orienta-

tion of 13C was selected by applying microwaves of the correct frequency.

The microwave power at the target was adjusted by an attenuator to optimize

the polarization. The optimum power level is on the order of 1 mW/g of target

material.

2.1.5 NMR System

Nuclear polarization was measured by the Nuclear Magnetic Resonance (NMR)

technique. A 0.7 /iH NMR coil made of copper was inserted among the target

beads. A room temperature tuning capacitor was connected in series with this coil

by a tuned coaxial cable. A change of the impedance in this resonant circuit (to

be explained below) was measured by a NMR detector circuit.

Application of a current through the coil will induce a small magnetic field

which has a component perpendicular to the Zoltan magnetic field. This disturb-

ing field interacts with the nuclear magnetic moments. According to quantum

mechanics, only when the energy generated by this disturbing field is as large as

the energy difference between the nuclear spin substates, can this energy be ab-

sorbed or emitted. As this happens, the target nuclear susceptibility is changed
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Figure 2.3: A typical NMR spectrum in the case of microwave power turned on.

Polarization is about 28% .

and hence the impedance of the resonant circuit is changed. When scanning the

NMR frequency through this energy region, the NMR circuit detects the change in

the impedance of the resonant circuit. Each complete NMR frequency scan (NMR

spectrum) is composed of 512 RF steps. A typical NMR spectrum obtained in this

experiment is shown in Fig. 2.3. The RF power was kept at a sufficiently low level

to prevent depolarization by the NMR measurement.

The integrated area of the NMR spectrum is proportional to the polarization.

To obtain the absolute polarization, the NMR spectra obtained with the microwmve

power turned on were compared with those obtained in the TE condition. The

target temperature was obtained by measuring the vapor pressure of the 3He bath.

Knowing both the magnetic field (B) and the target temperature (T) in the TE

condition, the polarization (PTE) of the target in the TE condition was calculated
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according to Eq. 2.6. The proportionality of the integrated area of the NMR

spectrum to the polarization can then be used to calibrate the integrated area

0f the NMR spectrum taken with the microwave power turned on. The Thermal

Equilibrium calibrations were done about once a week during the experiment.

In this experiment, the polarizations of both protons and 13C nuclei were mea-

sured alternately by two separate NMR circuits using the same NMR coil. The

NMR spectrum was taken and fitted by polynomials in order to find a background

line. The polarizations of the protons and 13C nuclei were recorded in histograms

alternately every 20 seconds. The polarizations achieved were about 82% for lH

and 28% for 13C. The data from the NMR measurements were all saved on tape

for a careful off-line analysis.

2.2 Beam Line

The LAMPF accelerator is a linear, accelerator (linac), which produces an 800-

MeV pulsed proton beam of up to 1 mA current. The primary proton beam strikes a

3-cm thick 12C graphite target (Al target) producing secondary particles, including

pions. A series of magnets, which forms the Low Energy Pion (LEP) channel,

accepts pions produced from the Al target at an angle of -45°, and transports

pions of a selected range of momenta from the Al target to the experimental area.

The channel consists of a quadrupole doublet followed by four dipole magnets

and a second quadrupole doublet. The bending plane of the dipole magnets is

vertical and the channel is symmetric about the second and third dipole magnets.

The functions of the channel magnets will be described briefly below. A detailed

description of the channel design has been given by Burman et al [Bu 75].

Pions produced in the Al target are collected and focused by the^entrance

quadrupole doublet. Then the pions of a particular range of momenta are selected

by the first two bending magnets and a momentum slit located after the second
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(9) ) \

Figure 2.4: A floor layout of the Low-Energy Pion (LEP) cave and equipment.

(1): the LEP channel, (2): the two solid rectangles represent the quadrupole doublet

and the open rectangle the steering magnet (Werbecka), (3): target magnet (Zoltan),

(4): the cryogenic target system, (5): *He dewar, (6): cryostat pumps, (7) and (8):

the limits (#aoor = -54° and 0aoor = 68°, respectively) of the spectrometer (LAS)

positions, and (9): shieldings.
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bending magnet. The third and fourth bending magnets and the exit quadrupole

doublet focus the pion beam. The momentum spread is denoted by AP/P where P

is the central momentum of the pion beam. In this experiment, AP/P = ± 0.25%,

was chosen for small angle scattering (0 < 60°). For large angle scattering, AP/P

= ± 1.0% was used in order to have a larger pion flux. For the 7r+ beam, a proton

absorber, located at mid-channel was used to eliminate the proton contamination.

These protons have the same momentum but much lower velocity than the pions

and thus have higher energy loss. The final quadrupole doublet can be adjusted to

form a waist in the beam on the target which is located inside the LEP experimental

area.

In this experiment, an extension beam line was installed after the existing LEP

channel inside the LEP experimental area. This was necessary to allow positioning

of the target downstream from the standard location to increase the angular range

accessible to LAS. The extension beam line contains a quadrupole doublet and a

steering magnet, Werbecka (Fig. 2.4). With the second quadrupole doublet in the

LEP channel a beam waist can be formed at the end of the channel. The additional

quadrupole doublet was installed to form an image of this beam waist at the new

target position. During the experiment, however, it was found that better results

could be obtained by reducing the strength of the second quadrupole doublet of

the LEP channel to shift the beam waist from the standard target position to

the new target position. For this mode of operation the additional quadruples

were not used. The magnet Werbecka was installed to steer the pion beam away

from the standard beam line (Fig. 2.6). The field of Werbecka was adjusted until

the pion beam passed through the center of the Zoltan magnetic field, where the

target was located, after being deflected in the field of Zoltan. The locations of

the magnets on the extension beam line, relative to the last channel quadrupole

doublet, and the strength of their field settings were calculated using the programs

TRANSPORT[Br 73] and RAYTRACE[Ko 68].
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2.3 Large Acceptance Spectrometer (LAS)

The outgoing pions were detected by the Large Acceptance Spectrometer

(LAS), which was originally constructed at Argonne National Laboratory[Co 80]

and modified at LAMPF[Wi 89]. LAS contains a quadrupole doublet, a dipole

magnet, Delay-line Readout Wire Chambers (DRWCs) [At 81,At 85], a Cerenkov

counter, and scintillators (Fig. 2.5). The Cerenkov counter was not used in this ex-

periment. LAS does not provide a vacuum between the target and the focal plane.

In order to minimize multiple scattering, helium gas bags were installed along the

entire six-meter distance from the target to the rear chambers at the focal plane.

With these components, the spectrometer was used to measure the momenta of

the scattered particles by detecting the positions and angles of their trajectoris at

the front and rear wire chambers, i. e., before and after passing through the dipole

magnet.

For large acceptance collection, LAS uses a quadrupole doublet to focus scat-

tered pions onto the front chambers, positioned between the quadrupole and the

dipole magnet. The front chambers consists of two sets of DRWCs which are 38

cm apart. Each of the DRWC sets contains of a horizontal and a vertical wire

plane which provide information on the intersection points of the outgoing particle

with the wire planes at the coordinates Xx, Yi and X2, Y2 (Fig. 2.5). The position

coordinates, X2 = X/ and Y2 = Y^, are used to define the X and Y positions of the

particle's trajectory before it enters the dipole magnet. 6j ( = ^ ) and 4j (—$) of

the trajectory at the front wire chambers are the corresponding angle coordinates

which are extracted from Xi, Yj and X2, Y2 and the distance between DRWC1

and DRWC2.

Following the front chambers is the dipole magnet which bends the scattered

particle's trajectory according to its momentum. The central trajectory through

the dipole is bent by 45° vertically up to the scattering plane. The pion's momen-
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Figure 2.5: Side view of the Large Acceptance Spectrometer (LAS).
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turn (P*) is usually represented by

P — P
°sp = 5 , (2-15)

where P j p is the momentum of the "central" trajectory corresponding to a certain

dipole field. The spectrometer's momentum acceptance extends from 6sp ~ 0% to

20% .

Following the dipole magnet is the rear chamber system which consists of two

horizontal and two vertical wire planes which measure X5, Y5, X6, and Y6 (Fig. 2.5).

Because the rear chamber number 5 is close to the dipole magnet, X5 = X r and

Y5 = Yr. The quantities deduced from the rear chamber measurements, X r, Y r,

Br and <f>T, were used to determine the positions and angles at the target where the

pions were scattered from, and to eliminate background events from pion decay in

flight or pions scattered from the faces of the dipoles. In addition, one can extract

8tp and hence the momentum (PT) of the particle from the positions of the particle

before and after it traverses the dipole magnetic field.

Behind the rear wire chambers two sets of scintillators were installed, 89 cm

apart, to measure the time-of-flight (TOF) of the scattered particle. The TOF is

used for particle identification (page 61).

LAS was mounted on a platform (Fig. 2.6) which could be rotated on air pads

in the horizontal plane about a pivot underneath the center of the Zoltan magnet.

The LAS angle (0{j££) for detecting pions scattered near a particular scattering

angle (0£.M) was calculated (see the next section) prior to the experiment and was

marked on the floor of the LEP area using a coordinate system which is described

in the next section.

2.4 Configuration of the LEP Area

A right-handed coordinate system (the floor coordinate system) was used to

describe the locations of the target, beam monitors and spectrometer (Fig. 2.6).
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The origin, (X,Y,Z) = (0,0,0), of the floor coordinate system is at the center of the

magnetic field of Zoltan. The effective range of the field is represented by the circle

in Fig. 2.6. With Zoltan turned off, the pion beam would follow the standard beam

line (solid line in Fig. 2.6) in the +Z direction. The +X direction points into the

floor and + Y is defined by Y = Z x X . The angle #&„* is defined on the Y-Z plane

with flfloor = 0° on the standard beam line. Positive floor angles were measured

counter-clockwise (ccw). As indicated in Fig. 2.6 the polarized target plane was at

the fixed angle of +40°, i. e. the normal to the target was at 0floor = -50°.

The trajectories of the pions, with Werbecka and Zoltan turned on, are repre-

sented by the dashed lines in Fig. 2.6. The field directions of Werbecka and Zoltan

for 7r+ were reversed for ir~ so that the pions were always bent in the clockwise

direction. In the path of the incident pion beam, an ion chamber (IC in Fig. 2.6

and see page 37 for details) was installed to measure the beam flux. A split ion

chamber (SIC in Fig. 2.6 and page 40 for details) measured the outgoing pion flux

near 0° scattering angle (Fig. 2.6). Because Zoltan was always set to its maximum

field, the location of the SIC changed with incident pion energy. Positive scattering

angles (for example, 6^ in Fig. 2.6) were measured ccw from the tangent to the

trajectory of the unscattered pions at the center of the Zoltan field, to the tangent

to the trajectory of the scattered pions.

The pivot of the platform, upon which LAS was mounted, was located un-

derneath the origin of the floor coordinate system. Space restrictions (Fig. 2.4)

limited the range of 0jj£J to between ~ —54° to +68°. In order to assure that the

scattered pions would enter the LAS approximately parallel to its median (Fig.

2.6), LAS needed to be offset towards the beam left by a small amount, 7 cm to

13 cm, depending on the momentum of the scattered pions. The LAS offset and

0floor' f° r each scattering angle and incoming pion energy, were calculated prior to

the experiment by the program OFFSET [Be 89].

The program OFFSET calculates the bending angle of the trajectory of a pion
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Figure 2.6: Top: example of the pion trajectories (dashed lines) bent by the magnetic

fields of Werbecka and Zoltan. A right-handed coordinate systems was used. 0ioor

and LAS offset are explained in text. Bottom: similar io the top plot but showing

the bending angles and the beam offset. [Yu 91]
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by tracing it from the center of Zoltan to outside of the magnetic field using the

field map of the Zoltan magnet and the momentum of the pion. For the incident

pions, the momentum is derived from the kinetic energy of the incident beam at

which the measurements will be done. The bending angle, calculated by OFFSET,

for the incident pions is called #bendii as indicated in Fig. 2.6, bottom. In addition,

OFFSET calculates the beam offset, which is the perpendicular distance between

the center of the Zoltan magnetic field and the tangent to the incident pion tra-

jectory at the edge of the effective range of the magnetic field. The beam offset

is generated with the Werbecka magnet which steers the incident pions away from

the standard beam line by an angle,

. . , . beam offset. , „ , -*
/? = sin-x(—— ) (2.16)

Us cm

where the 137 cm is the distance between the Werbecka and Zoltan magnets.

For the outgoing pions, the input momentum is calculated for a particular

incident energy, the type of nuclear reaction, and the scattering angle (^M ) , at

which the measurements will be taken. In analogy with 0t>endi and the beam offset,

the program OFFSET calculates dbend2, the bending angle of the scattered pion,

and the LAS offset. Using simple geometry (Fig. 2.6), the LAS angle, # j ^ , is

obtained from

d =<£* +/?-0b«di -*b«d2. (2.17)

The 9fo£ and LAS offset were calculated for each experimental setting (of different

incident beam energies, scattering angles and reactions).

2.5 Beam Monitors

The beam monitors were used to measure the relative beam flux, to provide

an image of the beam spot size (the beam profile), and to investigate the beam

stability. Knowledge of the beam flux is needed for accurate normalization of

36



the measured observables. A stable beam is necessary in order to avoid false

asymmetries induced by any non-symmetric factor between the spin-up and spin-

down measurements.

Five devices were placed in the beam to monitor the beam spot and beam in-

tensity. At the end of the extension beam line before the point at which pions enter

the area of the Zoltan magnetic field, two monitors were installed (Fig. 2.4). On the

side upstream of the target, an ionization chamber measured the ionization current

induced by the energy loss of the incident particles (TT, /i, e) in the ion chamber gas

mixture. On the downstream side, a Gated Strip Proportional Chamber was used

only during beam tuning as a profile monitor. It allowed visual monitoring of the

beam stability and beam spot focusing. There were two toroidal coils, 1ACM3 and

2ACM2, located in the main proton beam line to monitor the current induced by

the primary proton beam. They give a measure of the relative pion flux, however,

during the experiment, IC served as the pion beam flux monitor. Since the 1ACM3

and 2ACM2 are known to be exceedingly stable, the ratio of IC to 1ACM3 and

IC to 2ACM2 provided a measure of the beam stability just before the cryogenic

target. Downstream of the target, a split ionization chamber (SIC) was placed

to intercept the pipn beam near 0°. Variations in the measurement of the beam

current by SIC might indicate beam movements at the target or changes in target

composition.

The basic operating principle of the beam monitors employed in this experiment

is discussed in the following subsections.

2.5.1 Ionization Chamber

The ionization chamber (IC) is an aluminum box of dimensions 2 cm x 10 cm

x 10 cm with a mixture of 90% Argon and 10% CO2 gas flowing through at local

atmospheric pressure (about 590 mmHg). IC has two 6.35-^m thick aluminized

mylar windows and contains three aluminized mylar plates of the same thickness.

37



Two plates, mounted at the sides, are maintained at a potential of +90 volts. The

center plate was kept at ground potential and served as a signal plate. A pion

of incident energy within the range of 130 MeV to 230 MeV loses approximately

1.6 MeV/(g/cm2) in Argon and generates about 140 ion pairs in the chamber at a

40 eV energy loss for each pair. Thus, the ionization current generated in the cham-

ber is proportional to the flux of the pion beam. This current was integrated by a

current digitizer which generated a pulse for each 10~13 coulomb, corresponding to

about 4.4 xlO3 beam particles. These pulses were scaled by a CAMAC sealer. The

proportionality of the beam flux to the ionization current varies with the density of

the gas, the momentum of the pions, and contaminants in the beam. For asymme-

try measurements, these factors do not affect the results since they appear in both

the spin-up and spin-down measurements (see section 4.3.3). For a determination

of absolute differential cross sections, a calibration of the ion chamber response is

not necessary because yields from pion elastic scattering on 13C were normalized to

the yields from scattering on hydrogen or 12C for which the absolute cross sections

are well known (section 4.4).

2.5.2 Gated Strip Proportional Chamber

The Gated Strip Proportional Chamber[Mo 88] (GSPC) provides two- dimen-

sional information about the pion beam intensity. It is a multiwire proportional

chamber of dimensions 1.9 cm x 10 cm x 10 cm with a mixture of 90% Argon and

10% CO2 gas flowing through. Inside the chamber, there are three wire planes (w

10 cm x 10 cm) placed 0.5 cm apart, and perpendicular to the beam. Each wire

plane is made of 80 parallel gold-plated tungsten wires. The thickness of the wires

is 20 fim and the space between adjacent wires is 0.13 cm. The central wire plane

is maintained at ground potential. The charges collected by the central wire plane

(the collecting plane) are read out from strips of 5 wires each. The wire planes

mounted on the sides (the gating planes) are orthogonal to those of the collecting
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Figure 2.7: A typical beam spot image provided by a Gated Strip Proportional

Chamber.

plane. Positive 90 volts are applied to strips of 5 wires on both gating planes, ex-

cept for a pair of strips across from each other. For limited periods of time, these

exceptional strips are "gated" by -90 volts. Near these gated strips, positive ions

drift towards the gating planes and electrons move towards the collecting plane.

Electrons near all the other strips drift to the gating plane and positive charges

are collected on the collecting plane. The difference between the charge, collected

by each strip on the collecting plane, and the "background" charge, collected when

positive voltage is applied to all strips on the gating planes, was determined. This

difference is two times the charge generated by ionizing the gas in the region be-

tween a gated strip and each collecting strip, and thus is proportional to the beam

intensity at a small area (« 0.65 cm x 0.65 cm) at the intersection of the collect-

ing strip and the gated strip. To obtain information across the whole area of the

beam, the negative potential is consecutively applied to pairs of strips on the two

gating planes. A set of transistor voltage switches is used to provide positive or

negative potentials consecutively to all strips on the gating planes. The switches
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are interfaced with a TTL CAMAC output register controlled by the computer.

The charge collected by each strip of the collecting plane is integrated, amplified

and then digitized by an ADC every 5 seconds. Thus, a two dimensional beam

intensity profile (Fig. 2.7) is generated on a display terminal. It is updated every

5 seconds to respond to any change in the beam tune.

2.5.3 Split Ion Chamber

The Split Ion Chamber (SIC), placed to intercept the pions near 0° scattering,

consists of an aluminum cylinder which is divided into four chamber cells. It is

filled with a mixture of 90% Argon and 10% CO2 at local atmospheric pressure.

Two of the cells occupy the front half of the cylinder, facing the target, and are

situated side by side (the Left and Right Cells). The other two occupy the rear half

and are situated top and bottom with respect to the beam centroid (the Top and

Bottom Cells). The ionization current induced by the energy loss of the pions from

each cell is integrated independently and scaled separately into CAMAC sealer

modules. In principle, the sum of the integrated current of the Left and Right

Cells (L+R) or the sum of the Top and Bottom Cells (T+B) is proportional to

the total beam flux whereas the variations in the differences (L-R or T-B) indicate

possible shifts of the beam spot on target. However, because the outgoing pion

beam had diverged significantly upon arrival at the SIC, the SIC did not cover

the whole beam spot and could not be used as an pion beam flux monitor. The

ratio ALR = (L-R)/(L+R), however, monitored the beam stability and provided

a check on beam spot shifts. Variations in ALR may also indicate variations in

the thickness of the cryogenic target. The ALR was plotted every 20 seconds to

investigate any instability during each run. A software cut on this ratio served as

one of the requirements for "good events" during the replay of the polarized target

runs (see GOOD EVENT in section 3.4).
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2.6 Data Acquisition System

2.6.1 Data Acquisition Electronics

Signals from the monitors and detectors are pre-amplified, discriminated, dig-

itized, and stored using the a data acquisition system which consists of four parts.

A set of Nuclear Instrument Module (NIM) and other fast electronics amplify and

discriminate the raw pulses, and perform logic functions. A Computer Aided Mea-

surement and Control (CAMAC) crate contains many Time-to-Digital Converters

(TDC's), Analog-to-Digital Converters (ADC's), and sealer modules. These mod-

ules were used to digitize the events. The Mj<"roprogrammable Branch Driver

(MBD) controls the CAMAC instrumentation and collects information from the

CAMAC. Finally, the LAMPF standard data acquisition software "Q" is executed

to retrieve the data from the MBD and to write them on magnetic tapes. The Q

system also allows analyzing part of the data on-line.

The logical modules, CAMAC crate, MBD, and computers are placed inside

a counting house which is remote from the detection system. All the fast signals

from the scintillators and wire chambers, therefore, need to be pre-amplified and

discriminated before they are transported to the counting house through signal

cables. Each of the scintillator detectors (Fig. 2.5) uses two phototubes (designated

N and P) attached via a light quide to the ends of the scintillator sheets.

The geometric mean of the signal S2N (S3N) from the N phototube and S2P

(S3P) from the P phototube forms the S2 (S3) pulse. The coincidence of S2 and

S3 forms the S2xS3 logical signal that defines the scintillator trigger and serves as

the TDC-start to initiate reading signals from the wire chambers. The scintillator

signals are fed into ADC's and, are recorded in sealer modules. If the sum of the

pulse heights of S2N and S2P is greater than a set discrimination level, the event

is considered to be due to a proton and a logical veto (VETO) is issued .

The signals from the wire chambers are used to trace the trajectory of scattered
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particles before and after passing the magnetic dipole. A detailed explanation of the

delay-line readout drift chamber is given in the literature[At 81]. A wire chamber

contains anode wires and cathode wires. When a charged particle passes, it ionizes

the gas in the chambers. The electrons drift toward the anodes and the ions drift

towards the cathodes. The signals from the anode wires are readout using a delay

line. The mean of the signals from the delr*y line outputs are used as the TDC-

stop. The time difference between the common TDC-start, triggered by S2xS3,

and each TDC-stop is proportional (up to \i constant) to the distance from the

fired anode wire to each end of the delay liiie. The time difference between the

two delay line outputs is used to identify which anode wire fired. The mean time

defines the chamber trigger, ft is used to calculate the drift-time, which is the time

for electrons to drift from the ionization point to the nearest anode wire.

The drift time is used to determine precisely the distance between the trajectory

and the anode wire. In order to determine on which side of the anode wire the

ionization took place, alternating cathode wires of the same wire plane are "bussed"

together. There are thus two cathode outputs for each cathode plane. The induced

currents caused by the ions moving in the cathode fields are recorded in ADC's.

The sign of the difference between the two cathode outputs then determines on

which side the ionization took place.

The logical "AND" between the front wire chamber triggers forms a front cham-

ber trigger, FRONT, which is used to generate an event trigger as described below.

2.6.2 Trigger and Data Storage

Whether or not the signals from the detection system are recorded into the

appropriate ADC's, TDC's, or sealer modules depends upon the event trigger. An

event trigger is initiated by a particle which passes through the front chambers as

well as the two scintillators on the focal plane; that is, the event trigger is a logical

"AND" between VETO (proton veto, see page 41), FRONT and S2xS3. Particles
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that pass through the front wire chambers but cannot reach the scintillators (per-

haps the direction and/or the magnitude of their momenta prohibits them from

going through the dipole), or those that trigger the scintillators without passing

through the front DRWCs (perhaps cosmic rays), or protons with the same mo-

mentum (which deposit a larger amount of energy than pions in the scintillators)

are classified as background particles. The raw signals caused by these background

particles cannot initiate an event trigger and therefore are not recorded by the data

acquisition system.

However, not all of the events which produce event triggers are stored on mag-

netic tape. When the CAMAC, the MBD, or the computer is busy with buffering

and sorting out previous good events, a CP-BUSY signal is sent to inhibit the

next event taking in order to prevent overlapping. Also, events that do not occur

during the beam gate (BG) or events that do not occur during the data taking

mode (RUN) are not stored on tape. BG is defined by the length of the beam

pulse. The RUN signal is controlled by an on-line software command. Then a

RUN x BG logical signal is made and combined with CP-BUSY to generate BUSY

= CP-BUSY x RUN x BG. BUSY is required in addition to the "event trigger"

logical signal to initiate a "good event trigger" (GET). The GET logical signal

opens the gates of the ADC's and the sealers. The GET signal is also sent to a

trigger module which then notifies the MBD that an EVENT 6 (which consists

of the ADC and TDC outputs) is to be recorded. THe trigger module also sends

a CP-BUSY signal to inhibit accepting another EVENT 6 until the recording is

finished. The ADC and TDC outputs are then written on magnetic tape as raw

data EVENT 6. .

The accumulated counts from the beam monitors (IC, 1ACM3, 2ACM2, SIC),

scintillators, wire chambers, detector triggers, event triggers, and time counters

are stored in the sealer modules. The trigger module also notifies MBD, every 20

seconds and at the end of each run, that the sealer events (EVENT 8) are to be

43



recorded. Therefore each EVENT 8 contains sealer counts corresponding to all of

the EVENT 6 data acquired during the previous 20 seconds. The periodic reading

of the sealers allows continuous monitoring of the beam stability during the run.

It also allows a recovery of part of a run if the apparatus fails before the end of

the run. The number of event triggers and the number of good-event-triggers are

both recorded by sealers. The ratio between these two sealers gives the computer

live time (CLT) which is used in the "correction factor" (CF) calculation (section

4.1.3). CLT is used to account for the number of events which are not recorded

as EVENT 6 (because of BUSY) but were counted in the sealers EVENT 8. This

is necessary because the beam current is accumulated even when the computer is

unable to record the scattering as an EVENT 6.

The MBD is the interface between the CAMAC and the VAX computer. Under

control by the "Q" system, the MBD retrieves from the CAMAC the information

from the ADC's, TDC's, and the sealers after the MBD is triggered by the trigger

module. Then the MBD writes the data on magnetic tapes. If time permits, some

events are also processed for on-line analysis to allow immediate diagnosis by the

experimenter. The ratio of the number of events processed for analysis on-line to

the number of taped events is defined as "loops per event" (LEV). In the on-line

mode, the magnitude of LEV depends upon the incoming rate of events and how

busy the computer is during the data acquisition. In the off-line analysis (replay),

LEV is one, of course.
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Chapter 3

Analyzer

The analyzer consists of a number of subroutines which calculate physical quan-

tities of interest from raw data. These quantities can be displayed in 1-dimensional

(1-D) or 2-dimensional (2-D) histograms. The analyzer also allows different levels

of tests (set up by the experimenter) to select certain data according to specific

experimental requirements.

3.1 Physical Quantities of Interest

For elastic or inelastic scattering, B(A,C)D, where A is the incident projectile,

B the target nucleus, C the detected particle, and D the residual nucleus, we define

MA, MB, Me, and Mo as their respective ground state rest masses, and PA, PB>

Pc, and PD as their momenta. Pg is zero in a fixed target experiment. Assuming

the projectile is not excited in the scattering, conservation of energy gives

c2 + Me2 + )/PD +(E€X+ M D ) 8 , (3.1)

where Eex is the excitation energy of the residual nucleus. For elastic and inelastic

scattering, in which the residual nucleus has the same ground state rest mass as
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that for the target nucleus, MB = MD and hence Eq. 3.1 becomes

c
2 + Me2 f = PD 2 + (Eex + MD)2, (3.2)

where PD = PA - Pc • (3.3)

The quantity of most interest is Eex (the "missing mass") which, for inelastic

scattering, is equal to the excitation energy or the Q value of the reaction. E^ is

calculated in a subroutine CALKIN by solving Eq. 3.2. PB is always zero. In order

to calculate PD , the magnitudes of P\ and Pcare needed, as well as the angle

between them (which is the scattering angle (#*Cat))-

PA is the momentum of the incident pion beam. The magnitude of the outgoing

pion momentum, Pc, is calculated from the magnetic field BLAS OC P t p and the

measured 6sp:

|Pc I = {Ssp + 1) x P1P. (3.4)

6sp is expressed by a polynomial of X/, 0f, Y/, <j>j, XT and 6r (section 2.3). Stp

does not depend on Yr and <j>T because the bending plane of the dipole magnet is

vertical.

In the case with the Zoltan and Werbecka magnets turned off, B^M, can be

calculated from the position (Xtgt, Ytgt) and angular (#t8t, 4>t3t) coordinates of the

scattering vertex at the target. These quantities were obtained from polynomials

of the position and angular coordinates of the trajectory of the scattered particle

at the wire chambers, and 6tJ>. Xtgt is proportional to X/ and 0{ in first order. Cor-

rections were needed for aberrations in the particle optics of the LAS quadrupole

magnets and for any misalignment of the detection system. Xtgt was therefore ex-

pressed as a polynomial of X/ , Q\ , and Br up to third order. 0tgt w a s written as

a polynomial of the same terms. Similarly, Ytgt and <f>tgt were expressed as poly-

nomials of Y/, <f>f, X/, 6(, 0T and <f>r . The coefficients of these polynomials were

determined in the target calibration runs (section 4.1.2) prior to the experiment.

The polynomials were saved in the file POL.DAT.
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Fig. 3.1 and 3.2 are typical 1-D histograms of Xtgt and Ytgt from 223 MeV n+

scattering on a CH2 slab target at 40° with the Zoltan turned off. The horizontal

axis of these histograms is binned into "channels" with 1 channel corresponding to

0.01 cm. Since the 13C graphite target is larger than the beam spot, the widths

of peaks in the Xtgt and Ytgt histograms represent the size of the beam spot in

the X and Y directions. Fig. 3.3 and 3.4 are examples of the 0t%t and <j>tgt spectra

taken from the same runs as those shown in Fig. 3.1 and 3.2. One channel of these

angular spectra corresponds to 10~4 radian (0.1 mr) or 175 channels = 1°.

In the target calibration (done with Zoltan turned off), the trajectory of the

scattered particle was a straight line before it reaches the quadrupole magnets of

LAS. This assumption is not true when the Zoltan and Werbecka magnets were

turned on. Thus, in order to obtain the 6Kat
 a* the target when the magnets were

turned on, calculations were necessary to obtain the Y-position and <f> angle of

the scattering vertex at the target from the variables, Yigi, 4>tau &MP, by using the

raytrace technique. Such calculations are described in the next section.

3.2 Trace Back to the Target

Even when the Zoltan and Werbecka magnets are turned on, the Ytgt and

4>tgt described above are calculated assuming that the trajectories of the incident

pions and the scattered pions are straight lines, before they reach the quadrupole

magnets of LAS. However, the pions' trajectories within the magnetic fields are

bent in the scattering plane (Y-Z plane) with a curvature which depends upon

their momentum. In order to obtain the true scattering angle at the target, the

bending angle (flbendi) of the incident pion before reaching the target, the bending

angle (0bend2) of the scattered pion, and the Y-position (Y'tgt) of the scattering

vertex at the target need to be calculated. For the scattered pions 0b«nd2 Mid Y'tft

are expressed in terms of polynomials of measured quantities, such as Yfft, 4ttt>
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and Stp.

For the incident pions, the bending angles were calculated by a polynomial of

Y,flt, after the Ytgt was calculated from the polynomial of the measured quantities of

the outgoing pions. This polynomial does not include the azimuthal angular spread

nor the momentum spread of the beam for the following reasons. The LEP channel

magnets were set to transport a non-dispersed beam into the experimental area.

In addition, since we did not measure the position and angular coordinates of the

incident pion. Thus, we had to assume that the momenta of the incident pions are

the same (i. e., S^am— 0) and that the trajectories of the incident pions are parallel

(<f>beam= 0). The beam spot is quite large (~ 3 cm x 3 cm) and the pions at the edge

of the beam have integrated bending paths in the Zoltan magnetic field different

from the pions at the center of the beam, and hence different bending angles in the

Zoltan magnetic field before they reach the target. Thus, for the incident pions

with a particular momentum, #bendi varies depending upon the corresponding Y-

positions (Y(,eam) in the beam before passing through the Werbecka magnet. Ybeam

were not measured but are correlated with their Y-positions (Y^am) at the target.

Y'beam is assumed to be the same as the Y'tgt of the scattered pion in the analysis

of the real events.

The coefficients of the polynomials are obtained by using two computer pro-

grams. As to be described in the next paragraph, the program POLDEF is used

to calculate Y'tgt(i) and 0bend2(i) for sets of values, Ytgt(i), <f>tgt(i), and 6tp(i), rep-

resenting typical outgoing pion rays. These rays are then used by POLFIT which

employs a fitting procedure to determine the coefficients. A similar method is used

to obtain the coefficients of the polynomial for calculating #b«ndi(t) of the incident

pion rays.

POLDEF traces the outgoing pion rays from the LAS location, back to the

target position and calculates the Y'tgt(i) and 0bend2(*) The input parameters to

POLDEF are the field map of the Zoltan magnet, the LAS angle (0g£jji), the LAS
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offset, the unprimed variables of the pion rays, and their momentum. The input

values of the LAS offset and &Q^ w e r e those actually used during the experiment,

but they were slightly different from the values obtained from the program OFF-

SET (section 2.4) prior to the experiment.

The unprimed variables which are input to POLDEF have to be within certain

limits, that is, 6,p between 0% and 20%, Ytgt between -3 cm and 3 cm, and <f>tgt

between -100 mr and 100 mr. Examples of some sets of these variables are listed

in Table 3.1. The different 8sp (Eq. 2.15) represent the different momenta of the

scattered pions. In order to calculate the momentum of any ray, the momentum of

the scattered pion at the desired scattering angle and its corresponding #LAS have

to be provided. 6LAS ^S calculated (Eq. 2.15) from this momentum and the actual

LAS magnetic field settings. It is useful to define a "central ray" of the detected

pions by the values Ytgt= 0, <f>tgt— 0, and Ssp= Si^si^sted in the first entry in Table

3.1).

With the above input, the program POLDEF traces the central ray from before

the LAS quadrupoles to the center of Zoltan, and calculates its 0t»end2 (= b̂ewte)

and Y'tgt. With 6LAS and the momentum of the central ray, POLDEF calculates

the momenta of the simulation rays with different 6sp and traces each of them back

to the target position. The #bend2 and Ytgt °f these outgoing pion rays are also

listed in Table 3.1. Note that Y'tgt of the central ray would be zero and that 0£«»ci2

would be the same as the #bend2 calculated by the program OFFSET if LAS had

been located exactly at the angle and offset calculated by the same program.

The program POLFIT uses the x2 minimization program MINUIT[Mi 75] to

evaluate the coefficients of the polynomials Y'tgt (i) and Obendzii) in terms of the

Yf3j(j), <f>tgt{i), and 6sp(i) of the simulation pion rays. The polynomials are written

as

Y'tgt(i) = c(l) + c(2)xY, f l ,(i)
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+ c(4)xYtgt(i)
2

+ c(5) x (6,p(i) - 6VAS)
2

+ c(6) x Ytgt (i) x <j>tgt (i)

+ c(7) x Ytgt (i) x (6,p(i) - 6LAS), (3.5)

+ d{2) x <j>tgt(i)

+ d(3)xYigl(i)

+ d(4) x (S)p(i) - SLAS)

+ d(b)xYlgt(i)
2

+ d(6)x(Stp(i)-SLAS)
2

+ d(7)x<t>tgt(i)xYtgt(i)

+ d(S)xYtgt(i)x(6,p(i)-6LAS)

+ d{9)x(63p(i)-6LASf. (3.6)

Here, (i) denotes the ith pion ray, c(l) is the Y'tgt of the central ray, and d(l) is

<?bend2- The square of the difference between the calculated value (by POLDEF)

and fitted value (from POLFIT) is calculated by POLFIT and listed in Tables 3.2

and 3.3. The coefficients c(l) to c(7) and d(2) to d(9) for each experimental run

(T* , 0K4t, target nucleus) are stored in a parameter file (PRMnnn.SET, with nnn

referring to the run number).

When analyzing measured events, the subroutine TRACE in the analyzer cal-

culates the Y'tgt using Eq. 3.5 and <t>tgt — 0b«nd2 ~ b̂end2» Wi^ b̂enda calculated by

Eq. 3.6, using the coefficients from PRMnnn.SET. (?') now refers to a real events.

The Ytgt and Y tJt spectra shown in Fig. 3.5 and 3.6, respectively were taken

at 90° for 130 MeV ir~ scattering from a replica of the cryogenic target without

the 1-butanol beads and liquid 3He. The Y-position resolution is very poor in the

YTGT (Fig. 3.5) because the bending of the scattered pion's trajectory in the field

of Zoltan has not yet been taken into account. However, this is done in YTGTP
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(Fig. 3.6) resulting in the appearance of 5 peaks. The two peaks in the middle

are from the front and back walls of the copper container, the first and the second

peaks at the left are the outer and inner walls of the cryogenic target replica, and

the bump on the right is from the walls on the other side. At 90° the scattered

pions leave the target nearly parallel to the front and back walls which are 1.2 cm

apart. The distance between the corresponding two peaks is 143 channels = 1.43

cm indicating a small problem with the raytrace calculation.

In order to calculate the #bendi(0 for the incident pions, POLDEF traces the

pion rays, with 6beam{i) = 0, <pbeam(i) = 0, and different values of Y ^ ^ i ) , varying

from -3 cm to +3 cm, from the location of the Werbecka magnet to the target.

Note that the width of the beam spot near the target was about 3 cm. In POLDEF,

the steering angle /? and the beam the program offset (see Fig. 2.0) play the same

role for calculating the #bendi(0 as âoor an<^ ^AS offset in the calculations of Y'tgt(i)

and #bend2(i) for the outgoing pions. Both /? and the beam offset were obtained

from the program OFFSET (section 2.4). The central incident ray has Y^am = 0,

<l>beam = 0, and 8beam = 0 (the first entry in Table 3.4).

As seen in Table 3.4, the Y^om of the central incident ray, calculated by

POLDEF, is zero, which confirms the raytracing calculation by OFFSET. The

Yjeamof all other rays are slightly different from their Y .̂,,,*. Also, for incident rays

of different ¥*«»,, slightly different 6^^ (Table 3.4) are obtained by POLDEF.

The program POLFIT calculates the B^^i by

. (3-7)

where <£BM0) is expressed as a polynomial,

*BM(t) = e(l) x Y'^Ji) + e(2) x Yiam(i)\ (3.8)

The coefficients, e(l) and e(2), are obtained from POLFIT by minimizing the

difference between the #bendi(i) calculated by POLDEF and that from the above

equation.
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Figure 3.5: YTGT histogram from the scattering on a replica of the cryogenic

target.
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Figure 3.6: YTGTP histogram from the scattering on the same target as for Fig.

3.5. The front and back walls of the copper container are shown well separated in

the middle of this histogram.
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An example of these 6bendl(i) values from POLDEF and POLFIT for the inci-

dent pion rays is shown in Table 3.5. The coefficients e(l) and e(2) are saved in

PRMnnn.SET. When analyzing the experimental events, TRACE calculates 0BM,

the deviation of the bending angle of the incident pions from #bendi' by use of

Eq. 3.8. with the coefficients from PRMnnn.SET.

To summarize, the position and angular coordinates, Xj, Yj, Xr, Yr, 0f, <j>j,

9r, and <£r, of the pion at the front and rear chambers are obtained from the wire

chamber coordinates Xi through Y6. The position (Xtgt and Yiffi) and angle (0tgt

and <t>tgt) of the outgoing pion at the target are evaluated as polynomials of the

quantities X/ through <f>T with the coefficients saved in POL.DAT, ignoring the

bending of the trajectories by Zoltan. Finally, for the case with Zoltan turned on,

the Y-position (Y|flt), the outgoing (f> angle (<p'tgt) and incident beam angle (^BM) P*e

calculated using Eq. 315, 3.6, and 3.8 (with the coefficients from PRMnnn.SET),

which take into account the presence of the Zoltan magnetic field.
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3.3 Determination of the Scattering Angle

In a standard experiment for cross section measurements (without the target

magnet), the spectrometer offset is not needed and the spectrometer angle (Btpec)

is the scattering angle of the pions (central outgoing pions) which traverse the

spectrometer along its median. <j>tgt is defined as the deviation of the angle of a

scattered pion in the scattering plane, from 6tpec- Thus, the scattering angle of

each event is calculated by

#sc»t = 0*pec + <f>tgt • (3 .9 )

For the case with the Zoltan and Werbecka magnets turned on, the scattering

angle of the central outgoing pions is no longer the angle (0fi££) of the spectrometer

because of the bending effect (see Fig. 2.6) of the magnetic fields. In this case, the

scattering angle ( e ^ J of the central outgoing pions is given by

fc* = *kndl +^bend2 - / ? + «&2, (3-10)

with (fc^M and 0£end2 calculated by POLDEF (see section 3.2 and Fig. 2.6), fi

calculated by OFFSET (section 2.4), and d ^ , the LAS floor angle. Instead the

<t>tgt for the simple case mentioned above, the deviation (THTSCT) of the scattering

angles of all detected pions from 6^ is calculated by

T H T S C T = 4>'tgt - <f>BM . (3.11)

Here, <j>tgt and <£BM are calculated by Eq. 3.6 and 3.8 (see section 3.2). The scat-

tering angle of each event is then calculated by

4*- = 4E* + THTSCT, (3.12)

which is an input parameter in CALKIN for calculating the missing mi&ss for the

case with the Werbecka and Zoltan turned on.
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In order to calculate an average scattering angle (#scat) of all detected pions, a

THTSCT spectrum is generated. The counts in the zero channel of the THTSCT

spectrum are the number of scattered pions with scattering angles equal to 0£cat. An

average deviation (THTSCT) from 0£.at is obtained from the THTSCT spectrum

#scat is calculated by

THTSCT. (3.13)

The width (FWHM) of the THTSCT spectrum corresponds to an LAS angular

acceptance of ~ 8°. In order to obtain better angular resolution, the LAS angular

acceptance was divided into several angular bins using software gates specified in

a test file to be described in section 3.4.4.

3.4 Testing

The events which involve Good-Event-Triggers (see page 43) are stored on

magnetic tape. However, only a portion of the data was used to extract quantities

of interest. These events ("good events") must pass several tests specified in a

test file which is retrieved by the analyzer. In order to select the "good events",

some physical quantities were displayed in histograms for determination of the test

gates.

Tests on raw data or calculated physical quantities can be performed by setting

limits with gate tests, on one quantity, or with box tests, which are true if two

quantities of the same event fall within their respective limits. The gate and box

limits can be specified either in a test file or entered into the test file interactively

using a display of the physical quantities. The other type of test is a logical

"and", "inclusive or", or "exclusive or" test on the result of previous tests. These

functions help to sort out "software good events" according to the particular needs

of an experiment.
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The test file contained three testing blocks. The first (BLOCK 1) was used to

monitor the stability of the beam and the target conditions. The tests in BLOCK 1

were used only in the off-line analysis. The second (BLOCK 2) was used to identify

the mass of the outgoing particles. The third (BLOCK 3) contained two parts. The

tests in the first part of BLOCK 3 provided a check on the wire chamber signals

and a discrimination of the events scattering off different parts of the cryogenic

target. The tests in the second part of BLOCK 3 were used to catalog events.

Events which passed the software tests in BLOCK 1, BLOCK 2, and the first part

of BLOCK 3, were called "good events." The BLOCK 1 test was used exclusively

in the replay of the polarized target runs whereas the BLOCK 2 and BLOCK 3

tests were applied in the analysis of all data.

3.4.1 Testing on the Monitor Sealers

The BLOCK 1 tests are applied first. They are the tests on sealer ratios

which are calculated in a subroutine SLR-LOOP using the sealer events, EVENT

8. During the data acquisition (section 2.6.2), EVENT 6 data (from ADC's and

TDC's) were written on tape before the associated EVENT 8 was written. Thus,

in the off-line analysis, EVENT 6 data were retrieved from the tape first. They

were temporarily saved in a buffer of the analyzer. Then the associated EVENT

8 was retrieved and the sealer ratios were calculated and tested. In the case when

EVENT 8 failed in the BLOCK 1 tests, EVENT 6 data were cleared from the

buffer. If the sealers satisfied the BLOCK 1 tests, EVENT 6 data were restored

from the buffer and subjected to the analyzer for the calculations of the physical

quantities of interest. The tests in BLOCK 2 and 3 were then applied to those

quantities.

Beam monitors 1ACM3 and 2ACM2 located in the primary beam line, IC in the

incident pion beam (see Fig. 2.6), and SIC placed in the path of the outgoing ptons

(~ 0° scattering) were used to measure beam intensities. The program SLR-LOOP
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calculates the ratios between various monitor sealers: 1A CM3/2A CM2, IC/2A CM2,

SIC/IC, ALR, SICL/IC and SICR/IC and the ratios of the number of EVENT 6

triggers to the monitor sealers: EV6/IC and EV6/2ACM2. SICL and SICR rep-

resent the currents collected from the left and right cells, respectively, of the split

ion chamber (page 40), and SIC is the sum of SICL and SICR. ALR is the ratio

of the difference of SICL and SICR over the sum. These ratios give a measure of

relative pion beam flux before and after scattering.

EVENT 8 was recorded every 20 seconds during data acquisition, The corre-

sponding sealer ratios for each 20-second bin were displayed in plots for each run.

These plots facilitated investigations of beam or target instabilities. The ratios

1ACMS/2ACM2 and IC/2ACM2 provide checks of the instability of the primary

beam before and after the Al production target, and of the stability of the pion

production on the Al target relative to the proton beam current. Time depen-

dencies of the ratios SIC/IC and ALR indicate instabilities in the pion beam after

traversing the target. Fluctuations in the SIC/IC and ALR ratios can be caused

by changes of the beam spot on the polarized target as well as possible variations of

the amount of liquid 3He in the polarized target (page 40). Plots of 1ACMS and IC

provide an assessment of the beam condition during the run. Significant changes

in the ratios EV6/IC and EV6/2ACM2 during the run were found for some runs.

They always appear in the plots as a sudden increase for about 10 minutes. No

apparent cause of these changes has been identified.

In order to eliminate the events during the periods of instabilities, gates on

the sealer ratios were specified in BLOCK 1. These gates excluded the unqualified

EVENT 8 as well as the corresponding EVENT 6 from the rest of the analysis.

The most important gates are those on EV6/IC and ALR because none of these

can be compensated for when analyzing the spin-up and spin-down runs. Changes

in the ratio IC/2A CM2 indicate more or less pion production. Its effect on the Ay

can be corrected by normalizing the counts to the IC current separately for spin-up
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and spin-down runs.

In order to find a possible correlation between the sealer ratio changes and the

extracted 7r-13C asymmetry, tests were done to separate the events with different

sealer ratios using BLOCK 1 gates in several replays of the same run. These events

were used to construct an "asymmetry" quantity (section 4.3.3). The "asymmetry"

extracted from the same run (same spin orientation) should, of course, be zero. If a

non-zero "asymmetry" appeared among the events of different sealer ratios, gates

were set on those sealer ratios to eliminate the inconsistent events. A similar test

was done using the events from different runs of the same spin orientation and the

same LAS settings.

One can also set a gate on "run time" in order to eliminate the events collected

during a certain period of time. This was needed, for instance, in a case when

a channel magnet suddenly tripped off during a run (but was not noticed at the

time). For this case, the 1ACM3/2ACM2 ratio was found to be stable whereas

the IC/2ACM2 plot demonstrated a discontinuity in the ratio. A run time gate

was then specified in BLOCK 1 in replay to exclude the events collected after the

magnet had tripped.

3.4.2 Wire Chamber L-R Gates and PID Box

Events which pass the BLOCK 1 tests, are then subjected to the tests in

BLOCK 2. In the first part of BLOCK 2, the gates on the wire chamber L-R

histograms (Fig. 3.7) are specified.

The pulse height of the difference signal from the fired cathode buses L and R is

displayed in a L-R histogram (Fig. 3.7). The "valley" in the middle of the histogram

corresponds to a zero pulse height. It means the L and R signal amplitudes are

equally strong and hence the particle passes through the middle of the cathode

wires, i. e. very close to the anode wire in between. The pulse height of the

difference signal in either one of the two peaks corresponds to events happening
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on either side of the anode wire. If the wire chamber is operating properly, the

probability of detecting particles passing through either side of the anode wire

should be the same.

Therefore, an LR gate is set (Fig. 3.7) in the test file for each wire plane to

separate these two peaks in such a way that the number of counts in each peak

is the same. These gates are necessary in order to ensure that the probability

of detecting particles passing through either side of the anode wire (in the wire

chambers) is the same.

The second part of BLOCK 2 is a particle identification (PID) box (2-dimensional

gate) which is usually employed to identify the detected particle. If the particles

have the same momentum as pions but different masses, their velocities are differ-

ent. These particles which are most likely protons, have larger TOF and deposit

more energy in the scintillators than pions. A PID histogram was thus generated

of the time of flight (TOF) between S2 and S3 scintillators versus the mean energy

loss in the S2 and S3 (Fig. 3.8). Proton events should appear at higher energy loss

in the scintillators and longer TOF on the PID histogram.

Using the PID box specified in the PID histogram, one can select pion events

inclusively for further analysis. Note that the proton veto (page 41) has provided

the first cut on proton events. The PID box provides an additional exclusion of

proton events in the software. In this experiment, however, there was no evidence

of proton events remaining after applying the proton veto. To further reduce

background events, a PID box was applied during replay. A "long" PID box

(Fig. 3.8) was used in order to include pions which generate a range of different

energy losses in the scintillators due to their different kinetic energies after elastic

scattering from various nuclei or inelastic scattering to excited states.

61



500

-100 100 300 500 TOO

channel number
900 1100

Figure 3.7: L-R histogram, pulse height of the difference signals from the wire cham-

ber cathode buses. The marks 1 and 2 are the limits of the LR gate.
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Figure 3.8: PID histogram of TOF between S2 and S3 vs. mean energy loss in S2

and S3. The particle identification box for pions is indicated in this histogram.
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3.4.3 "Good Chamber" and "Good Event" Tests

The first part of BLOCK 3 tests consists of good chamber tests, muon rejection

tests, and target tests. The "good chamber" test is formed by a series of gates on

the drift time from each of the eight wire chamber planes. These gates serve to

eliminate events which did not generate signals in one or more planes.

When pions decay into muons and neutrinos between the front and rear chamber

systems, the muons are emitted within a cone around the pion direction and hence

the angle? measured by the rear chamber are the angles of the muons instead of the

pions. Tests are needed to exclude the muons with very different angles measured

by the front chambers than expected from the measurements at the rear chambers.

Quantities THTCHK (Fig. 3.9) and PHICHK (Fig. 3.10) are thus calculated as

the difference between the angles measured by the front chambers and the angles

deduced from rear chamber measurements by tracing the trajectories back to the

front chamber position. For pions passing both the front and rear chambers before

decay, these two angles are nearly the same, i. e., the THTCHK and PHICHK of

these pions are close to zero. For most of those decaying between the front and rear'

chambers, their THTCHK and PHICHK values would be very different from zero.

By providing gates (the limits are indicated in Fig. 3.9 and 3.10) surrounding the

zero channels on THTCHK and PHICHK, most of the muon events were eliminated

from the "good events".

In addition to the muon rejection, gates on THTCHK and PHICHK also helped

to eliminate events which scatter off the pole faces of the spectrometer. These gates

were also used in the evaluation of chamber efficiencies. The X(Y) chamber effi-

ciency is the ratio of events with the values of THTCHK and PHICHK both within

the gates, to those events which pass the PHICHK (THTCHK) test regardless of

whether they pass the THTCHK (PHICHK) test. The chamber efficiency, the

result of multiplication of the X and Y chamber efficiencies, was typically 80% in

this experiment.

63



11000

10000

9000

0000

7000

C 6000

8 5000

4000

3000

2000

IOOO F-

TV = 130 McV
Olob. = 60°

0 £ —
-500 -300 -100 100

THTCHK (10"'mr)
300 500

Figure 3.9: THTCHK histogram. The limits of the gate on THTCHK are labeled 1
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Figure 3.10: PHICHK histogram.The limits of the gate on PHICHK are labeled 1

and 2.
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For the slab target runs, no target tests were used because the slab targets

were homogeneous and larger than the beam spot. In the analysis of the polarized

target runs, the target tests are gated on Xtgt and Ytgi in order to eliminate events

which were scattered off the cryostat structure because the beam spot was larger

than the copper target cell. Without the target tests these events form a large

background in the missing mass spectra and make it difficult to extract the 13C

elastic peak.

The width of the Y'tgt histograms differ for runs at different LAS angle settings

because the spectrometer location changes with respect to the fixed target position

(the normal to the polarized target is at daoOr = -50°, see Fig. 2.6). The width

of Xtgt spectrum depends on the channel settings. The target gates were adjusted

visually depending on the Xtat and Y'lgt widths. However, the same gates were

always applied to spin-up, spin-down and background runs at the same energy and

scattering angle.

Events that have passed the tests in BLOCK 1, BLOCK 2, and the first part

of BLOCK 3 are the "good events". The tests in the second part of BLOCK 3 are

used to define (see below) fine angular bins for the good events.

3.4.4 Gates for the Determination of the Angular Bins

For better angular resolution, the LAS angular acceptance of 8° was divided

into three (for da/dfi measurements) and two (for Ay measurements) angular bins

during replay. The gates used to define the angular bins were set on a <j>tgt spectrum

for good events. The angle gates were placed on <f>tgt not on THTSCT to avoid the

momentum dependence of 0Jcat due to the presence of Zoltan (see below). Using fa§t

for gates introduce only a small increase in angular resolution width. The limits of

the gates were fixed in the replay of all the spin-up and spin-down runs as well as

the background runs for the Ay measurements. In the cross section measurements,

these gates were the same for all of the 13C slab target runs, CH^ normalization
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runs, and spectrometer acceptance scan runs (section 4.1.3).

The good events with <ptgt being within the limits of one angular bin were

classified into one test category (in the second part of BLOCK 3). Missing mass

histograms were generated in conjunction with these test categories to display the

good events of different angular bins. Histograms such as MM3S, MM3M, and

MM3L were created for the case of three angular bins (small, middle, and large),

and MM2S and MM2L for two angular bins.

The average scattering angle of the good events of an angular bin is determined

(see section 3.3) by Eq. 3.13 with the THTSCT from the average of a THTSCT

spectrum. The quantity THTSCT (Eq. 3.13) contains <j>'tgt, which depends on 6sp

of the event (Eq. 3.6). Fig. 3.11 is generated in order to demonstrate this point.

The 2-D histogram is plotted as THT§CT vs. missing mass of the good events

scattered from a 13C slab target with their 4>tgt within the S angular bin. It shows

that THTSCT has a strong missing mass dependence. The 1-D histogram at the

bottom is the MM histogram, which shows peaks corresponding to the ground state

and excited states. The solid line in the 1-D histogram on the left is a projection of

the THTSCT quantity of these events. THTSCT depends strongly on the missing

mass because pions from inelastic scattering have smaller kinetic energies, and

thus, experience a larger bending effect in the Zoltan field than the elastic events.

Since the interest of this experiment is in the elastic scattering measurements,

when determining the average scattering angle, we applied an additional gate to

the ground state of 13C (shown as the 1 and 2 limits in MM of Fig. 3.11) in order

to select the elastic scattering good events. The THTSCT quantity of these elastic

events is displayed in a histogram, which is the shaded spectrum overlapped with

the THTSCT spectrum of all good events on the left in Fig. 3.11. The THTSCT of

the elastic events of an angular bin is the average of the shaded THTSCT spectrum.

In order to illustrate the THTSCT values of only the elastic events for each

angular bin, histograms with the S, M, and L angle cuts were generated for the
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Figure 3.11: MM vs. THTSCT 2-D histogram (middle), the MM histogram (bot-

tom), and the THTSCT histograms (left side) of the 13C slab target events with

(bars) and without (line) the gate on the missing mass for the ground state.
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slab target runs (dcr/dft data), and the histograms with the S and L cuts were

generated for the polarized target runs (Ay data). The events in these histograms

were selected by the "good event" tests and the gate on the 13C elastic peak in the

missing mass spectra. These histograms are shown in Fig. 3.12 and 3.13.
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Figure 3.12: THTSCT histogram of slab target data in three angular bins. Starting

from the left are the S, M, and L angular bins.
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Figure 3.13: THTSCT histogram of the cryogenic target data in two angular bins.

Starting from the left are the S and L angular bins.
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Table 3.1: Sample outgoing pion rays and the corresponding bending angles

and Y-positions (Y'tgt) on the target from simulation calculations with POLDEF.

Note that 0b«id2 differs (page 52) from <j>\gt by <?bend2, the #bend2 of the central ray.

4>tgt

(mr)

0.000

0.000

100.000

60.000

20.000

-20.000

-60.000

-100.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

60.000

60.000

-60.000

-60.000

60.000

60.000

-60.000

60.000

60.000

60.000

60.000

-60.000

-60.000

Yiji

(cm)

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

3.000

2.000

1.000

-1.000

-2.000

-3.000

0.000

0.000

0.000

o.ooo
2.000

2.000

-2.000

-2.000

0.000

0.000

0.000

0.000

2.000

-2.000

2.000

2.000

2.000

-2.000

-2.000

2.000

2.000

V
(%)

9.999

0.000

10.000

10.000

10.000 :

10.000

10.000

10.000

10.000

10.000

10.000

10.000

10.000

10.000

5.000

10.000

15.000

20.000

5.000

15.000

5.000

15.000

5.000

15.000

5.000

15.000

10.000

10.000

10.000

5.000

15.000

5.000

15.000

5.000

15.000

<?bend2

(mr)

650.3

719.7

752.4

711.5

670.7

629.9

589.1

548.4

637.9

644.1

648.2

650.5

649.0

645.6

683.1

650.3

620.6

593.7

677.1

614.3

681.3

619.8

745.3

681.0

621.0

560.2

701.3

714.0

586.7

735.1

671.0

747.4

683.8

•519.0

557.5

(cm)

-0.659

-1.636

-0.688

-0.675

-0.664

-0.655

-0.646

-0.639

2.62X

1.494

0.401

-1.688

-2.686

-3.653

-1.121

-0.6S9

-0.241

0.139

1.030

1.914

-3.138

-2.275

-1.151

-0.247

-1.097

-0.237

1.530

-2.751

1.465

1.057

1.955

-3.222

-2.326

1.008

1.880
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Table 3.2: Y'tgt values calculated by POLDEF and fitted values obtained using Eq.

3.5 with the coefficients from POLFIT. Listed in the third column is the square of

the difference (A) between the calculated Y^t from POLDEF and the fitted value.

by POLDEF

(cm)

-0.659

-1.636

-0.688

-0.675

-0.664

-0.655

-0.646

-0.639

2.621

1.494

0.401

-1.688

-2.686

-3.653

-1.121

-0.659

-0.241

0.139

1.030

1.914

-3.138

-2.275

-1.151

-0.247

-1.097

-0.237

1.530

-2.751

1.465

1.057

1.955

-3.222

-2.326

1.008

1.880

fitted values

(cm)

-0.6590

-1.6289

-0.6589

-0.6589

-0.6589

-0.6589

-0.6589

-0.6589

2.6210

1.4964

0.4032

-1.6897

-2.6893

-3.6577

-1.1214

-0.6589

-0.2413

0.1314

1.0290

1.9190

-3.1469

-2.2766

-1.1214

-0.2413

-1.1214

-0.2413

1.5412

-2.7341

1.4517

1.0737

1.9638

-3.1917

-2.3214

0.9842

1.8742

4 a

(cm2)

1.266E-15

5.OO1E-O5

8.461 E-04

2.588E-04

2.588E-05

1.530E-05

1.667E-04

3.964 E-04

1.250E-09

6.155E-06

4.687E-06

3.063E-06

1.122E-05

2.219E-O5

2136E-07

7.753E-09

7.657E-08

5.710E-05

9.794E-07

2.536E-05

8.064E-05

2.674E-06

8.T24E-04

3.275E-05

5.984 E-04

1.829E-05

1.266E-04

2.848E-04

1.766E-04

2.816E-04

7.757E-05

9.149E-04

2.109E-05

5.645E-O4

3.288E-05
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Table 3.3: 0bend2 values calculated by POLDEF and the fitted values obtained

using Eq. 3.6 with the coefficients from POLFIT. Listed in the third column is the

square of the difference (A) between the calculated and the fitted values.

by POLDEF

(mr)

650.3

719.7

752.4

711.5

670.7

629.9

589.1

548.4

637.9

644.1

648.2

650.5

649.0

645.6

683.1

650.3

620.6

593.7

677.1

614.3

681.3

619.8

fitted value*

<>nr)

650.34

719.80

752.32

711.52

670.73

629.93

589.14

548.34

638.12

644.08

648.15

650.63

649.04

645.57

683.08

650.33

620.80

593.74

677.15

614.22

681.47

619.83

(mr*)

6.3E-12

2.1E-O4

6.9E-03

8.0E-04

1.0E-05

4.8E-06

5.8E-O4

4.1E-03

3.0E-02

4.0E-03

5.2E-O3

2.6E-03

3.6E-04

1.4E-02

8.1E-O3

6.3E-07

1.6E-02

2.JE-04

5.2E-O6

1.8E-O2

3.OE-O2

6.3E-06

72



Table 3.4: Sample of incident pion rays and the corresponding bending angles

(^bendi) and Y-positions (Y^) on the target from simulation calculations with

POLDEF. Note that 0bendi differs from <̂ BM by O^ndi, the 0bendi of the central ray

(the first entry in this Table).

Pfccam

(mr)

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

Yfe«m

(cm)
0.000

-3.000

-2.500

-2.000

-1.500

-1.000

-0.500

0.500

1.000

1.500

2.000

2.500

3.000

6**am

(*)

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

fbeadI

(mr)

-599.8

-600.4

-601.3

-601.8

-601.9
-601.6

•600.9

-598.2

-596.1

•593.6

-590.6

-587.2
-583.1

'team
(cm)

0.000

-3.062

-2.569

-2.070

-1.563

-1.049

-0.528

0.536

1.079

1.630

2.188

2.754

3.328
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Table 3.5: dbendi values calculated by POLDEF and the fitted values obtained

using Eq. 3.8 with the coefficients from POLFIT. Listed in the third column is the

square of the difference (A) between the calculated and the fitted values.

by POLDEF

(mr)

-599.8

•600.4

-601.3

-601.8

-601.9

-601.6

-600.9

-598.2

•596.1

-593.6

-590.6

-587.2

-583.1

fitted value*

(mrj

-599.77

-600.46

-601.29

-601.77

-601.87

-601.58

-600.89

-598.20

-596.18

-593.67

-590.67

-587.15

-583.09

A*

(mr*)

0.OE+O0

8.8B-03

4.7E-05

3.1E-03

4.4E-03

2.9E-03

SAE-04

5.7E-04

1.5E-03

1.4E-O3

5.2E-04

5.9E-05

2.5E-03
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Chapter 4

Measurements and Data

Reduction

4.1 Preparation for the Experiment

During the preparation for the experiment, various calibrations were made.

The LEP channel magnets and mechanical slits were adjusted to transport the

pion beam and to create the desired beam spot size and divergence on the target.

The pion beam flux was determined by an activation of a plastic scintillator disc.

The polynomials and coefficients used to determine the vector position of the scat-

tering event at the target (Xtgt, 4>tgt, etc.) were obtained in the target calibration.

The acceptance efficiency of the spectrometer at different magnetic settings were

determined in the acceptance calibration.

4.1.1 Beam Flux Calibration

An activation was done to calibrate the pion beam flux detected by IC at

165 MeV with a ir+ beam. A thin plastic scintillator disc, with a dimension large

enough to cover the full beam spot, was placed at the target position. Meanwhile,
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the IC was mounted about 30 cm in front of the target position. When the scintil-

lator disc is irradiated by the pion beam, n C nuclei are produced from the reaction
12C(7r+,X)uC in the disc. The radioactive n C nuclei then decay to U B by yS+ de-

cay and the positrons from the decay annihilate with electrons to 2 7. Recording

the number of positrons, photons, and the coincidence rate between positrons and

photons every one minute for about 5 minutes, the number of n C nuclei produced

by the uC(ir+,X)nC reaction was calculated. Since the reaction cross section, the
12C density in the disc, and its thickness are known, the absolute flux of incident

pions could be determined accurately to 5% [St 89]. This activation result was

then used to calibrate the IC.

The positive pion beam flux during the experiment was typically on the order

of 107 TC/sec. The negative pion beam flux is usually one fourth of the ir+ beam flux

at the same energy due to a lower production cross section in the Al production

ta. ,. We adjusted the momentum slit in order to check the beam flux at different

AP/P . At AP/P = 1%, the beam flux is about 2.5 times that at AP/P = 0.25%.

4.1.2 Target Calibration

The position and angle {Xtgt, Ytgt, 0tgu and <l>tgt) °f the outgoing particle at

the scattering vertex and 63p (Eq. 2.15) are expressed as polynomials in terms of

the wire chamber measurements (page 46). The coefficients of these polynomials,

except for dlft, are determined in the target calibration. The calibration of 0 t ( t

could not be done due to geometric restrictions. Instead, the coefficients of the 6^

polynomial were obtained from the program TURTLE[Br 74].

The coefficients of the polynomial used to calculate Xtgt were obtained from

a calibration using a target consisting of 3 horizontal 27A1 slats. The coefficients

were obtained by minimizing the difference between the known positions of the slats

and the positions calculated by the Xtgt polynomial. The calibration was done at

several LAS magnetic settings so that the resultant polynomial was accurate over
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a wide range of

The Ytgt calibration was done in a similar way using a target consisting of 5

vertical 27A1 slats. The coefficients of the 6tp polynomial were determined from

data for elastic scattering off a 208Pb slab target of known thickness using a pion

beam of known energy. All calibrations were done with a pion beam with a spot

size of 3 cm x 3 cm on target and with the spectrometer fixed at a 40° scattering

angle, except for the <j>tgt calibration.

The <j>tgt polynomial was calibrated using a "pencil" beam (small beam spot

and small beam divergence) without any target. Data were taken with the spec-

trometer located at 0°, ±2° and ±4° and at different #LAS- The technique for

determining these coefficients is described in Ref. [Bo 79]. Coefficients obtained in

the target calibration were stored in the file POL.DAT, for use in the analysis of

the experimental data.

4.1.3 LAS Acceptance Scan

Since LAS acceptance efficiency, t&, depends on the momentum of the scattered

pion, an "acceptance scan", i. e., a calibration of €A(6LAS), is needed. This was

done, with Zoltan turned off, using elastic and inelastic scattering yields from a
12C slab target of well determined thickness. Taking the energy loss in the target

into account, the analyzer calculates the correct £LAS for each LAS setting. The

spectrometer was fixed at tfgoo,. = 27.5° scattering angle throughout the whole scan.

Data were taken from £LAS = -2 % to #LAS = 32 % in steps of 2 %, and the quantity

eA = N x N0RM3, where (4.1)

NORM3 = CF/IC, (4.2)

was extracted. Here, N is the number of elastic (or inelastic) events in the missing

mass spectrum. IC is proportional to the number of incident pions monitored by

the ion chamber. CF is the correction factor which corrects for the number of
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decayed pions and the efficiencies of the chambers and data acquisition system for

each run.

The correction factor is given by

CLT x LEV x CHEFF x SF" * '

The computer live time, CLT, and the loop-per-event ratio, LEV, have been ex-

plained in section 2.6.2. CHEFF is the product of all the chamber efficiencies. The

survival fraction, SF, is the percentage of pions which survive the flight through

the spectrometer :

SF = exp( - ), (4.4)

where v, is the pion velocity, 7 is the relativistic factor, and r = 2.6xlO~8 s is the

mean life time of the charged pion in its rest frame. L is the length of the pion

trajectory in the LAS. L depends upon the outgoing pion momentum and is given

by

L = 6.04 - 0.00105105 x 6tp . (4.5)

with 6,p in % and L in meters. SF is 57.6% and 73.1% for outgoing pions with

kinetic energy of 100 MeV and 230 MeV, respectively.

A plot of tA versus #LAS *S ca^e<^ the spectrometer acceptance scan (Fig. 4.1).

tA can also be extracted from an inelastic peak of 12C. In fact, the spectrometer

angle of 27.5° was chosen because the angular distribution of the l2C (2+ , 4.44 MeV)

state is flat near 27.5° whereas the elastic cross section changes very fast with angle.

The acceptance scan obtained from the elastic state of l2C was compared with that

from the 2+ state in order to check whether or not the spectrometer acceptance

was sensitive to the angular dependence of the cross sections. It was found that

the acceptance scans from these two 12C states were very similar (differing only by

a constant). Since the elastic peak has much better statistics than the peak for the

2+ state and also has less uncertainty from peak fitting, the acceptance scan (Fig.

4.1) extracted from the elastic scattering of 12C has been used in the data analysis.
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Figure 4.1: The acceptance scan extracted from pion elastic scattering on I2C.

4.2 Data Acquisition

The left-right asymmetry was obtained by detecting pions scattered off the

polarized target with opposite spin orientations, spin-up (f) and spin-down (|) at

the same scattering angle. In order to be able to check whether the measurements

were reproducible, asymmetry measurements were made in the order f|J.t f°r e*ch

scattering angle. In order to achieve reasonable statistics, such that AAV < 0.1,

this measuring cycle was repeated two or three times at some large angles where the

cross sections were small. Typical running time for the measurement at one spin

orientation was less than 4 hours.
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Figure 4.2: Missing mass histogram of a slab target run for ir+ scattering at T , =

130 MeV and O^b = 60°. The first peak from the left is due to elastic scattering

and the peaks to the right correspond to groups of excited states of 13C.

The time to change the spin orientation (from | to j or J, to | ) was less than

one hour. The cryogenic target was pulled out of the Zoltan magnetic field to be

depolarized before being repolarized with the opposite spin orientation. In order

to take advantage of this time, the differential cross section measurements (see

below) as well as the background measurements (section 4.3.2) were done with the

Zoltan magnet turned on during the depolarization phase of the cryogenic target.

The differential cross sections of r+ and K~ elastic scattering were measured from

a 99% 13C graphite slab target with the same experimental setup as used for the

asymmetry measurements. Data were also collected from a CHa slab target in order
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Figure 4.3: Missing mass histogram from the cryogenic target for r + scattering at

TV = 130 MeV and fa = 60°.
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to obtain the absolute cross section normalization. The background runs were taken

using a dummy target which had the same structure as the real cryogenic target

except that it contained neither 3He nor 1-butanol beads.

The asymmetries and the differentail cross sections were constructed using the

yields extracted from the 13C elastic peak in the missing mass spectra. An example

of the missing mass spectrum of good events of scatterings from the 13C graphite

target is shown in Fig. 4.2. This spectrum was taken at 60° with 130 MeV incident

?r+ beam. Increasing channel number corresponds to greater Eex values (Eq. 3.2).

The first peak on the left hand side is due to elastic scattering and the peaks to the

right correspond to excited states of 13C. The energy resolution of the slab target

runs was typically 1.5 MeV.

Fig. 4.3 is a missing mass histogram taken at the same scattering angle as that

for Fig. 4.2 using the cryogenic target. The energy resolution was approximately

2 MeV (FWHM) at small angles and 3 MeV at large angles. Contributions to

the energy resolution come from the beam (ss 0.65 MeV), the spectrometer («

1.2 MeV) and the cryogenic target (=s 2.5 MeV). During the experiment, the normal

to the cryogenic target was fixed at 0aoor == —50° with respect to the 0° line on the

floor (see Fig. 2.6). Thus, at large angles, the energy resolution is worse because

scattered particles pass through more target material than at small angles. In Fig.

4.3 the strongest peak is primarily from elastic scattering from 13C, and the peak

near 11 MeV missing mass is from the 3He of the target refrigerator. Both of these

peaks are situated on a background due to scattering from oxygen and copper.

The total running time of the experiment was one and a half months. Asym-

metry and cross section angular distributions for both * + and i ' at 130 MeV

(below the A3i3 resonance) and 226 MeV (above the A3,3 resonance) were mea-

sured. In order to search for predicted large Ay near the second minimum of the

cross section angular distribution, asymmetry and cross sections within a limited

momentum transfer (q ) region (1.75 fin"1 < q < 2.05 fin"1) were also measured
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for 7r scattering at several energies across the A3,3 resonance.

4.3 Extraction of the Asymmetries

The method which was adopted to extract the asymmetry and the statistical

error of the asymmetry is described in this section. An Ay spectrum was con-

structed for each angular bin using the missing mass spectra of the spin-up (Yf),

the spin-down (Yj), and the background (B) runs. Thus, by use of Eq. 1.12 and

the proportionality between the cross sections and the yields, one obtains

AA» " ( Y r - B J P r - R Y i -B)PT-

The Pj (P|) is the polarization of the target with the spin orientation paral-

lel (anti-parallel) to the vector n, which is perpendicular to the scattering plane

(Eq. 1.1). The determination of Pf and P^ is described in section 4.3.1.

The background B in the region of the elastic peak originated from the target

container (copper microwave cavity and teflon cell) and from the oxygen in the

target material. The formulae used to calculate the background counts in the

spectra of the polarized target runs are presented and discussed in section 4.3.2.

Yf and Yj are the scattering yields obtained (per channel) by normalizing the

measured counts, NT and Nj, to the beam flux (IC), and correcting for the wire

chamber detection efficiency (CHEFF), pion survival fraction (SF), and computer

live time (CLT). That is

Y} = NT xN0RM3T and (4.7)

YA = Ni xN0RM3i (4.8)

is calculated individually for spin-up and spin-down runs. The factors in the defi-

nition of NORM3 (Eq. 4.2) were explained in section 4.1.3. Some details of the A,

spectrum construction, the method of extracting the Av and its uncertainty AAy

will be presented in section 4.3.3.

83



4.3.1 Measurement of the Target Polarization

The polarization, P, of the cryogenic target was measured using the NMR

technique (see page 27). The conversion of the NMR spectra into the nuclear

polarization was done on-line and the resultant polarizations of 'H and 13C were

plotted in histograms (HPOLAR and CPOLAR, Fig. 4.4) alternately every 20

seconds during the whole run in order to monitor the stability of the polarization.

Fig. 4.4 shows the polarizations of a run after a polarization reversal. Such a run

was usually started when the 13C polarization exceeded than 22%. The polarization

increased at the beginning of the run for a period of about half an hour and then

stayed close to a constant value for most of the run, typically a couple of hours. For

shorter runs, we usually waited until the target had reached almost the maximum

polarization before starting.

The calibration used to obtain the absolute polarization from the NMR spec-

trum was done in the TE runs (page 27), which were taken about once a week

during the experiment. NMR spectra taken during the dynamic polarization runs,

as well as during the TE runs, were saved on magnetic tape for off-line analysis.

The average polarization, F, during a run was obtained from the HPOLAR

and CPOLAR histograms by calculating the arithmetic mean of the polarizations.

For about half of the polarized target runs, the pion beam flux, measured by IC,

was also recorded in conjunction with the polarization histograms. For these runs,

the average polarization weighted by the IC measurements was found to be very

close to the arithmetic mean. Therefore, when calculating the asymmetry values,

we have used the arithmetic mean, F, with about 2% to 20% corrections obtained

from off-line calibrations of the NMR spectra.

The background of the NMR spectra was estimated using several methods.

Careful calibrations of the thermometers and the electronic gain of the system were

done after the experiment. Correction factors were derived from the comparison

between the on-line and off-line TE calibrations. These factors are different for ;
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Figure 4.4: Polarization histograms for 13C (right) and *H (left) nuclei. The Y-axis

is 104x polarization. The X-axis is time (40 s/channel).

all TE runs. Thus, the absolute polarization was calculated by multiplying the

P value by a correction factor which was obtained from the average of the TE

measurement before and after a series of DNP enhanced measurements.

In Fig. 4.5 the 13C polarizations obtained from the polarized target runs are

plotted for the runs with high microwave frequency and low microwave frequency

(see page 19). The average polarization was about 28% for 13C and 82% for *H. The

ratio of the measured *H and 13C polarizations was found to agree with the expected

value from the Equal Spin Temperature (EST) theoryfRe 55,Re 69] within the error

bars (Appendix A). The relative uncertainties of the polarization measurements
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were estimated to be about 1.8% of the polarization for 'H and 2.9% for 13C. These

values include the statistical errors from the NMR spectra in the TE measurements

and systematic errors from the temperature calibrations, the biases in the baseline

of the NMR spectrum and from nonlinearities in the electronics. The TE tests

were done about once a week. The polarizations measured between two adjacent

TE measurements were assumed to have the same uncertainties. The errors from

the polarization measurements were treated as systematic errors in the asymmetry

measurements.

4.3.2 Background Subtractions

The materials that are in the path of the pion beam, such as the 1-butanol

beads, teflon (CF2) target holder, liquid 3He, copper microwave cavity, mylar win-

dow and stainless steal cryostat wall, all contribute events to the missing mass

spectra. The gates on Xtgt and Y'tgi eliminate part of the events scattered from

the cryostat windows and walls. The remaining background events under the 13C

elastic peak are mainly from the 1 60 of the 1-butanol material, the teflon target

holder, copper cavity, and the material of the cryostat structure. Within statistical

uncertainties, these events cancel in the numerator of Eq. 4.6 but they need to be

subtracted from the yields in the region of the elastic 13C peak in order to obtain

the correct value for the denominator.

Two background spectra needed to be taken. In order to subtract the events

originating from the structure of the cryostat, data were taken from a dummy

target (with the teflon target holder), which is a replica of the cryogenic target but

without 1-butanol beads and 3He. The dummy target was placed in the Zoltan

field at the same angle as the polarized target (section 4.2). The missing mass

spectrum (MT) of the empty dummy target contains all of the background events

under the 13C peak except for l 6 0 . The thin line in Fig. 4.6(a) is the MT spectrum

normalized by the ratio of the beam flux of the MT run to that of the polarized
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target run.

An 1 6 0 spectrum was needed for subtracting the events from scattering on the

16O in the 1-butanol beads. For this purpose, a spectrum was taken using the

dummy tfjget (including the teflon target holder) filled with distilled water. Since

the areal density of 1 6 0 (to) in the 1-butanol beads is different from the areal

density of 16O in the water-filled dummy target (WDT), the ratio (OFCT) of the

number of 1 6 0 scattering centers in the cryogenic target to that in the WDT was

needed. OFCT was obtained by comparing the events from scatterings on XH in

the cryogenic and the water targets at ~ 40°. (Because of kinematics, the peak

for 'H is well separated at this angle from all other peaks in both missing mass

spectra).

OFCT can be expressed as

OFCT = No (cryo tgt) ^ NORM3(CIVO t8t>

No (WDT) N O R M 3 ( \ V D T )

_ NH (cryo tgt) x N0RM3 ( c r y o tgt) x (No/NH)(cryo tgt)

NH (VVDT) N 0 R M 3 ( W D T ) ( N O / N H ) < W D T )

_ NH {cTyo tg t ) ^ N0RM3 ( c r y o tgt) ^ ( W*H)(cryo tgt) (4

NH (WDT) NORM3(\VDT) ( W * H ) ( W D T )

Here, N o (CTyo tgt) (NH (CTyo tgt)) and N o (WDT) (NH (\VDT)) are the numbers of scat-

tering events of TT-X6O (TT—XH) in the unpolarized cryogenic target and the WDT.

NORM3 is the normalization factor (Eq. 4.2). Since N a t , the areal (number)

density, the ratio of N O / N H = to/tn in both the cryogenic and water targets. For

water, the value of (2OAH)(WDTJ
 1S 0-5- For the cryogenic target, (<o/*HJ(cryo tgi) is

calculated as follows.

There were 5% H2O in volume mixed with 95% 1-butanol (13C4H10O) (see

page 20). The beads filled a cavity of a 1-cm thickness (d0) with a packing fraction

of ~ 70%. Using the information on the target material given in section 2.1.1, the

areal number density of the 1-butanol in the cryogenic target was calculated to be

0.8536 (-^r) x **! ̂ l x 0.95 x d (cm) = 0.01040 • No • d ( - ^ ) , (4.12)cm 7S (-±rJ cm
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where d = d0 x packing fraction, and No is Avogadro's number. The areal number

density of the H20 in the cryogenic target was

1.0 ( -^ r ) x N° ^ } x 0.05 x d (cm) = 0.00278 • No • d ( - ^ ) . (4.13)
cm3 1 S ( i ) cnr

Without knowing the precise value of d, we obtained

The factor OFCT (Eq. 4.11) was then calculated by

0 F C T =
 N H (cryo tgt) x N0RM3(cryo ts t ) x 0.1203

NH (WDT) NORM3(VVDT) 0.5

The 1H peak does not appear in the missing mass spectra taken at angles

greater than 55° because the pions scattered from XH have too small momenta to

be detected within the spectrometer acceptance, which was set to detect the pions

scattered from 13C. Thus, for each channel setting, the OFCT ratio was determined

using runs at a small angle (0scat ~ 45°). This ratio was used at all angles with

the same channel setting assuming that the beam spot on target did not change

much during the time the data were taken (typical several days). For the different

channel settings, the value of OFCT varied from about 0.06 to 0.09, depending

upon the size and the position of the beam spot on target. The contribution to

the uncertainty of the asymmetry due to the uncertainty of OFCT is discussed on

page 92.

The effect of the background subtraction is demonstrated in Fig. 4.6. The

thin curve in (a) is the spectrum from the dummy target and the thin curve in

(b) the 16O spectrum from VVDT at the same LAS setting. Using the IC sealers

these background spectra have been normalized to the cryogenic target run. No

correction was made for the energy loss in the cryogenic target. But because the

energy loss differs from that in the background runs, the background spectra were

shifted relative to the cryogenic spectrum. For example, the MT spectrum was
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shifted up in missing mass by about 0.5 MeV at TV = 130 MeV and by 0.3 MeV at

TV = 226 MeV. The WDT spectrum was shifted by about -2 MeV at T , = 130 MeV

and -1.8 MeV at TT = 226 MeV. With these shifts, the relative positions between

the 1 60 elastic peak in WDT, copper peak in MT, and the 13C elastic peak in

the cryogenic spectrum (obtained after background subtraction), agree with their

expected kinematic separations.
/ • • • • • . *

Because the cryogenic target was fixed at 40° (see Fig. 2.6), at large angles (>

80°) the energy resolution was worse and the target thickness difference between the

MT background and cryogenic targets was larger than at smaller angles. Therefore,

a small deviation from the shifts applied to the small angle runs was allowed at large

angles, which resulted after the subtraction in a clean spectrum below zero missing

mass. The uncertainty in the yields due to the background subtraction is estimated

in section 4.3.3. After the two-step subtraction, what remains (Fig. 4.6(c)) are

yields from the 13C ground state, amd excited states, 3He elastic scattering, and a

tail from scattering on *H.

The background subtractions were actually done in one step. (The two-step

procedure shown in Fig. 4.6 was done for demonstration only). A total background

spectrum was formed by a combination of the MT and WDT spectra as follows:

B = ( — ) - N M T + OFCT • ?^2L . N
7T 7T

= ( — ) - N M T + OFCT- 2SSI . ( N w D T _ -2*1- . NMT) (4.17)
7T 7t 7WDT

= (1 - OFCT) • ̂ 5*1 • NMT + OFCT • ̂ 2 2 1 . N W D T . (4.i8)
7! 7T

Here 7j (7MT, and 7WDT) stands for the normalization factor, NORM3 (Eq. 4.2), of

the spin-up run (empty, and H2O filled dummy target runs). The NMT a*1^ NWDT

represent the background counts per channel after the spectra were shifted relative

to the polarized target spectra. The quantity B was calculated channel by channel

and subtracted from the cryogenic spectra.
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4.3.3 Asymmetries (Aj,) and Uncertainties in Ay

The energy resolution was about 3 MeV (FWHM). The first 13C excited state is

the | state at 3.09 MeV. The cross section of this state is on the order of 10 to 100

smaller than that of the ground state and therefore does not contribute much to the

spectrum. The next level is a doublet of |~ and | states at 3.68 and 3.85 MeV,

respectively. The cross sections of this doublet become comparable to those of the

ground state at angles greater than 85°. Yields from this doublet contribute to the

right (higher missing mass) side of the 13C elastic peak. Thus, Ay was calculated

channel by channel and a weighted average of the Ay was obtained within specified

limits. One advantage of this method is that the region of averaging can be varied

to include only a small fraction of the events from the tail of the doublet states at

large angles. A discussion of the contributions to AAy from the uncertainty as to

what part of the elastic region should be averaged over, is given in page 92.

Several spectra were generated: the difference (DIFF), the sum (SUM), and

the Ay, and AAy spectra. For each channel, the values of Ay and its uncertainty

were calculated, in terms of the measured quantities, by

A D I F F " T - % - N i
Ay = — — = y- U and (4.19)

SUM N T • P l + ^ - N i -PT - B - ( P j + PT)

AA —
[N,P, +7N.P, "B(P r + P,)]2

(4.20)

with B given in Eq. 4.18 and

AB = , / ( l - OFCT)2(—)2(ANM T)2 + O F C T 2 ( ^ 2 I ) 2 ( A N W D T 7 . (4.21)
V 7T 7T

Here 7 = ^j- is the NORM3 (Eq. 4.2) ratio of the spin-down and spin-up runs;

ANj and ANj are the statistical errors of Nj and Nj, that is: ANj = <i/Nj and

ANj = ^ N j . ANMT ~ V^MT and ANWDT = \/NWDT are the statistical errors

of the background runs. In F.q. 4.19, it is assumed that the background counts
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contained in the NT and 7 ] ^ cancel in calculating DIFF. This is correct within

the statistical fluctuations of the background counts. The statistical fluctuations

in B contribute to AAtf(Eq. 4.20) but, in deriving Eq. 4.20, only their contribution

to the uncertainties in the SUM but not in the DIFF was considered. For several

runs the effect of this omission on AAy was estimated to be less than 10% of AAy.

Nevertheless, a corrected AAy will eventually be provided prior to publication.

The DIFF and SUM spectra were generated for a visual inspection of the data.

Examples of these spectra taken at 60° for n~ scattering at 130 MeV and replayed

with 13C kinematics are presented in Fig. 4.7 and 4.S. The difference is large in

the region of the elastic scattering from 13C. There is a small difference seen in the

region of the tail of the very board peak for elastic scattering on 1H. When replayed

with 'H kinematics, this peak is much more narrow. Examples of the DIFF and

SUM spectra (replayed with !H kinematics) in the region of the x + +p peak for Tx

= 130 MeV at 54° are shown in Fig. 4.9 and 4.10. Because the background near

the *H peak is structureless, a constant background was assumed and subtracted

(Fig. 4.10). The it -proton asymmetry obtained using these scattering events is

listed in Table 4.1.

The SUM spectrum was used to determine the elastic peak region over which

the average Ay was to be calculated. A program, HOWGOOD, was written in

order to retrieve the events from the Ay and AAy spectra within that region and

to calculate the weighted average of Ay (Ay) and of AAy (AAy) by use of

imai

E
Ay

(AA ')2

A = i=i2i»i y—L a n d (4.22)

(AAy «

AAy =
1

tmii i

T^ L

(4.23)

Here i represents the channel number within the specified limits, imin and imax.
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The asymmetries obtained by this method are presented in section 4.6. The values

of the asymmetries and the uncertainties are listed in the tables of Appendix B.

The experimental data used for the Ay and AAy calculations were taken at

the same spectrometer angle, Zoltan magnetic field, and incident pion energy.

Therefore, the uncertainties in the factors such as the absolute LAS solid angle, the

target thickness, and the proportionality of the beam flux to the current measured

by IC, occur in both the DIFF and SUM (Eq. 4.19). Thus, these factors cancel

in the ratio and do not contribute to the uncertainty in the asymmetry. The

uncertainty of the polarization measurement, however, is a systematic error in the

asymmetry data. It was estimated to be 3% of the 13C polarization, for example,

P = 0.28 ± 0.01 (page 85). Searches were done (see page 60) for false asymmetries

by calculating an "asymmetry" from the polarized target runs with the same spin

orientation. In general, this false asymmetry was less than 0.05.

Other uncertainties in the asymmetry come from the data extraction procedure.

For example, the ratio OFCT was obtained only at small angles, at which the 'H

peak appears in the missing mass spectrum. The data at large angles were taken

several days after the small angle data. Therefore, the beam spot on the target

may have changed producing a different OFCT ratio than at the small angle. To

investigate the effect of possible variations in OFCT, its value was artificially varied

by up to 20%. This variation causes a change in Av much less than the statistical

uncertainty AAV.

When using H0WG00D to extract Ay and AAy, we had to specify the lower

and upper limits (imin and imax) for the summation in Eq. 4.22 and 4.23. The

upper limit was chosen conservatively to include very few events from the excited

states. The spectrum of the slab target run taken at the same pion energy and

scattering angle was used to provide information on the cross sections for the

excited states. Tests were done to calculate Ay and AAy with different upper and

lower limits. In general, the asymmetry value varied by less than half of AAy.
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Table 4.1: Comparisons of the 7r-p asymmetries obtained from this experiment

with predicted values from the phase shift analysisfAr S5].

beam

*+

7T+

T

(MeV)

130

223

226

Be,m.

(degree)

54.

51.

50.

.3

.6

.3

A

this

+0.

+0.

-0.

A A
•y

; experiment

.331

.235

275

±
±
±

0.005

0.005

0.016

Ay±Z

phase shift

+0.332

+0.230

-0.300

\A
•y

analysis

±
±
±

0.006

0.002

0.010

The variations seemed to be purely statistical, that is, there was no indication of a

systematic behavior which could result from contributions from the excited states.

In order to approximately account for the effect of the uncertain lower and

upper limits used in H0WG00D, the AAy from Eq. 4.23 were multiplied by a

factor of 1.12 which results in error bars shown in Fig. 4.16, 4.17, and 4.18. The

factor of 1.12 corresponds to adding a 50% statistical error in quadrature to the

one of Eq. 4.23. The systematic errors from the uncertainty of the polarization

measurement are not shown in the figures.

In addition to the weighted average method, the traditional peak fitting method

was also applied to some runs in order to check for consistency. The asymmetry

values were obtained by fitting the TT~ DIFF and SUM spectra at 130 MeV, where

definitely positive asymmetries were obtained using the weighted average method.

Within statistical errors, the asymmetries obtained by the two methods agree with

each other.

The peak fitting method was used to extract the asymmetries for 7r-p scattering

at the few angles where the yields for 7r scattering from the protons of the polarized

1-butanol target were also measured. The 7r-p asymmetries were extracted from

these data using the proton polarization measured in the experiment. These ex-

perimental proton asymmetries were compared (Tabel 4.1) with the asymmetries
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calculated from a phase shift analysis[Ar S5]. Within the error bars of both the

measurement and the phase shift analysis, our n-p asymmetries are in agreement

with the phase shift results.

4.4 Extraction of the Differential Cross Sections

Differential cross sections were obtained from scattering off a 13C graphite slab

and a CH2 target. For most runs, the Zoltan field was turned on in order to provide

reference spectra of better energy resolution for comparison with the cryogenic tar-

get spectra. The slab target spectra provide information on the relative importance

of the yields from 13C excited states in the region of the elastic peak (page 92).

Data were also taken with Zoltan turned off at angles near 45° and 55° using an

incident 1.30 MeV n+ beam on the same targets. The dc/dQ which was obtained

from these runs provide a check on the dcr/dfi obtained when Zoltan was on.

4.4.1 Fitting of Missing Mass Spectra

The LAS angular acceptance of about S° was devided into three angular bins

of 2.7° width each (section 3.4.4). The missing mass spectra from the three angular

bins are the histograms: MM3S, MM3M and MM3L. The 13C yields were extracted

from these spectra by peak fitting using the program NEWFIT[Mol].

A reference peak shape, which is a Gaussian shape plus a tail, was obtained

from fitting the ]H peak of a CH2 run taken with Zoltan turned on and replayed

with 1H kinematics. In order to fit the 13C spectra from the slab target, the

reference shape was folded with a Gaussian peak of a width which was varied to fit

the elastic state, the triplet of states (J+ at 3.09 MeV, f" at 3.68 MeV, and f+ at

3.85 MeV), and the |~ state at 7.55 MeV at the same time. The Gaussian width
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for the triplet was taken to be larger than that of the elastic peak. The centroid

of the fitted elastic peak was allowed to vary. The separation between the ground

state and the triplet was fixed at 3.7 MeV. At small angles the separation between

the ground state and the |~ state was fixed at 7.55 MeV. However, at large angles,

the separation was allowed to vary in order to accomodate the increasing number

of quasi-elastic scattering events near the 7.55 MeV state. No background was

present in the region of the elastic peak.

A missing mass spectrum from the 13G slab target was shown in chapter 3

(Fig. 4.2). In Fig. 4.11, a part of that spectrum is shown, including the fit.

4.4.2 Absolute Differential Cross Sections

The number of counts (N,) in each channel under the fitted line was multiplied

by N0RM3 = Tj=r (Eq. 4.2) of the run and divided by the acceptance efficiency

(eA )i corresponding to that channel. Thus, the total yield (Yi3C) in the region of

the elastic peak is

Y u c

The acceptance efficiency, (c^),-, at each missing mass channel was obtained by

interpolating the acceptance scan (section 4.1.3). There was an acceptance scan

for each of the three angular bins.

The factor N0RM3 contains the integrated current measured by the ion cham-

ber (IC), which is proportional to the number of incident pions during a run.

However, the proportionality constant between the number of incident pions and

the current collected by the ion chamber was determined at only at two energies

in this experiment. In addition, the absolute solid angle of the spectrometer was

not measured. In order to obtain the absolute differential cross sections, the 13C

yields were normalized to yields from a target with known cross sections.

For this experiment, we used cross sections of 12C to normalize the 13C yields.
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That is,

(iff

Here, Yuc are the I2C elastic yields from a CH2 slab target. i i i c and tt3C are

the areal number densities of 12C and 13C, respectively, in the slab targets. The

^"2(0tgtC) i s t n e a n S l e between the norm to the CH2 (13C) target and the tangent

to the beam trajectory at the target. The reasons for choosing 12C are as follows.

The solid angle was distorted by the bending effect of the Zoltan magnetic

field. That gives the solid angle a momentum dependence which is not accounted

for by the acceptance scan because the acceptance scan was done only with Zoltan

turned off! Since the atomic weights of 13C and 12C are close, the dependence of

the effective solid angle of the spectrometer on ^ j | has only a small effect on the

cross section normalization.

Another reason to choose 12C measurements for the normalization is that the

cross sections have been measured for n+ and n~ scatterings at 100, 120, 148, 162,

180, and 226 MeV. [Bi 70,Pi 77,Pi 78,Th,Mo2] For normalizing our 13C data mea-

sured at 145, 165, 180, 226 MeV for n~, and 223 MeV for ir+, the corresponding
12C cross sections were obtained by interpolating the 12C data. For the normal-

ization of our data at 114 MeV (for x~) and 130 MeV (for 7r+ and TT~), there

were no previous 12C data for interpretation. Therefore they were obtained by

an optical model calculation using the subroutine DAMIT[Hu 73] of the program

3DEE[Ch 77]. In order to check how well the optical model fits the existing exper-

imental data, elastic cross sections were also calculated at 100, 120, and 148 MeV.

Using a 28 MeV energy shift [Co 87], the calculations fit the data to within 10% at

most angles and within 20% at the first minimum. These fitting uncertainties are

included in the errors of the 13C cross section data at 130 and 114 MeV, respec-

tively. The differential cross section data at TT= 114, 145 and 180 MeV are not

presented in figures but are listed in the tables in Appendix B. A discussion of the
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error estimate is presented in section 4.4.3.

The CH2 data were taken at small scattering angles near 35° for TT~ at all

energies (114, 130, 145, 165, ISO, and 226 MeV) and for ir+ at 130 and 223 MeV.

Like the 13C data, the data of the 12C runs were divided into three angular bins,

using the same gates on <f>tgt as used in the 13C runs. For each angular bin, a

normalization factor NORM was obtained (Eq. 4.25). According to the log book

the areal number density t\2C was 140 mg/cm2. (see below!)

*»c = 0.14 ( -£- ) x 6.02 x 1023/14 (g) (4.26)
cm'

= 6.02 x 1021 (—.). (4.27)
cm2'

The areal number density ti2C in the 13C graphite target was

ti3c = 0.974 (-^-r) x 6.02 x 1023/13 (g) (4.28)
cm'

= 4.51 x 1022 (-I-?). (4.29)
cm'

Using the target thicknesses given above and Eq. 4.25, the 13C cross sections

at near 0jab = 40° and T* = 165 MeV were found to be smaller than the existing
13C cross sections[Se 83] by a factor of about 3. For the other incident energies,

there were no previous 13C cross sections to be used for comparison. However,

it is known that the elastic cross sections of pion scattering on l3C and 12C are

close. As an example, the elastic cross sections of ir~ scattering on 13C [Se 83]

and 12C[Pi 77] at Tr = 162 MeV are both presented in Fig. 4.12. Thus, the 13C

cross sections obtained above were compared with the existing 12C cross sections

at similar incident energies. A factor of 3.3 was consistently found at 165, 226, and

223 MeV for all measured angles. It was concluded that the thickness of the CH2

slab target had actually been larger by that factor than the recorded 140 mg/cm2.

The results quoted for the 13C elastic differential cross sections and listed in the

tables of Appendix B, include this factor.
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The 13C cross sections in the c. m. system are presented, with the existing 12C

data at similar energies, for TT~ at 165 MeV in Fig. 4.12, for TV~ at 226 MeV in

Fig. 4.13, and for TC+ at 223 MeV in Fig. 4.14. Fig. 4.12 shows that our I3C data

at Tff = 165 MeV are consistent with the existing 13C data at TV = 162 MeV. At

most angles these 13G cross sections are very close to the 12C cross sections, except

in the region between the first minimum and the second maximum of the cross

sections where the 13C cross sections are larger by a factor of about 1.5. A similar

difference is found between the 12C data and our l3C data at T , ~ 226 MeV for

n~ (Fig. 4.13) and for n+ (Fig. 4.14). In this region, our 13C cross sections are

about a factor of 2 greater than the 12C cross sections, which is consistent with

the ratio (1.7) predicted by the program PIPIT (chapter 5). At angles below the

first minimum and above the maximum of the cross sections, our 13C cross sections

have nearly the same magnitude as the 12C data. The error bars shown in Fig.

4.12 to 4.17 include all uncertainties except systematic errors (see section 4.4.3).

For another check on the normalization, the 13C yields at small angles for 7r+

at 130 MeV were obtained from scattering on the same targets (13C graphite and

CH2) but with Zoltan turned off. These 13C yields were normalized to the !H

yields of the CH2 target runs and the known XH cross sections obtained from a

phase shift analysis[Ar 85]. As in the runs with Zoltan turned on (page 97), the

resultant cross sections needed to be renormalized by a factor of 3.3. Fig. 4.15 shows

the renormalized 13C cross sections taken with Zoltan turned on (full circles) and

turned off (crosses) agree within error bars. The l3C cross section at one angle

was also obtained from the unpolarized cryogenic target run in which both 13C

and 'H peaks are seen in the missing mass spectrum at small scattering angles.

After background subtractions, the 13C yields extracted from the spectrum were

normalized to the *H events of the same spectrum. The cross section obtained from

the unpolarized cryogenic target run (the square in Fig. 4.15) are about 25% lower

than from the slab target. This might be due to losses from multiple scatterings
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in the very thick cryogenic target, and/or the different solid angles of LAS for

measuring the scattering events from 7r-proton and TC-1:13 n

4.4.3 Uncertainties in Differential Cross Section

The uncertainties in the cross section data involve statistical errors, uncertain-

ties due to the evaluation of NORM and uncertainties in the acceptance scan. The

last one is a 3% systematic error in the I3C cross section measurements.

The statistical errors of the 13C yields are within 5% for all data except near

the second minimum in dcr/dfi, where the statistical errors are 15% to 50% for n+

scattering at 226 MeV and are about 10% at other measured energies.

There are uncertainties involved in the normalization procedure. These uncer-

tainties include the statistical errors of the 12C yields, the uncertainties involved in

the interpolation of the existing 12C data and optical model predictions, and the

uncertainties in the solid angles. The statistical errors of the 12C yields are less

than 3%. For all energies except 114 MeV and 130 MeV, the 12C cross sections

were obtained by interpolation of existing 12C data. The uncertainties in the inter-

polations (about 5%) contribute to the uncertainty in the cross sections. For data

at 114 MeV and 130 MeV, the uncertainties in the optical model predictions of the
12C cross sections are estimated to be 10% at angles from 30° to 50° and 20% from

50° to 65°. The CH2 target run at 130 MeV was taken near 45° whereas the run

at 114 MeV was taken near 60°. Therefore, this uncertainty was estimated to be

10% for the data at 130 MeV and 20% at 114 MeV.

An additional large uncertainty in the extrapolation of the normalization to

large angle measurements needs to be included. The absolute cross sections were

obtained by normalizing to 12C cross sections extracted from the CH2 runs. The

CH2 target runs were taken at one LAS setting at a small angle (~ 40°) for each

incident pion energy and from 40° to 65° for n+ at T* = 130 MeV. It was found

that the normalization factor changes gradually by about 50% between 39° and
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63° with Zoltan turned on. Unfortunately, this problem was not resolved. Thus,

the absolute differential cross sections were given an additional error of up to 50%

for all angles beyond 47°.

Whereas the large uncertainties in da/dQ are not satisfactory, it should be

pointed out that the primary goal of this experiment was the measurement of

asymmetries, which are not affected by cross section uncertainties. Good cross

sections should be measured in a future experiment.

The total non-systematic uncertainty was calculated as the square-root of the

sum of the squares of the uncertainties discussed above (except for the systematic

acceptance scan uncertainty). The total non-systematic errors are listed in the

tables of Appendix B.

4.5 Uncertainties in Scattering Angle

With a standard setup (without a target magnet) at LEP with the LAS, the

scattering angle can be determined to an accuracy of better than ±0.5° from the

wire chamber measurements [Mo2]. The correction for the presence of Zoltan and

Werbecka by raytrace calculations, as done in this work, introduces an additional

uncertainty which is difficult to estimate. However, the scattering angle can be

measured by taking cross section data in the region of a sharp minimum in the

angular distribution both with the magnets turned on and off.

Available from the present and previous experiments are cross section data on

the 13C and 12C targets. Unfortunately, the range of angles in this work does not

include a sharp minimum as required for best results. Nevertheless, by comparing

the previously measured 13C and 12C cross sections at 162 MeV (Fig. 4.12), and

comparing our 13C cross sections at 226 MeV (for 7r~, Fig. 4.13) and 223 MeV

(for TT+, Fig. 4.14) with the 12C cross sections at 226 MeV, the uncertainty in the

scattering angles of the slab target runs is estimated to be roughly ±1.5°.
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A good target for a measurement of the scattering angle, with the magnet

turned on, would be lead since Pb(7r,7r) shows distinct minima in its angular dis-

tribution at the incident energies of the present experiment. The next time the

Zoltan magnet is to be used in conjunction with LAS in the LEP area, such a

measurement should be performed and the uncertainty estimated above could be

reduced.

We note, however, that for the comparisons of the data with theoretical predic-

tions for the 13C(7r,7r) asymmetries, the uncertainty of about ±1.5° in the scattering

angle (although undesirably large) is of minor importance as long as the uncertain-

ties in the asymmetries cannot be reduced significantly from those obtained in this

experiment.

Another problem was encountered with the cryogenic target setup. During the

experiment, when the refrigerator system was fully operational, it was discovered

that the center of the target cell was actually 1 cm downstream from the center of

Zoltan. (When tracing back to the target to calculate the scattering angle on the

target, it had been assumed that the target was at the center of the Zoltan field).

The JB-dl of the Zoltan field (B) back to the assumed target position is different

from that to the true target position. This difference has a large effect in the

measurements on hydrogen because of the small momenta of the scattered pions.

A negative 2-degree correction was estimated for the hydrogen measurements and

was included in the scattering angles of Table 4.1. For scattering from 13C the

correction is small compared with the uncertainty of ±1.5° given above and has

therefore been neglected.

4.6 Summary of Experimental Results

Non-zero asymmetries were observed for ir~ scattering at T* = 130 MeV at

angles near the first (~ 60°) and second minima (~ 100°) of d<r/dfl! (Fig. 4.16).
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For TT+ scattering the asymmetries were consistent with zero at all angles. A

larger asymmetry is expected and observed for TT~ scattering than for n+ scattering

because there is an excess neutron in 13C to which a TT~ couples more strongly than

a. n+ in the region of the P33 resonance. [Mo 78,De 79] The experimental data taken

at TT = 223 MeV for TT+ and at T* = 226 MeV for n~ are shown in Fig. 4.17.

Asymmetries consistent with zero were found for both 7r+ and TT~ in the angular

range of 40° and 80° at the energies above the resonance.

The asymmetries from the search for predicted large values in TV~ scattering

near the second minimum of dtr/dfi were all found to be very small (Fig. 4.IS).

Specifically, at TT = 165 MeV our data are consistent with zero, a result similar

to that found in the experiment on 15N[Ta 89,Me 90].
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Figure 4.5: 13C polarization F with off-line corrections. Each circle represents the

polarization averaged over the time of an individual run. The open circles are for

the low microwave frequency (spin-up for TT+ and spin-down for T " ) , the full circles

are for the high microwave frequency (spin-down for JT+ and spin-up for T " ) .
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Figure 4.6: Typical spectra for n+ scattering at TK = 223 MeV and 0^ = 50°

from polarized 13C4HioO (spin-up): (a) thick line: spectrum from cryogenic target;

thin line: MT background spectrum; (b) thick line: spectrum with MT background

subtracted; thin line: oxygen background spectrum; (c) thick line: spectrum with

MT + 1 60 background subtracted. The vertical scale gives absolute counts for the

thick lines. The MT and I6O spectra are properly renormalized. The l3C peak is

not centered at zero missing mass because of the energy loss in the target.
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Figure 4.8: SUM spectrum (with 13C kinematics) for 13C(ir-,ir-) at 0Ub = 60° and

T, = 130 MeV.
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Figure 4.9: DIFF spectrum (with 'H kinematics) in the region of the n ++p peak at

= 54° and T , = 130 MeV.
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Figure 4.10: SUM spectrum (with lH kinematics) in the region of the 7r++p peak at

0iab = 54° and T* = 130 MeV.
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Figure 4.11: Fit to the slab target missing mass spectrum using NEWFIT. The

experimental points are from the same run shown in Fig. 4.2.
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Figure 4.12: d<7/dfi oi 13C (a- ,*-) at T,, = 165 MeV obtained in this work (full

circles), the d<r/dQ of 13C (*•-,»-) at T^ = 162 MeV from Ref. [Se S3] (crosses), and

da/dQ of 12C (*-,*-) at T, = 162 MeV from Ref. [Pi 77] (open circles).
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(full circles) and da/dSl of 12C(TT-, «-) at T, = 226 MeV from Ref. [Mo2] (open

circles). For the difference between the two data sets, at the 2nd maximum, see page

97.
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Figure 4.15: Forward angle dcr/dfi of 13C (?r+, TT+) at T» = 130 MeV obtained with

the 13C graphite target with Zoltan turned on (full circles) and turned off (crosses),

and with the unpolarized cryogenic target with Zoltan turned on (a square at about

40°).
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Figure 4.16: Experimental dcr/dft (top) and Ay (bottom) of 13C at 130 MeV for r +

(right) and it~ (left) elastic scattering.
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Figure 4.17: Experimental d<r/dfi (top) and Av (bottom) of 13C at 223 MeV for T +

(right) and at 226 MeV for TT" (left) elastic scattering.

113



0.3

0.0

-0.3

£0.3
SJ o.o
S
£-0.3

tt-

7)

0.3

0.0

-0.3

1.75

= 114 MeV : :

11 •—f

= 130 MeV ±
T

i M II
Tw = 145MeV . "

•MI
. . . I ,

Tw = 165 MeV

il

Tw = 180 MeV

-• t

1.85 1.95 1.85

= 226 MeV

1 i"

1.95

i

j

1

1

2.05

Figure 4.18: Asymmetries of 13C (*-, ir") at TT = 114, 130, 145, 165, 180 and 226

MeV within a region of momentum transfer of 1.75 < q < 2.05.
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Chapter 5

Interpretation of Data

In an attempt to interpret the data, we have calculated theoretical Ay and

in the distorted wave impulse approximation (DWIA) using a model which

employs a first-order optical potential. Following a prescription given by Chakravarti

[Ch 90], we used the optical-model program[Ei 76] PIPIT in conjunction with

the inelastic-scattering code[Le 80] ARPIN. Spin-independent and spin-dependent

parts of the elastic scattering matrix were obtained from ARPIN with the distorted

waves from PIPIT. In this chapter these calculations and predictions by others are

discussed in some detail and compared with the data.

5.1 Pion—Nucleus T-matrix

The program PIPIT solves the relativistic Lippmann-Schwinger equation in

momentum space to obtain the spin-independent pion-nucleus T-matrix. In the

factorization approximation [La 73,La 75] the optical potential, employed in the

Lippmann-Schwinger equation, is a product of the nucleon point density of the nu-

cleus and the free 7r-N scattering matrix. The antisymmetrization of the T-matrix

is carried out in the Kerman-McManus-Thaler (KMT) formalism[Ke 59}. The T-

matrix from PIPIT can be used to calculate the spin-independent cross sections
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(da/dQ oc |T|2), the n-A real phase shifts (6L), and the absorption parameters

5.1.1 Optical Potential

The optical potential contains a pion-nucleus strong interaction part and the

Coulomb potential. In momentum space, the strong interaction part is the product

of the nucleon point density of the ground state and the free pion-nucleon scatter-

ing matrix. We used p-shell Gaussian wave functions to generate the ground state

density in momentum space. Choosing an oscillator parameter, b = 1.557 fm,

the ground state density, calculated with the code ALLWORLD[Ca] and Cohen

and Kurath[Co 74,Le SO] (CK) wave functions, is very close to the density ob-

tained from unfolding the charge distribution of a proton[De 87] from the mea-

sured charge density of 13C[Si SO]. Fig. 5.1 shows the ground state nucleon point

densities in momentum space. For the neutron point density, we used the same

shape as the proton point density, but normalized to the total number of neutrons

in the 13C nucleus. (The experimental root-mean-square (rms) charge radius of
13C, Rrnn = 2.44 fm, is reproduced by adding quadratically the rms radii of this

proton point density and that of the proton (O.S fm)). The corresponding nucleon

point densities in coordinate space are shown in Fig. 5.4.

In the impulse approximation, the 7r-Nucleon scattering matrix in the pion-

nucleus (7T-A) system (t-matrix) is obtained from the free jr-Nucleon scattering

matrix in the pion-nucleon (7r-N) system (t-matrix). The t-matrix is constructed

from the tabulated phase shifts and absorption parameters of Arndt[Ar 85],

The on-shell t-matrix is calculated at an energy below the actual pion-nucleon

center-of-mass energy by an energy shift (ESB), which appears to correct for some

second-order effects such as the Fermi motion. Frequently, the values of the energy

shift (ESB) are allowed to vary in order to obtain a better fit to the data. In this

work, for T , = 130 MeV, ESB = S MeV and 12 MeV were used for rr" and
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Figure 5.1: Momentum space proton point densities of 13C. Dotted line: obtained

from the charge density; solid line: calculated by ALLWORLD using CK amplitudes

with b = 1.557 fm. The neutron point density (dashed line) is of the same shape as

the CK proton density (solid line), but normalized to the total number of neutrons

in 13C.
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7r+ scatterings. The 4 MeV difference between the ESB values for n+ and ir

approximately accounts for the TT-A Coulomb energy differences near the nuclear

surface.

For the off-shell scattering, the t-matrix is approximated by extrapolating from

the on-shell value by use of an off-shell factor[Ei 76]. We used a Gaussian function

with a damping factor o^. In all calculations, the damping factor was fixed at

ad = 3 x 10"6 (c/MeV)2, the value used to fit the 162 MeV data[Se 83].

The transformation of the t-matrix (in the 7r-N system) to the t-matrix (in the

7r-A system) and generation of the optical potential are done in the framework of a

partial wave expansion. In the calculations up to TT = 162 MeV, inclusion of only

the s and p 7r-N waves in constructing the t-matrix is sufficient. The d wave needs

to be included for the calculations above 162 MeV. The t-matrix of each partial

wave is then multiplied by the corresponding term in the expansion of the ground

state density in terms of of Legendre polynomials, and 3 (4) t-matrix partial waves

were needed in the calculations up to (above) TT = 162 MeV to create the optical

potential. The optical potential is expanded in terms of pion-nucleus partial waves.

A total of 15 pion-nucleus partial waves (L < 14) were used.

In addition to the pion-nucleus interaction, the Coulomb potential is included

in the optical potential. The Coulomb interaction inside a radius (Re = 2.44 fm)

is calculated for a uniform, spherically symmetric charge distribution. Outside

of Re, the Coulomb interaction is assumed to be that of a point charge. The

asymptotic nuclear radial wave functions derived from the optical potential are

matched[Ei 76,Vi 74] to the Coulomb wave functions at RcUt = 6 fm.

5.1.2 Pion-Nucleus Phase Shifts and Absorption Parame-

ters

PIPIT calculates the pion-nucleus T-matrix and derives the pion-nucleus real

phase shifts (6L) and absorption parameters (TJI). Examples of 6i and \-\qi | J vs.
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Figure 5.2: 7r-nucleus real phase shifts, Si, vs. the v-A partial wave, L.

L, the orbital angular momentum of the TT-A partial wave, are shown in Fig. 5.2

and 5.3 for T* = 130 MeV. \-\qL |2 = 1 represents 100% absorption and l-\qL |2

= 0 represents 100% transmission. At the "grazing" partial wave, Xfl, the nucleus

is "half transparent" to a incident pions, i. e., l-\r}L9 |2 = 0.5. For 130 MeV v

scattering on 13C, L9 ~ 3.6 for TT+ and Lg ~ 3.73 for TT~. In coordinate space this

corresponds to the strong absorption radius Rg = Lg/k = 3.05 fm for JT+ and Rs

= 3.16 fm for n~ (an average of about 3.1 fm). Ra is larger for it~ than for rr+

because of the excess neutron in 13C and the Coulomb force which is attractive for

7T~ and repulsive for v+. The magnitude of Rg depends on the range of the TT-N

force (typical 1 fm) and the size of the nucleus. After unfolding quadratically the

7T-N force range, we obtain a strong absorption nuclear radius of about 2.9 fm.

The 7r-nucleus scattering cross sections will be sensitive to details of the nuclear

wave function only in a region in the nuclear surface, corresponding to a range of L

within which l-|*7i I2 changes from, roughly, 10% to 90%. This region has a width of
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Figure 5.3: TT-A absorption coefficient, 1-|7?£ |2, vs. the 7r-nucleus partial wave, L.

AL = 2.4 or, in coordinate space, Ar = 2.0 fm. Therefore, we obtain 2.4 < R9 < 3.4

fin to be the region of most interest in pion scattering from 13C. Fig. 5.4 shows

the ground state density calculated by ALLWORLD using CK amplitudes with the

values of r corresponding to \-\r}L |2 = 10% and 90% indicated by arrows.

The n-A distorted waves are constructed in PIPIT using the M0ller operator

[Ei 76]. The distorted waves, the t-matrix and the spin-independent T-matrix are

stored in a file to be used in ARPIN. The spin-dependent part of cross sections

is calculated in ARPIN using the distorted waves from PIPIT and the transition

densities provided by various nuclear structure models.
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Figure 5.4: Nucleon point densities of 13C (ground state) in coordinate space. The

regions corresponding to 10% and 90% of absorption for TT-13C at 130 MeV are

indicated by the arrows.
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5.2 Comparison of the Data with Theoretical Cal-

culations

5.2.1 Predictions with Different Shell-Model Densities

The nuclear transition density amplitudes, <j| 6* x h* j |> as defined in Ref.

[Le 80], are usually classified according to the total and the orbital angular mo-

mentum transfers J and L, and the spin transfer S. For elastic scattering on a spin

Jo = 1/2 nucleus such as 13C, there are six possible combinations of J(LS): 0(00),

1(01), 1(21), 0(11), 1(10), and 1(11) (see Table 5.1). The L = 1 terms can be

neglected in a first-order calculation.

The T-matrix for pion scattering from a spin-^ nucleus is expressed as

•<? (5.1)

(Eq. 1.1). To first-order, the spin-independent TT-A scattering amplitude F{9) is

proportional to the 0(00) part and the spin-dependent amplitude Q(6) is propor-

tional to a combination of the 1(01) and 1(21) parts. In order to study the sensitiv-

ity of Ay to nuclear structure models, shell model transition densities (Table 5.1)

of Cohen and Kurath (CK)[Co 74,Le 80] and of Tiator and Wright (TW)[Ti 84],

and variations of these densities were employed in tht -WIA calculations. The

CK density was constructed[Co 74] using the effective interaction for the lp shell

obtained by fitting energy levels of nuclei of A = 6 to A = 16. The TW density was

obtained[Ti 83] using the experimental magnetic moments of A = 13 nuclei, the

beta decay constant of 13N, and the magnetic form factor of l3C as input. Since

the quadrupole spin-flip (J(LS) = 1(21)) transition is not uniquely determined by

the above inputs[Ti 83], its transition amplitude was obtained by minimizing the

contribution of the Ml transition to the 13C(7, ir~) cross sectionsfDu 87].

The discussions of the calculations in this work will focus on the case for the

incident pion energy T , = 130 MeV, where complete angular distribution data of
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Figure 5.5: Experimental da/dSl and Ay at T , = 130 MeV. The DWIA curves were

obtained with transition densities of CK[Co 74, Le 80] (solid line) and TW[Ti 84]

(dashed line).
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da/dfl and Ay exist for both 7r+ and -K and non-zero asymmetries were observed

for the it~ scattering. The oscillator parameter of b = 1.557 fm, which produces

an S = 0 ground state proton point density close to the unfolded charge density

(Fig. 5.1). was used in these calculations. A discussion about the values of b which

provide better fits to the experimental data, is presented in section 5.2.2.

Reasonable fits to the elastic differential cross sections of the data at T* = 130

MeV were obtained (top of Fig. 5.5). The choice of either the CK or TW densities

has only a very small effect on dcr/dft because the dcr/dfi are dominated by the

0(00) amplitudes which are identical for CK and TW (Table 5.1). However, the

asymmetries calculated with the CK and TW densities are very different. The

solid lines in Fig. 5.5 were calculated using the CK density. Except for angles near

60° (q as 1.2 fm"1), the DWIA calculation gives only a poor description of the ir~

asymmetry data. Near 90° (</ as 1.6 fm"1) the asymmetry data and predictions are

out of phase. The ir+ asymmetry data are consistent with zero at all angles but the

CK density predicts negative Ay near 90°. The TW density fails to fit (Fig. 5.5)

the 7T~ asymmetry data by predicting either negative (near 50°) or near zero Ay (at

90°) whereas the data are either positive at intermediate angles or consistent with

zero at small and large angles. The fit with the TW densities to the ir+ data near

90° is probably fortuitous since the data at small angles do not show the predicted

negative asymmetry.

Table 5.1: Neutron < n > and proton < p > transition density amplitudes

J(LS) 0(00) 0(11) 1(01) 1(21) 1(10) 1(11)

CK < n > 2.041 -0.463 -0.235 0.929 0.464 0.000

Ref.[Le 80] < p > 1.633 -0.739 -0.003 0.039 0.115 0.000

TW < n > 2.041 -0.463 -0.208 -0.096 0.399 0.000

Ref.[Ti 84] < p > 1.633 -0.739 -0.015 -0.516 0.171 0.000
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We note that the transition density amplitudes of CK and TW are very similar

for 1(01) but totally different for 1(21) (Table 5.1). What is primarily a 1(21)

neutron particle-hole (p-h) amplitude in CK is almost a pure proton p-h amplitude

in TW. We have therefore studied how Ay is affected by renormalizing the 1(21)

amplitude by a factor a ^ i ) . The solid line in Fig. 5.6 shows again the calculated

Ay with the 1(21) value of CK. Arbitrarily changing the sign of the 1(21) amplitude

essentially flips the sign of the Ay (dashed line). Using two times the CK value

nearly doubles Ay (chain-dashed line), and making the 1(21) piece zero gives a

very small Ay (dotted line) which arise only from the interference of the 0(00) and

1(01) amplitudes. With all of these changes, the da/dQ. remain nearly the same.

Thus Ay is exceedingly sensitive to the 1(21) term. However, it appears that no

value of the 1(21) amplitude would fit the data with the 0(00) and 1(01) parts left

unchanged.

We note that the calculated Ay values at the first and the second minima always

have opposite signs except when c*i(2i) = 0. With the 1(21) piece being zero,

non-zero Ay of the same sign occur only near both minima of the cross sections

and the sign of the Ay is opposite to that of the measured Ay. Therefore, we

did a calculation using the CK density with ai(2i) = 0 and the 1(01) amplitudes

multiplied by -1 . As expected, positive Ay near the minima of the cross sections

were found (Fig. 5.7). However, by adding arbitrarily a small amount of the 1(21)

amplitude, we have not been able to reproduce asymmetries with correct signs at

both minimum regions. Thus, either the nuclear transition density is deficient or

the pion-nucleus reaction mechanism is not described correctly.
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Figure 5.6: Experimental dcr/dfi and Ay at T , = 130 MeV. The curves were obtained

from DWIA calculations using CK densityfCo 74, Le 80] with variations of the J(LS)

= 1(21) amplitude, a ^ u is a factor multiplying the 1(21) transition amplitude.
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Figure 5.7: Experimental d<x/dfl and Ay data at T , = 130 MeV. The DWIA curves

were obtained with J(LS) = 1(21) amplitude set to zero and the 1(01) amplitude

multiplied by +1 (dotted line) and -1 (solid line).
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5.2.2 Attempts to Fit Both the Asymmetry and the Mag-

netic Form Factor

Spin-dependent nuclear structure information is also contained in the magnetic

form factor which is obtained from back-angle elastic electron scattering measure-

ments. It was shown in Ref. [Hi 82] (and also reproduced in this work) that use

of the CK density with a slightly larger oscillator parameter (b = 1.59 fm) than

was used in the asymmetry calculation presented so far (b = 1.557 fm), the fit to

the square of the magnetic form factor, |F\u|2, is excellent at small momentum

transfer, q < 1.3 fm"1 (dashed line in Fig. 5.8). However, significant deviations

from the experimental |FMI|2 were found at q > 1.3 fm"1, the same region where

the Ay data were not fitted using the same transition density.

It was shown by Hicks et a/.[Hi 82] that the fit to the |F\u j 2 data is improved by

using b = 1.73 fm and a quenched amplitude for the quadrupole spin-flip transition

(J(LS) = 1(21)). Following their prescription we have also obtained a better fit

(solid line in Fig. 5.8) to the |F\u|2 using b = 1.73 fm and the CK density with

a quenched 1(21) amplitude using ai(2i) = 0.708. Applying the same oscillator

parameter the fits to the da/dQ data are improved for both n~ and T + scatterings

(compare the solid lines in Fig. 5.10 and 5.5) . The magnitude of the calculated

asymmetry near the second diffraction minimum is reduced. However, there is still

a non-zero asymmetry for n+ scattering and the asymmetry has the incorrect sign

for TT~ near the second minimum.

A similar effect was found using the TW density. The |FMI|2 calculation with

b = 1.59 fm and the lp-shell TW density places the minimum at too huge q = 1.1

fm"1 (dashed line in Fig. 5.9). The fit to the |FMI j 2 was improved by using the TW

density with b = 1.73 fm (solid line in Fig. 5.9). With a larger b, the cross sections

are fitted slightly better (compare the dashed lines in Fig. 5.10 and 5.5), but the fit

to the asymmetry is still poor, regardless of what transition density is used. This
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Figure 5.8: Experimental magnetic form factor, |FMI|2 [Hi 82]. The curves were

obtained using the CK density[Co 74, Le 80] with b = 1.59 fm (dashed line), and

the CK density with a quenched J(LS) = 1(21) amplitude (ax^) = 0.708) and b =

1.73 fm (solid line).
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130



may have several reasons. We note that the |F\u|2 is dominated by the isovector

part of the transition. Thus an improvement in the fit to the |FMI|2 does not

necessarily imply an improvement in the fit to Ay since the latter is dominated by

the isoscalar transition density (see page 9). In addition, the reaction mechanism

is probably not sufficiently well known.

It was also shown by Hicks et al. that the fit to the (Fxn |2 at high q can be

much improved by including a 16% admixture of higher-shell {2hu) components.

In order to explore the effects on Ay of a possible higher-shell admixture in the

nuclear wave functions, we have also done calculations with the phenomenological

transition densities of Bennhold and Tiator[Be 90] and harmonic oscillator wave

functions (the only option in ARPIN).

In this model the transition density amplitudes are derived from a simple

schematic 13C wave function where a pi/2 neutron is coupled to a closed 12C core,

i. e., |13C > = a |lpi/2 > +/? |2pi/2 > with a2 + &2 = 1. The matrix elements for

the higher shell admixtures are the extreme j-j amplitudes multiplied by a factor

of a- 0 for the (2pi/2)1(lpi/2)~1 and (2pi/2)1(2pi/2)~1 particle-hole transitions, and

by a factor of /?2 for the (2pi/2)1(2pi/2)~1 transitions. The matrix elements for

the lp-shell are obtained by multiplying the TW amplitudes[Ti 84] (Table 5.1) by

a2. For the case of a 16% 2p-shell admixture the matrix elements[Be 90] are listed

under (2) in Table 5.2 with a = 0.91 and /? = -0.4. It was found[Be 90], however,

that a 2p-shell admixture of only 6% (line (3) in Table 5.2 with a = 0.96 and 0 =

-0.25) provides a better fit to the photo-pion data on I3C.

For the pion elastic scattering, we found (Fig. 5.11) that for both v~ and

7r+ the 2p admixture reduce the asymmetry near the first diffraction minimum

but increase it near the second one with no improvement in the fit to the data.

Relatively larger effects from the 2p admixtures were found in DWIA calculations

for the 13C(jr+,7r°)l3N reaction. [Ka 91]
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= 13C (TT", TT-) 130 MeV

- CK

TW

1 3 C(TT + , 7T + ) 130 MeV I

-1.0
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0cm (deg.) 6^ (deg.)

Figure 5.10: Experimental da/dtl and Ay at T , = 130 MeV. The DWIA curves

were obtained with the CK[Co 74, Le 80] (solid line) and TWfTi 84] (dashed line)

densities which reproduce the |FMI|2 data[Hi 82] for q < l.Sfm"1.
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Figure 5.11: Experimental dcr/dft and Av at Tff = 130 MeV. The DWIA curves were

obtained using the TW densityfTi 84] with b = 1.557 fm and higher shell admixtures

of 0% (solid line), 16% (dashed line), and 6% (dotted line).
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Table 5.2: Phenomenological 2p-shell transition densities[Be 90]: (1) the ampli-

tudes in the extreme j-j coupling within the lp-shell; (2) 16% admixture of the

2p-shell amplitudes; (3) 6% admixture of the 2p-shell amplitudes.

(1)

(2)

(3)

J(LS)

(2p,lp)

(2P,2p)

(2p,lp)

(2p,2p)

0(00)

0.577

-0.210

0.092

-0.138

0.036

0(11)

0.000

0.000

0.000

0.000

0.000

1(01)

-0.1S9

0.069

-0.030

0.045

-0.012

1(21)

0.857

-0.312

0.137

-0.206

0.053

1(10)

0.470

-0.171

0.075

-0.112

0.029

1(11)

0.000

0.000

0.000

0.000

0.000

5.2.3 Predictions with Different Reaction Models

The asymmetry data are also sensitive to the pion-nucleus reaction mechanism,

which is not yet well understood. Thus far we have presented predictions using a

first-order optical potential[Ch 90]. Mach[Ma 90] provided a prediction (solid lines

in Fig. 5.12 and 5.13), also using a first-order optical potential as mentioned in

section 5.1.1 but including a phenomenological p2 term, which was adjusted to fit

elastic cross section data at various energies. Here p is the nuclear density. Mach's

predictions with CK densities yield values of Ay similar to our calculations except

at angles near 55°. The fits with the elastic cross sections are generally better in the

calculations of Mach than in our calculations. Additional calculations (dashed lines

in Fig. 5.12) were performed by Mach with the same reaction model, but using TW

densities. The DWIA curves for Av from these calculations are in disagreement

with the data around 60° and also at the larger angles for ir~ ; for TC+ the fit to

the Ay is similar to that calculated by ARPIN (Fig. 5.5).

The small asymmetries observed in the energy-dependence data and theoretical

predictions by different reaction models are shown in Fig. 5.13. At T* = 165
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and 114 MeV the data disagree with the theoretical curves obtained with CK

densities by Mach (solid lines in Fig. 5.13). Preliminary calculations in the A-hole

model[Thi,Hi S3] show significant differences in the asymmetries when compared to

the first-order optical potential predictions. In Fig. 5.13. the dotted lines represent

the full A-hole model calculations and the chain-dotted lines are calculated in the

closure approximation of the A-hole model. At T* = 165 MeV the data show a

preference for the full A-hole calculation. The wave functions used in these two

calculations are again different from those of CK and TW. But the large difference

in the predicted Aj, from two different approaches to the reaction mechanism shows

that the asymmetries are sensitive to the reaction model.

At 226 MeV, the asymmetries predicted by the A-hole model are very different

from those of Mach and of this work (Fig. 5.14), especially at angles greater than

80°. However, our data at 226 MeV for x~ and 223 MeV for 7r+ cannot distinguish

between different interaction models. Because of the exceedingly small cross section

(Fig. 4.17), at angles greater than S0°, the asymmetry measurements at these

energies could be done only at angles smaller than SO0. For T* = 130 MeV,

a wide angular distribution of cross sections and asymmetries was taken in this

experiment, but calculations are not yet available by the A-hole model. It is

important that such calculations are carried out at all the measured energies of

this experiment.
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icf
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n 13C (n- TT") 130 MeV
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Figure 5.12: Experimental dcr/dfi and Ay at T» = 130 MeV. The curves wcr-e ob-

tained from calculations by Mach[Ma 90] using CK[Co 74, Le 80] (solid line) and

TW[Ti 84] (dashed line) densities.
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Tn = 180 MeV j

1.75 1.85 1.95 1.85 1.95 £05

Figure 5.13: Experimental energy-dependence asymmetry data. The curves were ob-

tained from calculations by Mach[Ma 90] using CK densityfCo 74, Le 80J (solid line),

by the full A-hole model[Thi, Hi S3] (dotted line), and by the closure approximation

to this model (chain-dotted lines).
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Figure 5.14: Experimental asymmetry data of l3C at 226 MeV for x~ and 223 MeV

for TT+. The curves were obtained from calculations by MachfMa 90] using the CK

densityfCo 74, Le 80] (solid line) and the TW density[Ti 84] (dashed line), from the

full A-hole model[Thi, Hi 83] prediction (dotted line), from the calculation in the

closure approximation to the A-hole model (chain-dotted line), and from this work

using the CK density (chain-dashed line).
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Chapter 6

Summary

Asymmetries (Ay) and differential cross sections (da/dQ) were measured for

TT+ and 7T~ elastic scattering using polarized and unpolarized 13C targets. The

target material in the polarized target system was 13C-enriched 1-butanol which

was polarized by the Dynamic Nuclear Polarization method. The polarization was

measured by the NMR technique. The pion beam from the Low-Energy-Pion

channel at LAMPF was used and the scattered pions were detected by the Large-

Acceptance magnetic Spectrometer (LAS). The asymmetry was extracted from

spin-up and spin-down runs with background subtracted. The differential cross

sections were measured using a 13C graphite target. Angular distributions of both

Ay and da/dQ were obtained below the P33 resonance at 130 MeV for TT+ and 7r~,

and above the resonance at 223 MeV for n+ and at 226 MeV for TT~ . In addition, Ay

and da/dQ, were measured in a range of momentum tranfers, 1.75 < q < 2.05 fin"1,

at several energies (114, 145, 165, and 180 MeV). At T , = 130 MeV, the values

of Av are significantly different from zero for n~ scattering. For TT+ at T , = 130

MeV and for both 7r~ and TT+ at all other energies, the Ay are mostly consistent

with zero.

Theoretical analyses were done using different nuclear structure models. The

data were not reproduced by the presently available nuclear wave functions. It

139



was found that the asymmetry is strongly sensitive to the J(LS) = 1(21) (the

quadrupole spin flip) part of the transition. However, the asymmetries could not

be reproduced at all momentum transfers by varying the spin-dependent nuclear

transition amplitudes.

Being sensitive to the isoscalar part of the nuclear transition, the pion data

complement measurements of the (isovector-dominated) magnetic form factor from

electron scattering. In attempts to fit both the asymmetry and the magnetic form

factor, we found that the magnetic form factor can be reproduced up to momentum

transfer of 1.8 fm "x by using a larger oscillator paramter (1.73 fm) than the oscil-

lator parameter (1.557 fm) which fits the ground state density. However, the pion

asymmetries are not reproduced by using this larger oscillator parameter. An im-

provement to fit the isovector-dominated magnetic form factor does not necessarily

suggest an improvement in reproducing the asymmetry since it is dominated by the

isoscalar part of the transition density. In addition, the reaction mechanism is not

sufficiently well known. It was also found that including higher shell admixtures,

which give a better fit to the |FMI|2 data, does not improve the fit to Av at high

momentum transfer. In addition, with quenched CK transition amplitudes, which

provide the best fit to the magnetic form factor data up to momentum transfer of

1.7 fm"1, the theoretical fits to the asymmetry data were hardly improved at all.

The asymmetry data of this and other recent \vork[Ta 89,Ri 91] are not yet

understood theoretically. They contain new information on the nuclear spin tran-

sition density and the pion-nucleus reaction mechanism. Further theoretical effort

is needed to describe the behavior of the nuclear transition density at high mo-

mentum transfer, and specifically, its isoscalar spin-dependent part. Ruther ex-

perimental effort is needed to measure the spin observables of pion scattering from

a nucleus of well known structure. Excellent wave functions are available for 3He

from few-body calculations, and hence asymmetiy measurements may provide a

test of the reaction models, without nuclear structure uncertainties. Once this task
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is accomplished, the data of this thesis will provide information on the isoscalar

part of the spin transition density in the nucleus.
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Appendix A

Dynamic Nuclear Polarization

The mechanisms of the dynamic nuclear polarization technique are de-

scribed by W. de Boer in Ref. [Bo 74].. The basic principles of this method are

taken from Ref. [Bo 74] and [Je 63], and is summarized in this Appendix.

Consider an ensemble of identical particles with spin = 1/2. In the presence of

an external magnetic field B, the interaction between the magnetic field and the

magnetic moment (fi) of these particles produces energy shifts of f̂/T • B, so that

the energies of the magnetic substates are

Em = E 0 T/? -B , (A.I)

for m = +1/2 and -1/2. This is known as the Zeeman effect (see Fig. A.I). Here

Eo is the original energy (without the B field). For the electron fi = -1.001 16(1B

= -1.00116 ^ , for the proton n = 2.79285 nN = 2.79285 ^ , and for 13C n

= 0.70238 nN. The energy difference (AE) between E+ 1 / 2 and E_ t /2 is Planck\;

constant (h) times the Larmor frequency.

When the temperature (T) of the spin system is in equilibrium with the tem-

perature of the lattice (i. e. , the thermal equilibrium, TE, condition), the number

(Nm) of particles in the substate m is given by Boltzmann distribution

^ ) , (A.2)
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m
iiEm = Ep + JJB

AE

— +1/2
E m = Eo -

Figure A.I: The energy diagram of an ensemble of spin = 1/2 particles in an ex-

ternal magnetic field. The spin substates are nondegenerate due to the interaction

of the magnetic moment and the external field (Zeeman effect). The energis of the

substates (m = -1/2 or +1/2) are denoted as Em.

where k is the Boltzmann constant. The spin substates are populated differently

and the polarization of this ensemble is defined as

PTE . N + V s N - V ( A . 3 )

= tanh(/T-B/fcT). (A.5)

The above equation shows that large magnetic fields and low temperatures are

favorable for obtaining high polarization. For the case of an ensemble of electrons

at T = 0.5 K and in the presence of a magnetic field B = 2.5 T, PiE(e~) = -0.9976.

For protons PTE(p) = 0.0051 and for 13C PrE( 13C ) = 0.0013. Thus, for obtaining

high nuclear polarization, this so called "brute force" method, in which the target

material is cooled in a high external magnetic field, is rather impractical.

Now, consider a sample of protons (spin I = 1/2) and free electrons (spin

J = 1/2) in the presence of an external magnetic field. The spin Hamiltonian of
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this system can be written as

H = En + Ha + Hn + fJother, (A.6)

where JETjz and H\z, refer to the electron and proton Zeeman effect Hamiltonian;

HJI corresponds to the spin-spin interaction between electrons and protons, .ffother

includes any other interactions (e. g. interaction between electrons, between pro-

tons, between electron and proton and the rest of lattice, presence of an external

oscillating magnetic field, etc. ), which were assumed to be small compared to Hn

in a strong external field.

The energy diagram of this system in a strong magnetic field are shown in Fig.

A.2. The notation |JZ, Ix > is used in the figure. The energy difference between

the substates with opposite Jz but the same lz is denoted by A. According to Eq.

A.I (with B = 2.5 T), A = 2 \fi{e~l)B\ = 2.9 xlO"10 (MeV), corresponding to a

Larmor frequency of 70 GHz. S is the energy difference between the substates with

opposite Ix but the same Jz. With B = 2.5 T, 6 = 2 \fi(p)B\ = 4.4 xlO' 1 3 (MeV),

corresponding to a Larmor frequency of 106.5 MHz. The ratio A/£ «- 1000 is due to

the ratio of electron and proton magnetic moments. Column (A) in Fig. A.2 shows

the relative accupation probabilities of the substates in the TE condition. At low

temperature, most of e~ and nuclei are in the substates |a > and |b > (according

to Eq. A.2) because A is much larger than 6. Nuclear polarization corresponding

to this "static state" is on the order of 10"3 (at T = 0.5 K and B = 2.5 Tesla).

The transition rate, the probability per second of inducing a transition between

two states, depends upon the relative population of the substates between which

the transition takes place. This transition can be caused by phonons generated by

the collective motions of the lattice. Thus, the transition takes place even when

the sample reaches thermal equilibrium. The transitions between nuclear substates

with the same Ix (|a ><—> |c > and |b ><—• |d > in Fig. A.2) are called the allowed

transitions with the transition rates denoted as Wo- The transitions |a ><—* |d >

and |b ><—• |c > are called first-order forbidden transitions which proceed with
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(A)

w_

b > = I — > - £ - + >

a > = - + > + £ \ — >

Figure A.2: Energy spectrum of a nuclear and electron spin system in a high magnetic

field without (A) and with (B) microwave saturation. Notation of |JZ, lz > is used,

where Jx (Iz) is the Z (the direction of the external field) component of the electron's

(proton) spin state. Transition rates Wo are for the allowed transitions whereas W_

and W+ are for the first-order forbidden transitions.
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an electron and a nuclear spin flipping simultaneously (flip-flop). The ratio of the

probability of a forbidden transition to an allowed transition is equal to 4|e|2 with

e being proportional to the ratio of the local internal field to the external field (see

[Bo 74] for details). For an external field of 2.5 T and the distance between atom*

r~ 10"2, s ~ 10-2.

Applying microwaves with a frequency (i/) corresponding to the energy differ-

ence between the "forbidden-transition" substates, v — \6 + A\/h or v — \8 — A\/h,

can enhance the forbidden transition to one of the higher substates (|d > or |c >,

respectively). The W+ and W~ in Fig. A.2 stand for the transition rates between

the "forbidden-transition" substates. Since the microwave-induced emission and

absorption rates are equal, this will essentially equalize the populations of these

two substates[Je 63], i. e. , these two substates are "saturated". While the ensem-

ble is saturated, the populations of the "allowed-transition" substates are changed

so that Wo remains the same as in the static state[Je 63]. Thus, the number distri-

bution of the spin substates is forced to rearrange. Column (B) in Fig. A.2 shows

the distribution of all substates when the sample is saturated by microwaves of a

frequency v — (6 + A)/h between substates |a > and |d >. Note that the popula-

tion ratios between the "allowed-transition" substates in case (B) are the same as

in case (A). For the case (B), the polarization is

P = NI = - H / 2 N I = _ 1 / 2 _

Nl = +1/2 + Nl . _,/2

For B = 2.5 T and T = 0.5 K, using Eq. A.2 and A.7, the proton polarization can be,

in principle, as high as P = -0.9976, which is the same as what electron polarization

is in the static state. However, such a high proton polarization cannot be achieved

in the laboratory because of the thermal disturbance due to the microwave heating.

The microwaves enhance the forbidden transition which induces a simultaneous

flip of the electron and proton spins. Then the electron returns to its equilibrium

state in a time of about that of the electron spin lattice relaxation time, which is

of the order of milliseconds. It is then ready to flip the next proton of the same
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spin orientation, if there are any proton near the free electron. However, once a

proton spin has flipped, it stays pointing in that direction for a time of the order

of the spin lattice relaxation time, which is normally several seconds. Because of a

favorable ratio between the nuclear and electron spin lattice relaxation times, the

final polarization is greatly enhanced.

The strong dipole-dipole interaction between the proton and 13C nuclei trans-

fers the polarization from the proton to the nucleus. In solids the spin-spin in-

teractions are normally so strong that the whole ensemble of spins acts as a col-

lective system. For such a case, uRedfield[Re 55,Re 69] introduced the hypothesis

that under strong saturation the whole spin system stayed in internal equilibrium,

thus permitting its description by one single spin temperature" (quoted from Ref.

[Bo 74]). This is the equal spin temperature (EST) theory" For the case of our

polarized target saturated by microwaves, the EST theory states that, if the proton

and 13C polarizations are expressed by

Pp = tanh(ji(p)B/JfcTp) and (A.8)

Pi3C = tanh(//(13C )B/fcTi3C ), (A.9)

Tp should be equal to TI3Q . A test was done to calculate the ratio of Tp/Ti3^;

using the proton and 13C polarizations measured in this experiment. Within the

errors (less than 3% ) of the polarization measurement, a ratio of 1.0 was obtained.
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Appendix B

Experimental Data
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Table B.I: Experimental Ay of 13C+7r" elastic scattering at 130 MeV.

0cm. (<ieg.)

39.96

43.25

50.30

53.59

60.57

64.10

70.87

74.27

80.86

84.45

90.95

94.60

101.42

104.96

111.14

115.01

121.91

125.99

As

0.084

0.060

0.088

0.061

0.054

0.173

0.149

0.109

0.120

0.162

0.327

0.216

-.098

-.036

-.134

0.076

0.074

0.158

AAy

0.022

0.026

0.036

0.048

0.060

0.058

0.062

0.060

0.033

0.037

0.086

0.112

0.176

0.132

0.136

0.111

0.074

0.071
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Table B.2: Experimental Ay of l3C+7r+ elastic scattering at 130 MeV.

0cm. (deg)

39.96

43.25

50.30

53.59

60.57

64.10

70.87

74.27

80.86

84.45

90.95

94.60

101.42

104.96

111.14

115.01

121.91

125.99

Av

-.082

-.053

-.063

-.035

0.009

0.C57

0.067

0.025

0.196

0.038

0.030

0.141

0.173

-.061

-.121

-.071

-.078

0.008

AAy

0.036

0.042

0.038

0.048

0.056

0.058

0.064

0.061

0.087

0.105

0.104

0.127

0.162

0.137

0.082

0.068

0.063

0.058
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Table B.3: Experimental Ay of 13C+7r" elastic scattering at 226 MeV.

Jem. (deg.)

35.24

38.89

45.57

49.35

55.61

59.53

68.90

73.03

76.07

79.98

Ay

-.036

-.096

-.097

-.115

-.001

0.134

0.044

-.040

-.069

0.132

AAy

0.037

0.054

0.110

0.091

0.080

0.082

0.048

0.068

0.092

0.133

Table B.4: Experimental Av of 13C+TT+ elastic scattering at 223 MeV.

9cm. (cleg.)

36.31

39.96

46.64

50.42

56.68

60.60

69.97

74.10

77.14

81.05

Av

-.010

-.010

-.016

0.132

-.056

-.107

0.108

-.058

-.112

-.008

AAy

0.043

0.0(52

0.068

0.061

0.047

0.050

0.054

0.068

0.059

0.100
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Table B.5: Experimental Ay of l3C+7r~ elastic scattering at 114 MeV.

0cm. (deg.)

118.97

121.75

124.60

133.59

136.25

138.84

q (fa"1)

1.811

1.836

1.861

1.932

1.951

1.968

Ay

-.164

-.157

-.016

0.109

-.009

0.077

AAV

0.105

0.092

0.067

0.078

0.069

0.073

Table B.6: Experimental Av of l3C+7r~ elastic scattering at 145 MeV.

0cm. (deg.)

94.17

97.02

99.93

102.68

105.33

108.05

1.799

1.840

1.881

1.918

1.953

1.988

Ay

-.076

-.188

-.200

-.217

0.039

0.106

AAy

0.143

0.135

0.121

0.138

0.116

0.109

Table B.7: Experimental Ay of 13C+7r" elastic scattering at 165 MeV.

0c.m. (deg.)

84.13

86.68

89.37

90.60

93.31

95.98

q (fm-1)

1.794

1.837

1.883

1.903

1.947

1.989

Ay

-.024

-.126

-.119

-.068

-.033

-.133

AAy

0.089

0.093

0.134

0.164

0.131

0.130
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Table B.8: Experimental Aj, of 13C+7r~ elastic scattering at 180 MeV.

0cm. (deg.)

77.85

80.44

83.07

83.57

86.45

88.98

q (far1)

1.784

1.833

1.883

1.892

1.945

1.990

Ay

-.076

0.045

-.384

-.123

-.306

0.145

AAy

0.058

0.066

0.105

0.109

0.125

0.176
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Table B.9: Experimental da/dQ of I3C+TT~ elastic scattering at 130 MeV.

(deg.)

38.80

40.88

43.18

49.07

50.69

53.44

59.41

61.69

63.96

59.42

61.77

63.98

62.73

65.16

67.32

69.63

71.95

74.02

79.24

81.28

83.51

87.93

89.64

92.41

87.07

89.13

91.55

101.36

107.16

107.97

121.37

123.54

125.17

(inb/sr)

29.674

21.973

15.196

5.039

3.341

2.289

1.467

1.171

1.099

1.490

1.522

1.761

1.501

1.615

1.880

1.649

1.696

1.637

0.946

0.788

0.581

0.316

0.190

0.123

0.246

0.182

0.103

0.087

0.130

0.173

0.875

0.872

1.003

(inb/sr)

2.975

2.203

1.526

1.128

0.748

0.512

0.464

0.606

0.S66

0.471

0.628

0.898

0.766

0.824

0.959

0.841

0.865

0.8.35

0.483

0.402

0.296

0.161

0.097

0.063

0.125

0.093

0.053

0.044

0.066

0.089

0.446

0.445

0.512
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Table B.IO: Experimental da/dQ of 1 3C+TT+ elastic scattering at 130 MeV.

0c.rn.

(deg.)

38.92

40.96

43.19

49.19

51.21

53.55

49.08

51.21

53.34

59.32

61.54

63.77

69.62

71.74

73.75

69.52

71.74

73.75

79.39

81.59

83.50

88.81

90.61

92.41

88.91

90.91

92.91

88.71

90.81

92.51

53.85

55.88

58.11

112.93

114.61

115.90

100.30

104.88

107.67

do/dSl

(mb/sr)

36.430

25.840

19.195

6.980

4.263

2.928

7.997

5.148

3.119

1.535

1.361

1.4U7

1.735

1.693

1.752

1.785

1.774

1.915

1.463

1.230

1.081

0.483

0.330

0.215

0.448

0.286

0.185

0.427

0.285

0.202

3.043

2.078

1.627

0.341

0.433

0.594

0.115

0.129

0.167

-i(da/dfl )

(mb/sr)

3.651

2.589

1.926

1.562

0.954

0.656

1.789

1.152

0.698

0.486

0.5C1

0.763

0.885

0.863

0.893

0.910

0.905

0.976

0.746

0.627

0.551

0.246

0.168

0.110

0.228

0.146

0.094

0.218

0.145

0.103

0.431

0.465

0.515

0.174

0.221

0.303

0.059

0.066

0.085
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Table B.ll : Experimental d<r/df2 of 13C+7r" elastic scattering at 226 MeV.

(deg.)

34.78

37.13

39.50

44.92

47.38

49.78

54.89

57.37

59.72

67.63

69.92

72.37

67.57

69.92

72.17

74.08

76.11

78.83

dir/dfi

(mb/sr)

21.436

11.409

6.059

1.846

2.833

4 '31

3.582

3.682

3.885

1.282

0.943

0.778

1.235

0.901

0.740

0.319

0.180

0.131

A(d<r/dO )

<mb/*r)

1.123

0.596

0.338

0.209

0.586

0.858

1.091

1.121

1.569

0.644

0.474

0.391

0.621

0.453

0.372

0.160

0.091

0.066
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Table B.12: Experimental da/dtt of 13C+TT+ elastic scattering at 223 MeV.

fern.

(deg.)

35.63

37.73

40.01

45.97

48.17

50.53

55.97

58.21

60.51

55.72

57.91

60.00

68.51

71.19

73.81

68.10

70.56

73.00

75.15

77.15

79.39

83.36

85.57

89.24

82.89

84.89

88.45

103.11

98.09

100.11

105.95

108..;̂

112.27

der/dil

(mb/sr)

18.596

10.540

5.834

1.523

1.934

2.533

2.822

2.857

2.870

2.555

2.760

2.802

1.150

0.796

0.643

1.103

0.841

0.666

0.311

0.205

0.130

0.010

0.006

0.004

0.014

0.007

0.005

0.006

0.006

0.007

0.004

0.004

0.005

A(d<r/dfl )

(mb/sr

0.997

0.565

0.339

0.316

0.401

0.774

0.860

1.153

1.445

0.779

1.114

1.411

0.578

0.401

0.324

0.554

0.423

0.335

0.157

0.103

0.066

0.005

0.003

0.002

0.007

0.003

0.003

0.003

0.003

0.003

0.002

0.002

0.002

157



Table B.13: Experimental dcr/dft of 1 3 C+ TI - elastic scattering at 114 MeV.

(deg.)

57.75

60.11

62.40

121.09

123.46

124.50

131.98

133.99

134.73

q

(fm-1)

1.015

1.053

1.089

1.831

1.852

1.861

1.920

1.935

1.940

d<r/dfi

(rnb/sr)

3.462

2.225

1.965

0.918

0.770

0.807

1.579

0.999

1.072

A(da/dfi )

(mb/sr)

0.694

0.446

0.590

0.459

0.385

0.404

0.790

0.499

0.536
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Table B.14: Experimental da/dQ. of 1 3C+TT- elastic scattering at 145 MeV.

*c.m.

(deg.)

37.48

39.77

42.12

37.48

39.87

42.09

92.44

96.00

98.94

102.12

104.13

106.97

9

(fur1)

0.789

0.836

0.883

0.789

0.838

0.882

1.774

1.826

1.867

1.911

1.938

1.974

d<r/dfi

(mb/sr)

73.791

73.627

62.717

74.791

74.605

63.562

0.087

0.099

0.145

0.225

0.321

0.367

A(<Wdfi )

(mb/sr)

0.469

0.468

0.398

0.288

0.287

0.245

0.043

0.050

0.073

0.113

0.160

0.184

Table B.15: Experimental da/dQ of 13C+TT~ elastic scattering at 165 MeV.

(deg.)

37.88

40.40

42.72

83.23

85.60

88.01

90.09

91.69

95.01

1

(fm-1)

0.869

0.924

0.975

1.778

1.819

1.860

1.895

1.921

1.974

d<x/dQ

(mb/sr)

20.745

10.025

4.137

0.330

0.174

0.104

0.110

0.094

0.115

A(d<r/dfi )

(mb/sr)

0.099

0.062

0.038

0.165

0.087

0.052

0.055

0.047

0.058
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Table B.16: Experimental dor/dfi of 13C+TT~ elastic scattering at 180 MeV.

(deg.)

76.24

78.36

80.60

81.47

83.96

86.39

(far1)

1.753

1.794

1.837

1.853

1.900

1.944

d<r/dfi

(mb/sr)

0.587

0.329

0.151

0.163

0.087

0.036

A(d<r/dfi )

(mb/sr)

.294

.164

.076

.082

.043

.018
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