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PION INELASTIC SCATTERING TO THE FIRST THREE

EXCITED STATES OF LITHIUM-6

by

Rex Raymond Kiziah

ABSTRACT

Using the Energetic Pion Channel and Spectrometer system at the

Clinton P. Anderson Meson Physics Facility, differential cross

sections were measured for TT+ inelastic scattering to the 3+ , T=0,

2.185-MeV, 0+, T=l, 3.563-MeV, and 2+, T=0, 4.25-MeV states of 6Li at

incident pion energies of 120 and 180 MeV and laboratory scattering

angles between 15° and 47°. Excitation functions were measurer at a

constant momentum transfer of approximately 109 MeV/c for incident pion

energies from 100 to 260 MeV. The constant momentum transfer cor-

responds to the maxima of the angular distributions for ir+ inelastic

scattering to the 3.563-MeV level. Microscopic calculations using the

distorted-wave impulse approximation (DWIA) agree well with the

measured angular distributions and excitation functions for the 2.185-

and 4.25-MeV levels. However, microscopic DWIA calculations do not



xii

adequately reproduce the measured angular distributions for the

3.563-MeV level and fail to reproduce the observed anomalous excitation

function. The shape of the 3.563-MeV excitation function is similar to

that previously observed for n~ inelastic scattering to the 1+, T=l,

15.11-MeV state of 1 2C. The same mechanism may be responsible for the

observed excitation functions of both AS=AT=1 transitions. A possible

mechanism is the direct excitation of A particle-nucleon hole (A-h)

components in the final state wave functions. Within the A-h model

interpretation, the peaV of the 3.563-MeV excitation function is repro-

duced with an estimated probability amplitude for the A-h component of

the 3.563-MeV state with respect to the ground state of

0.01 < B < 0.13, a range of values of B consistent with the range

estimated for the 15.11-MeV level of 12C (0.026 < 0 < 0.096).



I. INTRODUCTION

Since the prediction of the plon by Yukawa [Yu-35] in 1935 and

its production in the University of California Radiation Lau<>r.?f̂ ry by

Gardner and Lattes in 1948, there has been extensive theoretical and

experimental work with the pion as a probe of nuclear structure. Such

extensive work was possible and is continuing due to the construction and

subsequent operation of three meson production facilities: the Los

Alamos Meson Physics Facility (LAMPF) in the United States, the Swiss

Institute for Nuclear Research (SIN) in Switzerland, and the Tri-

University Meson Facility (TRIUMF) in Canada. LAMPF is the highest

intensity meson production facility. However, all three facilities were

constructed to produce high energy resolution secondary beams of pions

required in the study of closely spaced (< 1 MeV separation) excited

levels of nuclei with sometimes extremely small pion-induced inelastic

scattering cross sections.

The pion is a pseudoscalar, Jn=0~, isovector, T=l, meson and is

the lightest known strongly interacting particle (m^ = 139.6 MeV). As a

field quantum of the nuclear force, the pion is responsible for the long-

range part of the hadronlc potential. Many of the pion's properties make

it an extremely useful hadronic probe due to resulting theoretical

simplifications in the analysis of pion-nucleus scattering data, and the

ability to perform experiments with the pion which complement those using

other hadronic and electromagnetic probes or which cannot be done with

any other probe: (1) There are three charge states of the pion, n+, it0,



and ir~; thus, one can use the pinn for elastic scattering, single-charge-

exchange (SCX) scattering, and double-charge-exchange (DCX) scattering.

The latter process can lead to nuclear levels with T, T_ values not
z

obtainable with a T=l/2 hadronic probe such as the proton. (2) The pion

possesses spin zero. As a boson, it can be absorbed by clusters of

nucleons in the nucleus, and pion absorption experiments may therefore

provide useful information about nucleon correlations within the nucleus.

Furthermore, the pion's zero spin results in a considerably simpler two-

body scattering amplitude for pion-nucleon reactions than for nucleon-

nucleon reactions. Also, along with the three charge states, the pion's

spinlessness allows an easier parameterization of the scattering

amplitude and fits to the experimental T+P+TT+P, it~p+ir~p, and ir~p+iion

data. Thus, the most important pion-nucleon phase shifts have been

determined accurately over a large incident pion energy region

(T^lab) < 500 MeV). (3) The pion's light mass (-1/7 of the mass of a

nucleon) and its distinguishability from nucleons means that recoil

effects, projectile structure, and particle exchange between the

projectile and target are not as important to consider or do not need to

be considered in a theoretical treatment of pion-nucleus scattering as is

the case for other hadronic probes such as protons and alpha particles.

(4) Lastly, the total ir+p and n~p cross sections (see Fig. 1-1) exhibit

many resonances resulting in strong energy- and charge-dependent cross

sections. The total cross section for p + p shown in Fig. 1-1 shows no

resonant structure. At low to medium incident pion energies of

100 < T^ < 300 MeV, the IT p and ir~p cross sections are dominated by the
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Fig. 1-1: Total cross sections for ir+p (solid line) and u~p (dot-dashed
line) scattering as a function of lab kinetic energy T^ an<j Che total pp
cross section for comparison [Ei-80],



A(1232) resonance (T - 110-122 MeV) which occurs when the phase shift of

the 1*1, J=3/2, T=3/2 partial wave rises through 90° at T,, = 195 MeV.

The A(1232) resonance is extremely important in pion-nucleus

scattering. The most prevalent theoretical description of pion-nucleus

inelastic scattering uses the distorted-wave impulse approximation

(DWIA), treating nuclear transitions in the Born approximation. Such a

description involves the basic pion-nucleon interaction; therefore, the

energy, spin, and isospin dependences of the pion-nucleus interaction

result from the energy, spin, and isospin dependences of the pion-nucleon

interaction, which is dominated by formation of the A(1232) resonance.

Thus, to understand the ut i l i ty of the pion as a probe of nuclear

structure, one needs to look, at pion-nucleon scattering in the energy

region of the A(1232) resonance.

The center-of-mass differential cross section for the elastic

scattering of two particles with spin s and s , i s [Ta-72]

d°/dnc.m.<P'.X'+P.x) = |<X'|F(p'*p)|x>|2 , (I-D

where p, p' are the initial and final relative momenta, |x>, | x'> are the

general init ial and final spin states of the two particle system

( I X> = Ix^ l^) . a n d F(p'+P) i s the scattering amplitude matrix consisting

of the [(2s1 + l)(2s2 + I ) ] 2 individual scattering amplitudes f ^ ( p ' + p ) .

|C> labels the basis vector j m ^ or |s,m> = £ |m1,m2><s1s2m1m |sm>.

For the case of pion-nucleon scattering (s.=0, s =1/2), F(p'«-p) is a

(2 x 2) matrix and i ts most general form which is compatible with

invariance under rotations and parity is [Ta-72]



F(p'<-p) - a(Ep,9)I + ib(Ep,9)n.S , (1-2)

where 8 is the scattering angle, E is the center-of-mass energy, 1 is

the unit ( 2 x 2 ) matrix, o denotes the Pauli spin matrices, and n is the

unit normal to the scattering plane (n = (p x p')/(|p x p'|)). With this

form for F(p'-*-p), the unpolarized center-of-mass differential cross

section for elastic pion-nucleon scattering is

|a(Ep>6)|
2 + |b(Ep,9)|

2 . (1-3)

Both orbital and total angular momentum are conserved as well as

the total isospin in pion-nucleon scattering. One can thus expand

F(p'«-p) in partial waves according to

F(p'<-p) = IQ T I ( 2 A + 1)1?i ja|T 2j(p)P*(cose) , (1-4)
T I J ' '

where Q-j. and Pj j project onto states of definite total isospin T and

total angular momentum J, respectively, and the partial-wave amplitudes

2J a r e expressed in terms of the phase shifts according to

«JT > 2 J(P> =

The total isospin is T=l/2 or 3/2 and the total angular momentum is

J=A+l/2 or £-1/2. The projection operators are



Q 1 / 2 - 1/3(1 - I't) Q 3 / 2 = 1/3(2 + I't) , (I-6a)

I - o'L & + 1 + g'L
P*,J=£-l/2 = 2£ + 1

 Pi,J-£+l/2 - 21 + 1 ' U

with I the pion isospin operator and i the nucleon Paul! isospin

operator. Substituting these expressions into Eq. (1-4), keeping only

the 1=0 (s wave) and £=1 (p wave) terms (since these are the most

important partial-wave amplitudes in the energy range 0 < T^ < 345 MeV

[Ei-80]), and comparing to Eq. (1-2],

F(p'+P) = (aQ + a^'r)! + K b 0

with

aQ =

bl " l/3(-°i,3 + al,l + °3,3 " < i

aQ and bQ are the isoscalar terms, a^ and b^ the isovector terms, and bQ

and bj the spin-flip terms.

As mentioned previously, for 100 < T^ < 300 MeV, pion-nucleon

scattering is dominated by the A(1232) resonance. Therefore, the largest

phase shift in this energy range is 5^ 3. With Eqs. (1-3) and (1-7) and



using only the a^ ^ partial-wave amplitude, the unpolarized center-of-

mass different ial cross sections for ir~p e las t ic and SCX scattering are

do/dn(if++p+n++p) = (4cos28 ^ 3

l/9(4cos26 * s i n 2 6 ) | a ] j 3 | 2 ,

2/9(4cos29 + s in 2 9) |a ] 3 | 2 .

Since the total cross section for it~p scattering below the threshold for

pion-nucleon inelastic scattering (T^ = 173 MeV, but inelastic processes

are not important for T^ < 400 MeV) is the sum of the elastic and SCX

scattering, from Eq. (1-8)

oT(n
+p)/aT(TT~p) = 3 , (1-9)

in agreement with the experimental to ta l cross sections shown in Fig.

1-1. Also from Eq. (1-8),

a(ir+p)/o(iTp) = 9 ,

o(ir+p)/a(SCX) = 9/2 .

Experimental pion-nucleon data taken at energies near the peak of the

A(1232) resonance confirm these ratios. Thus, assuming that only the

°3 3 ^33^ Partial-wave amplitude contributes to pion-nucleon scattering

(in the energy range 100 < T^ < 300 MeV) introduces little error.

Consequently, using P^ ^ dominance and the impulse approximation, one can

obtain simple, transparent expressions for pion-nucleus scattering.



For example, keeping only the P^, partial-wave amplitude, Eq.

(1-7) is

F(p'<-p) = l/3a||3(2 + I«t)[2cos9 + in-osine] . (1-11)

Siciliano and Walker [Si-81], following the approach of Gupta and Walker

[Gu-76] and using a single-step, impulse-approximation mechansim, showed

that the differential cross section for pion-nucleus inelastic scattering

retains the same basic energy, isospin, and spin dependence. For

unnatural-parity transitions (An=(-l)J+l, where An is the parity change

and J is the total angular momentum transfer) the spin transfer is AS=1,

and such transitions must proceed through the n«a operator of Eq. (1-11).

As a result, the constant-momentum-transfer (q) excitation functions

should decrease with increasing incident pion energy according to sin^B.

Such an energy dependence was first observed [Co-79] for unnatural-parity

transitions to the 4~, 19.25-MeV state and 2~ structure at =18.4 MeV in

i2C and later [Se-81] to the 9/2+, 9.5-MeV state in 1 3C. Microscopic

DWIA calculations, using harmonic oscillator forms for the spin

transition densities, reproduce well both the excitation functions and

the shapes of the angular distributions for the 4" state of *2C [Co-84]

and the 9/2+ state of 13C [Se-81a,Se-82].

Transitions to states of stretched configuration, (JuJh"*)"^s with

jp = Ap + 1/2, j n = Zh + 1/2, and Js = j + j n , are an important subclass

of unnatural-parity transitions. For these transitions only the

L = Jg - 1 (L is the orbital angular momentum transfer) spin transition

density is involved in the (e,e"), (p,p')f and (*,*') reactions [Mo-74],



Using harmonic oscillator forms for the spin transition densities with

the size and strength parameters fixed from (e,e") and (p,p') data, Carr,

et al. [Ca-83] obtained good agreement between DWIA calculations and the

(TI.TT') data for the 4", 17.79-, 18.98-, and 19.80-MeV states of 1 60 and

che 6", T=0 and T=l states at 11.58 and 14.36 MeV in 2 8Si.

The above examples illustrate that, in the energy range of the

A(1232) resonance, calculations using the DWIA and well-knov*n transition

densities are adequate for describing the pion-induced excitation of

nuclear states that are strongly excited. However, for pion-induced

excitation of nuclear states which are weakly excited by a one-step,

impulse-approximation mechanism, nuclear medium effects and multistep

processes may be important and there may not even be qualitative

agreement between pion inelastic scattering data and DWIA calculations.

This is indeed the case for the T=l member of the weakly excited 1+

doublet, 12.71 Me'/ (T=0) and 15.11 (T=l), of 12C [Mo-82]. As can be seen

from Eq. (1-11), the ratio of cross sections for AS=1 transitions should

be o(AT=0)/a(AT=l) = 4/1, provided that the form factors for the two

transitions are the same [Gu-76], Furthermore, this ratio is

approximately correct in DWIA calculations which include all s- and p-

wave partial amplitudes. Cohen-Kurath p-shell wave functions [Co-65]

describe the 12.71- and 15.11-MeV states as near analogs (i.e., the

space-spin pieces of the wave functions are approximately the same), and

this description for the spin densities is supported by (e,e') data

[Co-84], Nonetheless, although both the experimental excitation function

and the angular distributions for the 12.71-MeV state are well reproduced

by DWIA calculations, the measured ratio of four times the averaged n +
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and it" differential cross sections for the 15.11-MeV state to the

averaged n + and *~ differential cross sections for the 12.71-MeV state

(see Fig. 1-2) deviates significantly from one, especially at energies

near 180 MeV (A(1232) dominance), and displays a rapidly varying energy

dependence. (Averaging the IT and V differential cross sections removes

the effect of isospin mixing between the two states on the ratio to

better than 1% [Mo-82].) Also, DWIA calculations do not a.erse with the

15.11-MeV angular distributions at energies near the A(1232) resonance

[Co-84].

Uncertainties in the spin transition density or the spin-

dependent piece of the effective pion-nucleus interaction do not seem to

be a plausible explanation [Mo-82] for the anomalous excitation function

for the AS=AT=1 transition to the 15.11-MeV level of 1 2C. Rather, a more

likely explanation considers another process, in addition to a one-step,

impulse-approximation mechanism, contributing to the isovector

transition. A possible mechanism is the previously proposed [Mo-82]

direct excitation of A particle-nucleon hole (A-h) components in the

final state wave function. Thus, to further investigate pion-induced

excitation of nuclear states which are weakly excited, where the DWIA may

be inadequate and the direct excitation of A-h components may be an

important piece of the scattering amplitude, this dissertation is

concerned with the AS=AT=1 transition from the 1+, T=0, ground state of

6Li to the 0 +, T=l, 3.563-MeV level. As for the 15.11-MeV level of 1 2C,

the DWIA analysis of this unnatural-parity transition is particularly

simple, involving only the spin-dependent piece of the effective pion-

nucleus interaction and the spin transition density.
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Fig. I-Z^ Ratio+of four times the differential cross sections (averaged
if+ and Tt ) for IT" inelastic scattering to the 1+, T=l, 15.11-MeV state o|
^2C and the differential cross sections (averaged TT and IT") for TT~
inelastic scattering to the 1+, T=0, 12.71-MeV state of 12C [Mo-82].
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Chapter II of this dissertation describes the experimental

facility used to acquire the data. Chapter III describes the extraction

of differential cross sections from the various (n+,ir+') Q-value spectra.

Also in this chapter Is the presentation of the data, which consist

of: (1) the first detailed measurement of a constant q, q = 109 MeV/c,

excitation function for n inelastic scattering to the weakly excltsd

3.563-MeV state of 6Li at incident pion energies from 100 to 260 MeV, (2)

partial angular distributions at T^ = 120 and 180 MeV for n + inelastic

scattering to the 3.563-MeV level, and (3) differential cross sections

for ir+ elastic scattering and for IT inelastic scattering to the

2.185-MeV (3+, T=0) and 4.25-MeV (2+, T=0) states. A discussion of non-

relativistic multiple-scattering theory and its application to pion-

nucleus scattering is given in Chapter IV. Chapter V presents the DWIA

calculations performed for the three low-lying excited states of ^Li and

includes discussion of the data and calculations. Appendix C is a copy

of the paper resulting from this dissertation experiment, which was

received by Physical Review C in August 1984.
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II. EXPERIMENTAL APPARATUS AND PROCEDURE

The data presented In this dissertation were collected using the

Energetic Pion Channel and Spectrometer (EPICS) system at the Clinton P.

Anderson Meson Physics Facility in Los Alamos, New Mexico (LAMPF). LAMPF

is described in various Los Alamos Scientific Laboratory Reports

[Li-72,Al-77,Li-77]. Briefly, LAMPF consists of an 800-MeV proton linear

accelerator, capable of accelerating simultaneously H ions and H~ ions

(or polarized H~ ions), and several experimental areas for nuclear

structure and chemistry studies. LAMPF was designed to produce a proton

beam with an average current of 1 mA at a duty factor of 6-12%. However,

during the experiment (June and November 1982) which provided the data

for this dissertation, the average current was = 700-750 uA at a 7.5%

duty factor. The H + beam enters Experimental Area A and impinges on the

first graphite target (the A-i. target), producing pions (and other

secondary particles) which the EPICS channel accepts at an angle of 35°

from the H+ beam direction. Experimental Area A is shown in Fig. II-l.

A. EPICS system

The EPICS system [Th-70] was designed to provide good energy

resolution and good angular resolution studies of pion-induced excitation

of nuclear levels, with cross sections as low as several nb/sr, from low

incident pion energies of - 70 MeV to energies above the A(1232) reso-

nance, - 300 MeV. EPICS consists of a high intensity, high resolution
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EPICS PION
SPECTROMETER

THIN
TARGET-

HIGH-ENERGY PION;
CHANNEL^ 3)

L-LOW-ENERGY
PION LINE

•—STOPPED
MUON CHANNEL

LAMPF EXPERIMENTAL AREA A

Fig. II-l: Experimental Area A of the LAMPF facility [Li-77].
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pion beam channel, a scattering chamber, and a high resolution spec-

trometer. A diagram of the EPICS channel, scattering chamber, and

spectrometer is shown in Fig. II-2. Table II-l lists the specifications

of the EPICS system.

The EPICS channel, shown in Fig. II-3, consists of four dipole

magnets (BM01-BM04), three multipole focusing magnets CFM01-FM03), and

four adjustable collimating jaws (FJ01-FJ04). The channel's length of

15.24 m was chosen in order to momentum select pions of maximum kinetic

energy of 300 MeV, but be short enough to maintain a reasonable flux of

70 MeV pions even after pion decay through the channel. The four bending

magnets provide charge and momentum selection and momentum dispersion of

the channel beam. (In such a dispersed beam, the momentum of a particle

is correlated with its position in the beam.) The optical mode is point

to point to point to point in the vertical direction and point to

parallel to point to parallel in the horizontal direction. FM01-FM03

-ach have three windings, quadrupole, half-sextupole (top), and half-

sextupole (bottom), and are used for removing higher-order aberrations of

the channel optics. The four adjustable collimating jaws determine the

phase space and flux of the channel beam. FJ01 has only vertical jaws

(disabled), and along with a fixed collimator, defines the channel

acceptance. When FJ01 is operative, regulation of the channel beam

intensity and vertical divergence is accomplished with FJ01. FJ02-FJ04

each have two pairs of jaws, one horizontal and one vertical. The

vertical jaws of FJ04 define the channel momentum acceptance and, hence,

the vertical size of the channel beam at the scattering target, while the

horizontal jaws define the horizontal divergence of the beam. With all
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Fig. II-2: The Energetic Pion Channel and Spectrometer (EPICS) at LAMPF.
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TABLE II-l: EPICS system specifications.3

CHANNEL SPECTROMETER

Solid angle 3.4 msr Solid angle =10 msr
Ap/p 2% Ap/p 14%
Beam size (horizontal) 8 cm Momentum range 100-750 MeV/c*
Beam size (vertical) 20 cm Flight path =125 cm
Beam divergence (horizontal) <10 mrad Dispersion 4 cm/%
Beam divergence (vertical) 100 mrad
Energy range 70-300 MeV

aRef. [LA-80].

TABLE II-2: EPICS channel beam pion flux and composition.

(MeV)

100
200
300

it

6
22
26

+

(

.7

.0

.0

Pion

x 10

Fluxa

7 n/s)

1
4
4

.8

.7

.5

•n

100
100
100

Beam

P

-35
-400
-650

Content15

u

15
5
2

e

50
8
2

Normalized to a primary proton beam average current of 1 mA [LA-80].
The relative beam contaminant numbers are normalized to the pion numbers
[Bo-84].
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jaws fully open, the channel beam at the scattering target has a vertical

disptrsion of 10 cm/%, a momentum bite of ± 1%, and a divergence of 100

mrad. In the horizontal plane, the divergence is < 10 mrad. The resul-

tant beam spot is 20 cm (vertical) by 8 cm (horizontal) [LA-80], and the

channel beam pion flux and composition are presented in Table II-2.

At the center of the scattering chamber, located at the focal

plane of the channel, is the target ladder containing up to four full-

size targets (22.9 cm x 15.2 cm). Different targets are selected by

moving the target ladder vertically. Also, the target ladder can be

rotated relative to the channel beam. The normal procedure is to bisect

the scattering angle, thus minimizing the path length traversed through

the target. Mimimum beam travel through the target minimizes straggling

which, in turn, helps to maximize the resolution. To balance acceptable

resolution against count rates, target areal densities for pion elastic

and inelastic scattering experiments range from 100 to 300 mg/cm2.

The EPICS spectrometer (see Fig. II-4) consists of a quadrupole

triplet (QM01-QM03), two dipole magnets (BM05-BM06), and front and rear

focal plane detector systems. The spectrometer rotates about its pivot,

situated at the focal plane of the channel, through an angular range of

-10° to 120°. The optical mode from the scattering target, through the

quadrupole triplet, to the front focal plane (located just before the two

dipole magnets) is point to point in the vertical direction and parallel

to point in the horizontal direction. A magnification of -1 is provided

by the quadrupole triplet, forming an inverted image of the scattering

target in which x is proportional to x at the scattering target and y is

proportional to the scattering angle at the scattering target. The two
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Fig. II-3: The EPICS channel and i t s optical mode. The solid (dashed)
line illustrates the optics for the vertical (horizontal) plane [Th-77].
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dipole magnets vertically disperse the beam, A cm/%, and the useful

momentum bite of the spectrometer is ± 6 % . Their optical mode is point

to point in the vertical direction and point to parallel in the hori-

zontal direction. Fig. 11-5 illustrates the optics of the spectrometer

and the coordinate system used in defining particle trajectories. Also

shown are the front and rear focal plane detector systems. The front

focal plane detector system is a set of four multiwire proportional drift

chambers (Fi-F4) with F4 located at the focal plane of the quadrupole

triplet. The rear focal plane detector system consists of four multiwire

proportional drift chambers (R5-R6, R9-R10), with R5 located at the rear

focal plane, a scintillator (S2), a slab of Lucite used to range out

protons, a scintillator (S3), and a muon rejector.

B. Detector system and beam monitoring

Since the spectrometer is not dispersion matched to the channel,

the detector systems at the front and rear focal planes must measure both

particle positions and angles in order to determine the incident

particles' momenta and the scattered particles' momenta. These two

quantities allow determination of the reaction kinematics. Thus, in

order to obtain good momentum resolution, the multiwire proportional

drift chambers must provide good position resolution. The multiwire pro-

portional drift chambers used in the EPICS spectrometer [At-81,Mo-82a]

provide position resolutions of 125 um (FWHM) and may operate at count

rates up to 106 Hz. The set of four multiwire proportional drift

chambers (F1-F4) at the front focal plane are packaged in one chamber
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Fig. II-5: The EPICS spectrometer optics and the detector system.
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assembly. This chamber assembly consists of eight signal planes, two

orthogonal sets of four planes each in order to obtain vertical and hori-

zontal position (x,y) and angle (6,<(>) information, with each signal plane

separated "y grounded foil planes. Each set of four signal planes with

the signal wires in the same direction are arranged as two sets of two

signal planes. The two sets of signal planes are separated by 10 cm.

Within each set of two signal planes, the two signal planes are separated

by 1 cm and offset with respect to each other by one-half of a wire

spacing. The set of four multiwire proportional drift chambers (R5-R6,

R9-R.10) at the rear focal plane are packaged in two chamber assemblies,

each consisting of four signal planes, two orthogonal sets of two planes

each. Their construction is the same as the front chamber assembly. All

signal planes are of an alternating gradient design, with the anode wires

at positive high voltage (typically 2150 V) and a wire spacing of 8 mm,

and cathode wires at -200 V centered between the anode wires. The anode

wires are directly coupled into a fast (2.5 ns/cm) delay line, thus

giving two anode signals per signal plane, while alternate cathode wires

are bussed together, thus giving two cathode signals per signal plane.

Presently, only the two anode signals per plane are used to calculate

positions and angles. Calculation of position is as follows. A time

difference and time sum from the two anode signals are formed. The timi

difference is directly related to the position of the wire closest to the

ionizing event, determining the position of an event to ± 4 mm. Further

position resolution is obtained from the time sum, which is equal to

twice the drift time to the event wire plus a constant offset. However,

one must decide whether to add to or subtract from the drift distance the
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anode wire position. This left-right ambiguity can be solved with four

signal planes, hence, the need for eight signal planes at the two focal

planes, and is described in [At-81 ,Mo-82a,Iv-79] .'" Angles are determined

from the spacing (10 cm) of the two sets of two signal planes which

comprise a set of four signal planes whose anode and cathode wires are in

the same direction in conjunction with the positions measured in each set

of two signal planes. Thus, the information provided by the multiwire

proportional drift chambers located at the front and rear focal planes of

the EPICS spectrometer consists of the eight quantities x^, y^, 9f

(dxf/dz), <|>f (dyf/dz), xr, yr, 8r, <j»r.

Two scintillators (S2, S3) were the only scintillators used as

part of the EPICS detector system during this experiment. They are

located just after the rear set of multiwire proportional drift chambers

and are separated by a slab of Lucite. Photomultiplier tubes are

optically connected to each end of the scintillators. The purpose of the

scintillators was twofold. They were used as part of the logic defining

a hardware trigger signal for events and for particle identification.

For particle identification, the signals from S2 and S3 are used to

measure a time of flight between S2 and S3 and pulse heights, which are

linearly proportional [Me-66] to the energy loss in the scintillators.

Since time of flight is proportional to E/pc2 and energy loss is propor-

tional to (ZeE/pc2)2 [Me-66] (E is the total energy of the particle, p is

the momentum, and Ze is the charge), these two measurements aid in

distinguishing particles of different masses and charges.
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Following scinti l lators S2 and S3 Is a series of scintlllators

(S4-S9) separated by carbon wedges of varying thicknesses. (The wedge

shape is needed to account for the variation of momentum across the rear

focal plane.) This arrangement of six scintillators and six carbon wedges

is known as the muon rejector [Mo-84], The muon rejector is designed to

eliminate the r.uon background from in-flight decay of pions before the

front set of multiwire proportional drift chambers and elast ic scattering

of channel beam muons. The operation of the muon rejector is as follows.

Since muons and pions both have a single unit of charge, muons and pions

of the same momentum are transported to the rear focal plane. For the

same momentum, the total energy of a pion is greater than a muon and thus

the pion's range in matter is less than that of the muon

(-dE/dx a (ZeE/pc^)2ng, where ne is the electron density of the ranging

material [Ja-75]). Furthermore, pions also lose energy due to nuclear

collisions. The first carbon wedge is of the correct thickness to remove

pions of 100 MeV kinetic energy but not muons. The second carbon wedge

removes pions of 140 MeV kinetic energy but not muons, and so on. To

remove pions of intermediate energies, there is space between S3 and the

muon rejector to place varying thicknesses of aluminum. The signals from

the scintillator following the carbon wedge of the desired pion energy

are then used to veto muons (usually in the software). During this

experiment, the muon rejector rejected most of the muon background

(90-95%), while rejecting only 2-5% of the pions.

To obtain the normalization required in the calculation of pion

elastic and inelastic differential scattering cross sections, three beam

monitors are used. Several beam monitors provide cross checks on the
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stability of each monitor. An ionization chamber (IC1) located down-

stream of the scattering target monitors the EPICS channel beam current.

The primary beam current is monitored by an ionization chamber (BOT)

located within the pion production target cell and a charge integrating

coroidal coil (1ACM02) located upstream of the pion production target.

Both the BOT and 1ACM02 signals are gated by a RUN gate GO that the

primary beam current is monitored only during data acquisition. BOT and

1ACM02 are reliable indirect measures of the EPICS channel beam current

provided the proton beam is always properly steered and strikes the A-l

target. For portions of this experiment, both BOT and 1ACM02 were used

for normalization, because IC1 partially blocks the spectrometer entrance

for 9^g < 25 and is not used, and BOT was not operational near the end

of the experiment. A careful check of the ratios IC1/BOT and IC1/1ACM02

(< 2% fluctuations) for B^g > 25° proved the reliability of BOT and

1ACM02.

C. Data acquisition and analysis system

The data acquisition and analysis system for EPICS consists of an

on-line PDP-11/45 computer which runs under DEC'S RSX11-D operating

system, several CAMAC crates containing CAMAC electronic modules, a

Microprogrammable Branch Driver (MBD) interfacing the PDP-11/45 and CAMAC

crates, computer peripherals (tape drive, two graphics terminals, disk

drive system, and a printer/plotter), and the LAMPF standard data

acquisition' software package "Q" for managing the data acquisition and

display of the experimental data [Am-79]. The scintillator signals and
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chamber signals are passed via coaxial cables from the focal planes to

the counting house and fed into N1M modules, discriminators, Meantimers,

ADC's, and TDC's for the scintillator signals and discriminators and

TDC's for the chamber signals (see Fig. 11-6). The logical "and" of the

meantimed signals from S2 and S3 and at least two signals from both the

four x planes and four y planes of the front multiwire proportional drift

chambers define a trigger signal (trigger signal = (S2«S3)«(F1 or F2)«(F3

or F4)). T M s signal along with a logical "and" of the not-busy signal

issu the PDP-11/45 computer when it is ready to accept data

constitutes the hardware trigger (hardware trigger = (trigger

signal)'(not-busy signal)). The hardware trigger signal initiates the

reading of the data words (20-100) for that event. The "Q" software

[Ke-78] controls this reading, the writing of the data words for each

event to magnetic tape, and processing of the events if time is available

(MAY PROCESS mode of on-line data acquisition). Both the trigger signals

and the hardware trigger signals are scaled along with other quantities

such as S2'S3, (Fl or F2)'(F3 or FA), IC1, BOT, 1ACM02, etc. The "Q"

software reads the sealers at fixed time intervals and stores all

quantities in a sealer file. The ratio of the number of hardware trigger

signals (EVENT*BUSY) to the number of trigger signals (EVENT) is a

measure of the computer's rate of data taking, the computer live time

(CUT = EVENT '"BUSY/ EVENT).

An important part of the EPICS electronics not shown in Fig.

II-6, but used during the experiment, is a fast clear circuit used to

eliminate the majority of the hardware trigger signals corresponding to

elastic scattering events [Se-81a], The fast clear circuit aids in the
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Fig. II-6: Block diagram of the electronics for the EPICS data
acquisition system.



29

measurement of small inelastic scattering cross sections relative to

elastic scattering. This circuit produces a signal which is used to veto

9 out of 10 or 99 out of 100 hardware trigger signals; thus, the data

words for only one of 10 or one of 100 elastic scattering events are read

into the computer, written to magnetic tape, and processed (if time is

available). The number of vetoed hardware trigger signals (FAST CLEAR)

are scaled.

Once the data words for an event are read into the computer, the

processing of the data is done on an event by event basis with the

standard analyzer task for EPICS data-taking (QEPX) in conjunction with a

test file (experiment-specific) and a display package (experiment-

specific). The goal of the data processing is to determine which events

are good pion events and calculate the excitation energy given to the

target nucleus by these pions. This goal is accomplished through the

main program of the analyzer (PR0C06). PROC06 examines each event and

calls subroutines to calculate all chamber and scintillator quantities

from the outputs of the TDC's and ADC's, calculate trajectory infor-

mation, use the test file to test the various quantities, compute the

missing mass associated with each event, and arrange the data in bins for

storage in histograms determined by the display package.

The test file [Am-78] consists of the user-specified tests to be

performed on each event. The test file is structured into loops, and the

loops are called separately and in order by the analyzer. Each loop may

contain two types of tests, microtests and macrotests. The microtests

are tests on the data words, and the macrotests are tests on logical

combinations of previous microtests or macrotests. Microtests can be a
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BIT test which is true if a specified bit is set in a specified data

word, a GATE (DIRECT or INDIRECT) test which is true if the specified

integerized data word is greater than a given lower limit and less than

or equal to a given upper limit, and a BOX test which is a combination of

two INDIRECT GATE tests. Macrotests are logical "and's", "inclusive

or's", or "exclusive or's" on specified microtests or macrotests.

The display package. (DSP) is used to construct and display both

one-dimensional histograms and two-dimensional dot plots. Histograms and

dot plots are defined by the data words to be histogrammed or plotted,

lower and upper limits of display, a binning factor, and the tests

defined in the test file which the event must pass. Both histograms and

dot plots can be viewed on a graphics terminal during on-line data

acquisition. However, only histograms can be saved for later data

analysis. In addition to saving histograms, scaled quantities, the

results of the test file, and the relevant kinematic information for each

experimental run (period of data acquisition, - 155,000 taped events) are

saved for off-line data analysis.

D. Event analysis

The following paragraphs describe in i ore detail the various

steps in the data analysis, leading to a missing mass histogram of good

pion events whicu can be used to calculate scattering cross sections.

Fig. II-7 is a test file used during the experiment for this

dissertation. The first calculation for an event performed by the

analyzer is the particle identification test (PID) (see test //ll in Fig.
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RUH
12-APR-03 12:81:18 EVENT 6 FILE C 135.3B3TCXP.T5T

49991.
49991.
49991.

7843.
374.
248.
179.
184.
368.

8.
46459.

7843.
924.
348.

46119.
49991.
457B2.
45B21.
45878.
45889.
45816.
45B24.
44893.
45669.
45977.
45989.
4596B.
45955.
46188.
46173.
46874.
46179.

a.
8.

42885.
43348.
48349.
41739.
33558.
44988.
44648.
45313.
43751.
43538.
42897.
48299

8.
a.

48549.
48536.
48543
48548.
40525.
41346.
48683.
40529.
48527.
48561.
48562.
40519.
48468.
48537.
48458.

• GflT.239.lBBBfl.12880..
- GAT. 251.18888.12888.
• GAT.252.1BBB8.12888.
• B1.2.B.
• 8 1 . 2 . 1 .
- B I . 2 . 2 .
• B l . 2 . 3 .
• B I . 2 .4 ,
- B I .2 .S .
• GAT.3.1.32888,
• SOX. 1 .
• flND.2.3.4.
• IOR.6.7.8.9.
• AND.11.5.
• flND.11.-5.
- 1OR.1.-1.
• GflT. 141.9998.1B14B.
• GAT,142.9990.18140.
• GAT. 143.999B. 18140.
> GflT. 144.9998.18148.
• GAT. 145.9998.18148,
• GflT. 146.9990.10140,
• GAT.149.9998.IB148.
• GAT. 158,9998,18148,
• GAT.201.9990.18148.
• GAT.282.9998.19148.
• GAT.283.9998. IB 148,
• GflT.204,9990, 10140,
• GAT.2B5.999B.18148.
• GAT.2B6.9998.18148.
• GfiT.289.9990.18148.
• GAT.21B. 999B. 18148.
- GAT. 147.9926.9982.
• GAT. 148.9949.1B8B2.
• GAT.272.999B.18815.
- GAT.273.999B. 18815.
- GflT. 274.9990.18315.
• GAT.275.9998.IBB15.
• flND. 11,35,36,37,38,
- AND, 11.25.26.27.28.
• AND. 11.17.IB.19.20.
• AND,11.29.38,31.32.
- AND.11.21.22.23.24.
• AND.48.41.
• flND.42,43.
• AND.44.45.
• IOR.33,34,
• AND,46,47.

" • » «»• IO -n in A*

- AND, 17,19,28.48.45.
• AND.17.18.28.48.45.
• AND.17.18.19.48.45.
- flND,22,23,24,42,44,
- AND.21.23.24.42.44.
- AND.21.22.24.42.44.
- AND.21.22.23.42,44.
• AND.26.27.28,41,45.
• AND,25.27.28.41.45.
• flND. 25.26. 28,41.45.
• AND. 25.26.27.41.45.
- AND.38.31,32,43,44,
- AND.29.31.32.43,44.
• AND.29.38.32.43.44.
- AND.29.38.31,43,44.

• 2
; 2
;3
: 4
:5
:6
:7

CD

;9
; IB
; 11
: 12
; 13
• 14
; 15
; 16
: 17
: 18
; 19
;2B
;21
;22
:23
;24
:25
;2E
;27
:2B
;29
;30
;31
;32
;33
;34
;35
:36
;37
;38
:39
:48
; 4 I
:42
;43
;44
:45
;46
;47
:48
• dq

;58
;51
:52
;S3
;54
:55
;56
;57
:5S
;59
:6B
;61
:62
;63
:64

; S 1 DE/DX ;DEV.TST
:S2 DE/DX PRODUCT ;LARGE JAWS
: S 3 DE/DX PRODUCT
; S 4 M10N
;S5
;S6
;S7
:SB
;S9
.•FAST CLEAR ( 1 / 1 8 OR 1 /188)
;B0X 1 - " > PID
•GOOD DE/DX
; B I T TEST
;PID«CERENKOV
;PID*NOTCCERENKOV)
iLOOPl COUNTER
: 1A DRFTMA ;CHArBER LOOP 2
;2A DRFTMA
;3A DRFTMA
;4A DRFTMA
j5A DRFTJ1A
:6A DRFTMA
:9A DRFTMA
; 18A DRFTMfl
;1C DRFTMC
;2C DRFTMC
;3C DRFTMC
;4C DRFTMC
;5C DRFTMC
:SC DRFTMC
;9C ORFTMC
; 18C DRFTMC
; 7 CHECKSUM (QUAD)
; 9 CHECKSUM (QUAD)
;FRONT DRF DIF PLANE A
:FRONT DRF DIF PLflNE C
; SCrs !)RF DIF PLANE A
; REAR DRF DIF PLANE C
;DRF DIFF TST«PID • • > DHF
;FRONT C CHAMBERS OK-P1D
;FRONT A CHAMBERS OK*P1D
;REAR C CHAMBERS OKsPID
;REflR A CHAMBERS OK«PID
;FRONT OK
:REAR !)K
;ALL EXCEPT QUAD * I D - • > CHMSRS
:QUAD OK
:ALL OK
• o n P : I T ;<a rHOr^cp f p c j r i F N C Y TFST

;ALLBUT 2A
;ALLBUT 3A
;ALLBUT 4A
;ALLBUT 5A
;ALLBUT 6A
:ALLBUT 9A
;ALLBUT 18A
;ALLBUT 1C
;ALLBUT 2C
.•ALLBUT 3C
;ALLBUT 4C
;ALLBUT SC
;ALLBUT 6C
;ALLBUT 9C
;ALLBUT 10C

Fig. II-7: Sample test fi le.
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42597.
437E8.
42888.
4482S.
31598.
35170.
41181.
41349.
45268.
41476.
3EB32.
43718.

a.
a.

117.
a.
a.
a.
e.
a.
a.

23119.
a.
e.

48344.
30438.
25931.
32166.
247SS.

a.
a.
e.

11929.
18842.
9193.
6293.

a.
a.
a.
a.
a.

22877.
23834.
22020.
2746.

a.
22020.

8.
5886.
5628.
4446.

a.
a.

66.
38541.
18B9.

a.
0.
8.
8.
a.
a.

46459.

• GfiT.233.9354.1B715.
• GRT.234.B7ee.U2BB.
• GflT.235.963B.18488.
• GAT. 236.9588.10688.
• GfiT.237.9900.10100,
• GfiT,238.9900.18100.
• GflT.163.999B.1148B.
- GflT.166.9998.11488.
- GRT.221.9895.18748.
• GflT.222.9137,18951.
• GflT.223.9649,18581.
- GfiT,224,9660.10401.
• BOX.2.
- BOX.3.
• BOX.4.
- IGftT.6,
- IGAT 1.
• IGfiT.2.
• 1GRT.3,
• lGflT,4.
- IGflT.S.
- flND.39.46.73.74.75.76.
• flND.39.46.69.78.88.
• AND.39.46.47.
• AND.71.72.
• flND.39.46.65.66,67.68.
• flND.39.46.69.7B.
• flND.39,46.
- RNE.98.91.
- AND.80.92.
• AND.B0.93.
• RND.47.94,
- GRT.236.9739.9913.
- GfiT.236.9913.10087.
• GfiT.236.10887. 1B261.
• BI.2.0,
- GflTE. 1,1.-1.
- GATE. 1.1.-1.
- GRT.l.l.-l.

• GAT. 2.1.-1.
- GflT.1.1.-1
- flND.93.-100.
- flND,93,B9,
- flND.93.-18B.B9.
• AND.93.-188.
• AND.S5.188,
- flND.188.-16.
• flND.188.IB.
• flND.111.97.
- AND.ill.98.
- flND.111.99.
- flND.188.77.
- flND.188.78.
• AND.188.79.
• flND.39.46.89,
- AND.93,100,
- AND.1,-1,
- flND.l.-l.
- flND.l.-l,
- flND, 1,-1,
• flND.l.-l,
• AND.81.46
• IOR. 1,-1,

;65
;6S
;67
;68
:69
;7B
;7l
;72
;73
;74
:75
;76
;77
;7B
:79
;8B
;B1
:82
;B3
;84
;85
;86
;87
:8B
;89
:9B
:91
;92
;93
;94
;95
:96
:97
;98
;99
;1B0
;1B1
;182
;1B3

;1B4
;105
;186
;107
;108
; 189
; lie
;lil
; 112
;113
;114
;115
: HE
:117
: 118
:119
;120
;121
: 122
;123
;124
;125
: 126
;127

:XTGT BACKGROUND REJECTION LOOP 3
iTHTTGT
;YTGT
;PHITGT
;THTCHK
;PH1CHK
;FLR1 CUT
;FLR2 CUT
;XFRONT PHASE SPACE CUTS
;THETB FRONT
:Y FRONT
;PH1 FRONT
:BDX 2
;BOX 3
;BOX 4
;GflTE 6 --> ELASTIC PERK
.-ROD 1
:ROD 2 OR CTOF PIONS
:ROD 3 OR CTOF MUONS
;RDD 4
;ROD 5
;PHflSE SPACE CUTS-FRONT
;THETflCHECK*PHICHECK*DRF*GATEG
;GOOD CHCBRS. QUflD OK
;FLflNGE CUTS
; TARGET TESTS*GOOD CHrBRS --> tTGTJ
.•THTCHK AND PHICHK*SOOD CWCRS — MANG CHK)
;DRF*CHkSUM " > (GOOD CHMBRS)
;TGT*flNG CHK »•> (GOOD EVENT)
;ELASTIC. GOOD CHrBRS
:ELRSTIC. GOOD EVENT
;ELfiSTIC, GOOD EVENT. QUflD
;-1.8 DEG
; B.B DEG
; 1.8 DEG
:MUON
;SPARE
;SPflRE
:SPARE

.•SPARE
:SPARE
;GOOD EVENT.PION
;GOOD EVENT,FLANGE
;GCOD EVENT.FLANGE.PION--MPION EVENT)
:GODD EVENT GARBAGE
;ELflSTIC,P10N EVENT
;PION EVENT -1/18
;PION EVENT IXIB
jPION EVENT.-1/-18.-1DEG
;P1ON EVENT -1/1B BDEG
;PION EVENT -1/-1B +1DEG
;PI0N EVENT flND B0X2
;PION EVENT AND B0X3
;PION EVENT flND B0X4
jGOOD CHMBRS.FLSNGE
;rU0N
;SPARE
;SPftRE
;SPARE
;SPflRE
;SPARE
;GATE FOR CH CAL
:LOOP 4 COUNTER CUhOOPEE UERE DONE)

Fig. II-7: (cont.)
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II-7). The PID box consists of two Indirect gates, one on the mean

energy loss in scintillators S2 and S3, and one on the time of flight

between S2 and S3. The PID test eliminates protons but not muons. The

PID test constitutes the first loop of the test file.

If an event passes the PID test, the analyzer proceeds to

calculate the positions in the front and rear multiwire proportional

drift chambers from the time difference and time sum of the chamber

signals. At this point, a number of chamber tests are performed (second

loop of the test file). The tests consist of drift-time tests and drift-

difference tests. The drift-time tests are gates (100 ns) on the drift

times from the eight front and eight rear chamber planes (see test it's

17-32 in Fig. II-7). The drift-time tests eliminate events which did not

produce signals in one or more chamber planes. The drift-difference

tests are applied to groups of four chamber planes, the front x planes,

the front y planes, the rear x planes, and the rear y planes. These

tests compare the positions calculated for the four chamber planes to a

straight line trajectory. From this comparison, the drift-difference

tests eliminate events for which two particles passed through the

chambers simultaneously and pion events which created knock-on electrons

with the group of four chamber planes. At this stage, an event has

passed the PID test and chamber tests, and the analyzer has computed xf,

yf, ef, 4>f, xr, yr, 8r, $r.

The next step is the calculation of the quantities x , y ,

^tet' t n e incident momentum, the scattered momentum, and the

scattering angle. The quantities at the scattering target are calculated

using the measured positions and angles at the front chambers in



conjunction with the transport matrix of the spectrometer quadrupoles,

To first order

x t g t - -xf . (II-l)

However,.due to abberations in the quadrupole fields, within the analyzer

xtet' yt2t* 9tet' ancl *tgt a r e calculated as polynomials of up to fourth

order in the front chamber positions and angles [Bo-79]. From xtEt> one

can obtain the incident momentum.

x
tgt = V 6c '

where Dc is the dispersion of the channel (10 cm/%) and 6C is the percent

difference between the incident momentum for the event (Prevent)) and

the central momentum of the channel (P determined from the channel

magnetic field settings).

Prevent) - Pc

The scattered momentum is determined, to first order, from the relation

xr " " xf + Dsp # 6s P • (II-4)

where Dsp is the dispersion of the spectrometer (4 cm/%) and 6S is the

percent difference between the scattered momentum of the event
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(Pf(event)) and the central momentum of the spectrometer (PSp, determined

from the spectrometer magnetic field settings).

Prevent) - P

sp

After calculating the above quantities, the analyzer calls

CALKIN, a subroutine to compute the missing mass of the event. Missing

mass is the diflerence between the mass of the recoil nucleus and the

mass of the nucleus before the collision ( i . e . , the excitation energy

given to the nucleus). Thus,

Q = [(Ei(event) - Ef(event) + M)2 - P 2 ] 1 / 2 - M , (II-6)

where Q is the missing mass, M is the ground state mass of the target

nucleus, P is the recoil momentum of the target nucleus, and E^(event)

(E^event)) is the total energy of the incident (outgoing) event.

The final step of the analyzer is background rejection tests and

passing the binned data to DSP for use in background rejection histograms

and missing mass histograms. Four of the background rejection tests are

gates on the calculated quantities x t g t , y tgt ' 9tgt» a n d *tgf

Histograms of these quantities aid in determining the lower and upper

limits of the gates. Other background rejection tests include gates on

the calculated quantities 8 ^ ^ and * c h e c k . 9 c h e c k and $ c h e c k are the

difference between the angles measured at the front chambers and the

angles calculated at the front focal plane from the information measured
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at the rear chambers. Once again, histograms of 8cneck and *check
 h e lP

to set the gate limits. The 6check and $ c h e c k tests eliminate ~ 99% of

the muons resulting from the decay of pions after the front chambers.

However, these tests will not eliminate muons due to pion decay before

the front chambers or elastically scattered channel beam muons. The muon

rejector (muon rejection test //100 in Fig. II-7) is used to eliminate

= 96% of these muons. The missing mass histograms consist of the good

pion events (test #108), the good events (test //93), and the one out of

10 or 100 fast cleared good pion events (test #112). The fast cleared

missing mass histogram is used to monitor the fast clear system in order

co prevent rejection of events from excited states.
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III. DATA REDUCTION AND RESULTS

A. Missing mass histograms and targets

Pion elastic and inelastic scattering cross sections are

calculated from the peak areas (counts) extracted from the missing mass

histograms of good pion events. These histograms contain only those

events which have passed test #108 of the test file (see Fig. II-7).

Thus, the good pion events have passed the particle identification tests,

the chamber tests, and the background rejection tests. Each missing mass

histogram contains good pion events for the full angular acceptance of

the spectrometer, 6spect - "1.5°, where
 9

s p e c t is the scattering angle

for which the spectrometer has been set. Fig. III-l shows a missing mass

histogram for 6Li(ir+,Tr+') using a 205 mg/cm2, 20 cm x 10 cm sheet of

enriched lithium metal (> 98% 6Li) for T^ = 140 MeV and 6lab = 26°.

Although the experimental resolution was not the best for the 205 mg/cm2

target (240 keV full width at half maximum (FWHM)), the 0+, T=l,

3.563-MeV level is clearly resolved from the broad 2 +, T=0, 4.25-MeV

level and the large background due to the continuum of final states in

the alpha-deuteron breakup of 6Li. Also clearly evident in the Q-value

spectrum is the 3+, T=0, 2.185-MeV level. There is no indication of the

2 +, T=l, 5.37-MeV or 1+, T=0, 5.65-MeV levels. (The 5.65-MeV level has

never been observed in electron scattering [Be-82].) The discontinuity in

the Q-value spectrum between the ground state and 2.185-MeV state is an

artifact of the fast clear system used to veto 99 out of 100 events with
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a Q value below = 1.2 MeV. The insert of Fig. III-l shows the same

missing mass histogram acquired without the use cf the fast clear system

and for a shorter period of data acquisition.

Four separate targets consisting of sheets of enriched lithium

metal (> 98% 6Li) fabricated by the Oak Ridge National Laboratory were

used during the experiment. Two of the targets, with dimensions of 22.9

cm x 15.2 cm and areal densities of 202 mg/cm2 and 100 mg/cm2, were used

for approximately one-half of the total data acquisition and contained no

discernible contamination. The remaining two targets, with dimensions of

20 cm x 10 cm and areal densities of 205 mg/cm2 and 95 mg/cm2, were

contaminated by exposure to the air during shipping. (Further

contamination was prevented by handling the targets in a sealed glove bag

filled with argon. Also, when not in use, the targets were stored in an

evacuated canister.) Since lithium metal exposed to the air will form the

compounds lithium hydroxide (L10H) and lithium nitride (LijN), possible

contaminants were oxygen, nitrogen, and hydrogen. The areal densities

for the 20 cm x 10 cm targets include corrections for these contaminants,

as described in Sec. III-B.

Full-size targets for the target ladder are 22.9 cm x 15.2 cm.

Two of the targets (20 cm x 10 era) were not full-size targets and care

was taken to ensure proper normalization of the cross sections. The CH2

targets used for absolute normalization (see Sec. TII-C) were of the same

dimensions as the 6Li targets, and both the 6Li and CI^ targets were

mounted in the target ladder in the same configuration. Furthermore, due

to possible misalignment of the targets in the target ladder and the

variation of the target area intercepted by the channel beam as
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cos(8 t ) (9 t a r e e t is the angle between a perpendicular plane to the

beam and the plane of the target), 6tareet was set to bisect the central

angle of the angular distributions acquired with the 20 cm x 10 cm

targets. For example, at T^ = 120 MeV the thick and thin 20 cm x 10 cm

targets were used for 9lab *= 21° to 42°. Thus, 8 t a r g e t was set to 16°

(bisects the central angle of 32°) for each 6lab. Such a procedure

eliminated possible errors which could result from differing target areas

intercepted by the beam as the target angle varied. Also, the central

angle of the angular distribution was chosen to minimize straggling for

the set of angles. For the two full-size targets, the target area was

much greater than the channel beam area and the above precautions were

not needed.

B. Extraction of peak areas

Peak areas for the elastic peak of ^Li, the first three excited

states of 6L1, and the elastic peaks of the contaminants were extracted

from the ^Li(n ,n ') Q-value spectra using a lineshape oriented fitting

program LOAF [Sm-78]. LOAF allows simultaneous fitting of a maximum of

ten peaks, each with a separate lineshape. The peaks can be fit as

"free" peaks (centroid of each peak is allowed to move independently) or

as "delta" peaks (centroids of a group of peaks are constrained to have

fixed separations but the position of the group of peaks may vary).

Lineshapes are taken from a user-specified peak in the spectrum to be

fitted. LOAF automatically determines the background as a polynomial of

order zero to ten (the polynomial order is specified by the user) from



41

the displayed region of the histogram, or the user may fix the background

by specifying a number of background points which LOAF then fits with a

spline curve. For a displayed region of a Q-valtie spectrum, LOAF

determines the best fit background and then subtracts this best fit back-

ground from the spectrum. The remaining spectrum is assumed to be peaks

and is fitted with the user-specified lineshapes, where only the area and

centroid of each peak are variable parameters. A disadvantage of this

peak fitting procedure is that uncertainties for peak areas extracted

from peaks strongly correlated with the background may be underestimated.

Due to the relative ease of use and constant user interaction with the

program LOAF, LOAF was used for the extraction of all peak areas, even

though the weakly excited 3.563-MeV state lies on top of a large

continuum background. However, to ensure that LOAF provided realistic

uncertainties for the peak areas, one spectrum at each incident pion

energy was fitted with another peak fitting routine [Bl-84], This

alternate fitting program optimizes the background polynomial and peak

parameters simultaneously; thus, the peak area errors contain any

correlations between the background and peak parameters. Both fitting

programs returned consistent peak areas and errors.

Due to the differences in recoil energies of different nuclei,

contaminants in the 6Li targets appear as separate peaks in the

6Li(Tt+,Tt+') Q-value spectra. The centroids of these peaks allow

determination of the types of contaminants, whereas the areas determine

the quantity and thus the correct &Li target areal density. As a result

of its light mass, the hydrogen contamination was easy to calculate. For

both the thick and thin 20 cm x 10 cm targets, the hydrogen peak was
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fitted for all spectra where it was clearly resolvable from the 6Li

inelastic peaks. These hydrogen peak areas were used in conjunction with

the Tt+ + p cross sections generated by the computer program CROSS

[Bu-n.d.] to calculate an average target areal density due to hydrogen.

The result was < 1% (by areal density) hydrogen contamination for the

thick 20 cm x 10 cm target and = 5% for the thin 20 cm x 10 cm target.

The elastic peaks of 1 50 and 1<4N were not separable within the elastic

impurity peak appearing at the low excitation energy side of the 6 Li

elastic peak (see Fig. I1I-1). However, since in some Q-value spectra

the 6.13- and 6.92-MeV states of 1 60 but no inelastic peaks of lf*N were

observed, the heavy elastic impurity peak was assumed to be 1 ^ 0 . With

this assumption, the extracted yields for the heavy impurity elastic peak

resulted in smooth 120- and 180-MeV angular distributions whose shapes

were in rough agreement with predicted ir + 1 60 angular distributions.

As for hydrogen, the 1 60 elastic peak areas were used in conjunction with

theoretical TT+ + 1 60 cross sections (tested against the data of [Ho-80])

to calculate an average target areal density due to oxygen. The 160

target areal density and the hydrogen target areal density resulted in

total impurities of 2.3% and 18% for the thick and thin 20 cm x 10 cm

targets. Similar calculations assuming the heavy elastic impurity peak

to be all nitrogen resulted in the same amount of total impurities to

within ± 10%. In addition, a small amount of nitrogen contamination

would negligibly affect the 6Li inelastic cross sections (< 1%) since all

the (ir+,ir ') cross sections of l4N are a factor of 100 to 1000 less than

the elastic cross sections [Ge-83]. As a further check on the

contaminant correction to the 6Li target areal density, the differential
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cross sections for the elastic scattering from 6Li extracted from the

contaminated and uncontamlnated targets at the same incident pion energy

and scattering angle were compared and found to agree within IX. Fig.

III-2 shows the fits from the program LOAF for two spectra acquired at

T^ «= 120 MeV and 8 l a b = 27°, one with the contaminated thin 20 cm x 10 cm

target and the other with the thin 22.9 cm x 15.2 cm target. Due to the

large amount of contamination in the thin 20 cm x 10 cm target

(particularly, the broad hydrogen peak), this target was used only for

the elastic and 2.185-MeV states of 6Li at T^ = 120 MeV and 9 l a b = 21°,

27°, 29°, and 32°, where the oxygen elastic was clearly resolved from the

6Li elastic and the oxygen inelastics and hydrogen elastic appeared at

2.77 MeV and above in the Q-value spectra. No ?Li impurity was observed

in the spectra for any of the four targets.

To determine the areas for the elastic peak of 6L1 and the 3 +

peak, the Q-value spectra acquired without the fast clear system were

fitter in the region between -1.5 MeV and 3.0 MeV with a first-order

polynomial background and two peaks constrained to be at 0.0 and 2.185

MeV [Aj-84] (see Fig. III-2). Both the elastic and 3 + peaks were fitted

at each incident pion energy with their own llneshapes. To obtain areas

for the 0 + and 2 peaks, the Q-value spectra acquired with the fast clear

system were fitted in the region between 1.4 MeV and 6.0 MeV with a

third-order polynomial background and three peaks constrained to be at

2.185 MeV, 3.563 MeV [Aj-84], and 4.25 MeV. The lineshapes used for the

2.185- and 3.563-MeV peaks were extracted from the 3 + in spectra acquired

without the use of the fast clear system. Lineshapes were determined at

each incident pion energy because the resolution varied with energy from
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Fig. I I I - 2 : TI+ energy-loss spectra taken at T̂  = 120 MeV and 6 l a b = 27°.
The top spectrum Is from the contaminated 95 mg/cm2, 20 cm x 10 cm
ta rge t . The bottom spectrum Is from the 100 mg/cm2, 22.9 cm x 15.2 cm
ta rge t . LOAF was used to f i t the spectra.
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200 keV (220 keV) FWHM at T^ - 100 MeV to 260 keV (260 keV) FWHM at

T - 260 MeV for the thin (thick) targets. The lineshape used for the 2 +

state was constructed by folding the instrumental lineshape taken from

the 3 + with a Lorentzian of 680 keV FWHM. Both the position and natural

width of the 2 + level, 4.25 + 0.02 MeV and 680 ± 20 keV, were determined

from fit6 to several spectra where this state was predominant. Frevious

determinations from other experiments are 4.27 + 0.04 MeV and 690 ± 120

keV (6Li(e,e')) [Ei-69], 4.29+ 0.02 MeV and 850+ 50 keV (9Be(p,a))

[De-83], 4.30+0.1 MeV and 4 8 0 + 8 0 keV (9Be(p,a)) [De-83], and

4.3 ± 0.1 MeV and 600 + 100 keV ('Li(3He,o)) [Sc-75]. Fig. III-3 shows

the fits to several spectra taken at different Incident pion energies and

scattering angles.

The consistency of the fits to the various Q-value spectra was

checked by extracting areas for 100 keV wide segments of background

(automatically determined by the program LOAF) centered about 3.563 and

4.25 MeV. Plots of the background yields for both the 3.563- and

4.25-MeV segments result in smooth and continuous angular distributions

at T n = 120 and 180 MeV (see Figs. III-4 and III-5). Also, the back-

ground yields versus incident plon energy are smooth and continually

increasing (see Figs. III-6 and III-7). Therefore, there is indication

that the extraction of the peak areas from the large continuum background

is consistent for different incident pion energies and scattering angles.

However, this background check does not eliminate the possibility of an

overall underestimation or overestlmation of the background underneath

the 3.563- and 4.25-MeV peaks.
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Fig, III-3: TT energy-loss spectra and fits using the computer program
LOAF.
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Fig. III-5: Angular distributions for 100 keV wide segments of
background centered about 4.25 MeV.
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Fig. I I I - 6 : Background yields versus incident pion energy for 100 keV
wide segments of background centered about 3.563 MeV, The data points
correspond to a constant momentum transfer q = 109 MeV/c.
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Fig. III-7: Background yields versus incident pion energy for 100 keV
wide segments of background centered about 4.25 MeV. The data points
correspond to a constant momentum transfer q = 109 MeV/c.
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C. Cross section computation and errors

The differential scattering cross section in the center-of-mass

system is given by

d n d t G ,
FdtNdft

where dlldt Is the number of plons scattered at an angle 9 into the solid

angle dn in the time interval dt, Fdt is the number of pions crossing a

unit area perpendicular to the channel beam in the time interval dt, N is

the number of independent scattering centers in the target which are

intercepted by the beam, and G is the Jacoblan of the transformation from

the laboratory to the center-of-mass system. dlldt is given by the

extracted peak area from a Q-value spectrum corrected for the

inefficiences of the EPICS data acquisition system.

dndt = (Peak Area)«CF , (III-2a)

where

CLT DREFF
1

CHEFF LE SF
1

SACORRâ ^ B T^T^ T^ T^T^ Awwn v̂  r^ T T^ f̂  T^ f̂  A ^ ^ f \ V\ T̂  ^ * ^^

CLT Is the computer live time as discussed in Sec. II-C. DREFF is the

drift efficiency of the raultiwire proportional drift chambers and

corrects for those events producing signals in all chamber planes but not
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passing the drift-difference tests. CHEFF is the chamber efficiency and

is the product of the sixteen individual chamber efficiencies, each given

by

All Chambers OK

All Chambers but i OK

LE is the fraction of analyzed events. For on-line data acquisition in

the MAY PROCESS mode, LE < 1.0. However, all data tapes are replayed in

the MUST PROCESS mode so that LE = 1.0 provided there are no input/output

tape errors. SF corrects for the pions that decay after the scattering

target and before scintillator S3.

SF = exp(-t/-r') ,

where

t = , (III-4b)

T' = yz^ . (III-4c)

pn is the relativistic momentum of the pion, m^ is the rest mass of the

pion, T^ is the mean lifetime of the pion, y = l/(l-v2/cz)*' ̂, and L is

the path length from the scattering target to S3 which is corrected to

first order in 6gp for varying path lengths, 1 = (12.28 - O.O35«5sp)

meters. SACORR is a correction factor for the variation of the

spectrometer's solid angle as a function of 6 . This correction factor



53

is determined by measuring the yield of a state (usually an elastic peak)

for -6% < 6 < 6%. 6 is varied by varying the spectrometer field

settings. For all of the experimental runs, the spectrometer quadrupole

and dipole magnetic fields were set to values such that pions exciting

the 3.563-MeV level had the same 6 , where 6 was chosen to correspond

to the flat region of the spectrometer's solid angle variation versus 6

curve (acceptance curve). This procedure minimized solid angle

correction errors. Fdt is given by the relation

Monitor«cos(8tareet)*£
Fdt = t a r g e t , (III-5)

where Monitor indicates the number of scaled IC1, BOT, or 1ACM02 pulses,

cos(9tar t) corrects for the scattering target not being perpendicular

to the channel beam, a is the target area intercepted by the beam, and £

is a proportionality factor since the beam monitors are only relative

monitors of the pion current. Lastly,

N = a-n-d , (III-6a)

with a the target area intercepted by the beam, d the target thickness,

and n the number of scattering centers per unit volume,

UP

- ? - • (III-Gb)
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N is Avagadro's number, p is the target density, and A is the mass of

the target in grams/mole. Combining Eqs. (III-l to III-6),

da _ G*(Peak Area)'NORM-A (III-7)
dfi N • areal density*£*d£2 'o

where NORM = CF/(Monitor«cos(8target)) and the areal density is d-p.

Since neither £ nor dft are known, the normal procedure is to determine

the absolute magnitude of the differential scattering cross section by

measuring a known differential scattering cross section. Thus,, for each

incident pion energy, spectra were accumulated for IT + p scattering with

CH? targets of the same dimensions as the 6Li targets. Using the

Coulomb-corrected phase-shift predictions from the computer code CROSS

[Bu-n.d.], which uses the phase shifts of Rowe, Salomon, and Landau

[Ro-78], to determine da/dfJH, from Eq. (III-7)

* T ' (III-8)No-(areal density)CH -do/d% * T '

where the 14/2 corrects for one mole of CH containing two grams of

hydrogen and twelve grams of carbon. Inserting Eq. (1II-8) into Eq.

(III-7) yields the expression for the absolute differential scattering

cross section

G6Li ( P e a k Area)6Li (N0RM)6L1

(Peak Area)H " (NORM)H
l.jn' Li n ~ • " "
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(areal density)^ ^ ^

(areal density)6Li * W
H X TK '

Eq. (1II-9) reveals the possible sources of error in the

differential scattering cross sections. The error bars presented in the

figures and table are errors due only to the statistical and fitting

errors in the extracted peak areas estimated by the computer program

LOAF. Additional total uncertainties are estimated to be * ± 7% due to

uncertainties of ± 3% in chamber efficiencies, ± 3* in pion survival

fraction (from the path length corrections), ± 2% in the spectrometer's

solid angle variation with momentum in the spectrometer (probably over-

estimated since the pion events of the elastic and inelastic peaks in the

^Li Q-value spectra had ^ 's corresponding to the flat region of the

spectrometer's acceptance curve), ± 3% in channel beam monitoring, and

± 3% in the normalization to n + elastic scattering from hydrogen.

Furthermore, the data for the 3.563- and 4.25-MeV states contain

systematic errors of ± 15% and ± 10%, respectively, due to the

uncertainty in the fitting of the large continuum background and the

uncertainty in the position and width of the 2 + state. These systematic

errors were inferred from the fitting program LOAF by varying the order

of the polynomial fit to the background, and by varying the position and

width of the 2 + state from 4.23 to A.27 MeV and 660 to 700 keV.
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D. Data

The data are presented in Tables A-l through A-4 in Appendix A

and in Figs. III-8 through 111-15. For all figures, the results of

multiple measurements at a given pion energy and scattering angle are

plotted as a single data point which is the weighted average of the

multiple measurements. The incident pion energies and scattering angles

at which the data were acquired are the result of the main goal of the

experiment—the measurement of a detailed constant-q excitation function

for TI+ inelastic scattering to the 3.563-MeV state of 6Li. The incident

pion energies range from 100 MeV to 260 MeV, thus covering the lower

energy region through the upper energy region of the A(1232) resonance.

T^ = 100 MeV is also the lowest pion energy normally used for most

experiments at EPICS due to the decreased incident pion flux, decreased

pion survival fraction in the spectrometer and experimental time

limitations. T^ = 260 MeV is also not the highest usable pion energy,

but higher energies were not feasible for this experiment because of the

rapidly decreasing scattering cross section for the 3.563-MeV state at

T^ > 230 MeV. Except for T^ = 120 and 180 MeV, there are data at only

one scattering angle for each incident pion energy. The scattering

angles correspond to a constant momentum transfer of q = 109 MeV/c, with

an error in q of < 7%. This momentum transfer was determined during on-

line data acquisition from the apparent maximum of the angular

distribution at T^ = 120 MeV for ir+ inelastic scattering to the 3.563-MeV

level. However, after subsequent off-line data analysis, the maximum of

the 120 MeV angular distribution occurs at 6lgb = 27° (the midpoint of
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Fig. III-9: Differential cross sections for ii+ elastic scattering for
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59

the three highest data points in Fig. 111-14), yielding a q = 101 MeV/c.

No corrections have been made to the data for the variations in q. Such

corrections result in small changes in the differential scattering cross

sections for the 3.563-MeV state, but not for the elastic and 2.185- and

4.25-MeV states (discussed below). T^ = 120 and 180 MeV were chosen as

the incident pion energies for the partial angular distributions in order

to have angular distributions off and on the peak of the A(1232)

resonance.

Fig. I1I-8 shows the differential cross sections for n + elastic

scattering from 6Li at T^ = 120 and 180 MeV. Fig. II1-9 shows

differential cross sections for 100 «; T^ < 260 MeV and q = 109 MeV/c.

The excitation function continually increases with increasing incident

pion energy, a characteristic feature for elastic scattering of a

strongly absorbed probe [Bl-66]. The dip in the data curve at T^ = 180

MeV is partially a result of the momentum transfer being approximately 5%

too high (q = 114 MeV/c). Extrapolation to q = 109 MeV/c moves the

T^ = 180 MeV data point from 80 mb/sr to 90 mb/sr.

The differential cross sections for n inelastic scattering to

the 3+, T=0, 2.185-MeV level at T^ = 120 and 180 MeV are shown in Fig.

111-10. Within the angular range measured, the angular distributions

have the shape expected for a strong transition in the lp shell in which

the dominant transition amplitude is for J=2, L=2, S=0 (J is the total

angular momentum transfer, L is the orbital angular momentum transfer,

and S is the spin angular momentum transfer) [Le-80], Fig. 111-11

presents the differential cross sections for 100 < T < 260 MeV and

q = 109 MeV/c. The excitation function continually increases with
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increasing incident pion energy as expected for this natural-parity,

AS=0, transition (see Chap. 1).

Fig. 111-12 shows the differential cross sections for IT

inelastic scattering to the 2 +, T=0, 4.25-MeV level at T^ - 120 and 180

MeV. The shape of the angular distributions are the same as for the

inelastic transition to the 2.185-MeV state, consistent with the

predictions of Lee and Kurath [Le-80]. This is also consistent with the

electron scattering form factors for both natural-parity transitions to

the 2.185- and 4.25-MeV levels. The form factors have the same

dependences on the momentum transfer [Be-63]. Fig. 111-13 presents the

excitation function taken at q = 109 MeV/c. As for the 2.185-MeV state,

the energy dependence is an increasing function of the incident pion

energy. The fluctuations in the data curve are partially the result of

variations in q. For example, the T^ = 180 MeV data point corresponds to

q = 113 MeV/c. Extrapolation to q = 109 MeV/c moves the data point from

0.7 mb/sr to 0.6 mb/sr. Also, the fluctuations are not as great as they

appear in Fig. 111-13 when one accounts for the uncertainties discussed

in Sec. IIl-C.

The differential cross Sections for' it inelastic scattering to

the 0 +, T=l, 3.563-MeV state are presented in Figs. 111-14 and 111-15.

The 120-MeV angular distribution peaks at an angle (9 = 28°) smaller

c *ro *

than the peaks (8 c # n l > > 45°) of the 120-MeV angular d i s t r i b u t i o n s for the

2.185- and 4.25-MeV s t a t e s . Such a r e s u l t i s expected for t h i s J = l , L=0,

S=l t r a n s i t i o n [Le-80]. The e x c i t a t i o n funct ion increases from T^ = i00

to 190 MeV and then decreases . A d i r ec t comparison to the e x c i t a t i o n

function for TT~ i n e l a s t i c s c a t t e r i n g to the 15.11-MeV s t a t e of 12C or to
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sin?S (see Chap. 1) is not meaningful because of distortion effects of

the- incident pton wave function. Further discussion of the excitation

function is given in Chap. V.
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IV. THEORY

A proper understanding of pion-nucleus (irA) scattering data would

require theoretical methods incorporating r e l a t i v i s t i c scattering

techniques, since irA interactions involve both the absorption and

production of pions. However, at present, there are almost no systematic

re l a t lv l s t i c theories available. The best theoretical tool i s the non-

re l a t iv i s t i c multiple-scattering formalism developed by Watson and others

in the 1950's [Fr-53,Fr-56,Wa-57,Wa-58], along with corrections for

re l a t iv i s t i c kinematics. The nonrelat ivist ic multiple-scattering

formalism leads quite clearly to the lowest-order result for the optical

potential for irA elast ic scattering and the transit ion amplitude for TTA

inelast ic scat ter ing. (An optical potential i s a potential involving the

projectile (pion) variables only and, when used In a one-particle

Schro'dinger equation for the projectile (Klein-Gordon equation for the

pion), yields the solution to the multiple-scattering problem for

projectile-nucleus (irA) e las t ic scattering.) The lowest-order resul t s tor

the optical potential and transit ion amplitude Involve the basic pion-

nucleon (irN) T matrix and the nuclear ground state and transi t ion

densit ies, respectively, and have been successful as low-t-order

approximations to the physics of irA elast ic and Inelastic scattering in

the medium-energy range "00 < T < 300 MeV).
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A. Nonrelatlvistic multiple-scattering formalism

For a pion incident on a nucleus of A nucleons, the Hamiltonian

is

H - H 0 ( r 1 , r 2 , «" ,r A ; r ) + V ^ . r - j , • • • ,r"A;r) , (IV-la)

with

HQ = HN(r1 ,r2 ,-",rA) + K/r) , V = Z v^r",^) . (IV-lb)

H« is the nuclear Hamiltonian for A nucleons including the nuclear recoil

(spin and isospln degrees of freedom are not shown explicitly), K^ is the

kinetic energy operator for the pion, and v^ is the potential interaction

operator between the pion and the ith nucleon. The variables r1,*",rA

refer to the nucleon coordinates and r refers to the pion coordinate.

The Lippmann-Schwinger equation for the TTA transition operator ,T, is

A A
T = V + VGQT = I v± + I ViG0T , (IV-2a)

where

Go = i _ _ n + 0+ . (IV-2b)

GQ is the free Green's operator of the Hamiltonian H and E is the

collision energy in the irA center-of-mass system,
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E - (k£ + ,^1/2 + 0.2 + M 2 ) 1 / 2 + E n u c l . (IV-3)

k Q is the pion-nucleus relative momentum, M is the mass of the nucleus

(M s Am), mn is the pion mass, and E n u c l is the nuclear ground state

energy (taken to be zero, see Eq. (IV-21)). T as defined in Eq. (IV-2)

is a many-body operator involving both nucleon coordinates and pion

coordinates. Since the free TTN T matrix is well parameterized from

experimental data (see Chap. I), the objective of multiple-scattering

theory is to express the irA T matrix in terms of the free uN T matrix.

This objective is accomplished by first rewriting Eq. (IV-2) in a form

which allows the exact summing of all the pion rescatterings from a given

nucleon within the nucleus [Ei-80]—

A
T mtl^± • (IV-4a)

with T^ defined as

T± = v± + ViG0T . (IV-4b)

Using Eq. (IV-4a) in Eq. (IV-4b),

Ti ' vi

Subtract from both sides of Eq. (IV-5) the quantity viGoTi, thus

obtaining
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Dividing both sides of Eq. (IV-6) by (1 - v.^) and defining

Eq. (IV-6) becomes

Substituting this result into Eq. (IV-4a), the Lippman-Schwlnger equation

for the itA transition operator is

A A
1 i ° i J

Iterating Eq. (IV-9) yields the Watson series for the ITA (more generally,

projectile-nucleus) transition operator—

A A A
T = Z T, + t T.G. Z T. + Z T,Gn Z T.G. Z T. + ••• . (IV-10)

i=l i 1=1 X °j*i J 1=1 x °j*i J °k*j k

Eq. (IV-10) is a general result for any form of the Green's operator ,G ,

and can be applied to inelastic as well as to e las t ic scattering

processes. The physics of Eq. (IV-10) is clear after interpretation of

the T's.. Multiplying by (1 - v̂ G ) and adding v.G T. to both sides of

Eq. (IV-7) gives

Ti = vi + vi Go Ti ' (IV-li)
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Eq. (IV-11) is the Lippmann-Schwinger equation for the scattering of a

pion from a nucleon which is in interaction with the other A-l nucleons

of the nucleus. T is a complicated many-body operator involving the

nuclear Hamiltonian HN. Returning to Eq. (IV-10), one sees that irA

scattering is expressed as an infinite series of TTN scattering terms (in

the presence of other nucleons) for single, double, triple, etc.

scatterings, «rLth successive scatterings on the same nucleon excluded to

avoid double counting.

To solve Eq. (IV-10) for the itA T matrix, one must be able to

obtain an expression for the T'S. This is a very difficult problem since

the T'S involve the nuclear Hamiltonian H^. One can relate the T^ to the

free TTN transition operator, t^,

H = vi + v±ZoH • (IV-12a)

where

g0 = * — „ ^ . TI • o+ . (iv-i2b)
«> - K, - K N + in

KN is the kinetic energy operator for the nucleon and ui is a suitable

choice for the irN collision energy in the itA center-of-mass system. The

relation between T^ and t̂  is

With this expression for T in Eq, (IV-10), the irA transition operator is
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expressed in terms of the free ITN transition operators plus nuclear

medium corrections. If the difference between GQ and g0 Is small, one

can approximate T, = t* (impulse approximation) and the Watson series for

the ITA T matrix is greatly simplified, since the irA T matrix then

involves the experimentally well-determined irN phase shifts. The impulse

approximation is based on the assumption that the energy of the pion is

sufficiently high compared to the binding energy of a single nucleon, and

thus one may ignore the nuclear medium. However, the impulse approxi-

mation does not include ignoring the momentum of the bound nucleon. With

T^ s tlt Eq. (IV-9) becomes

A A
T = It, + E tiGn I Ti . (IV-14)

i=l * 1=1 * °j*i J

Eq. (IV-14) is the starting point for deriving the lowest-order optical

potential for irA elastic scattering and also the transition amplitude for

TTA inelastic scattering.

B. Elastic scattering

Eq. (IV-14) restricts the summation of scattering terms such that

there are no successive scatterings on the same nucleon. If this

restriction is dropped (large nucleus approximation), then one extra term

is included, introducing an error of order I/A, which for large nuclei is

small [St-74]. With this approximation, Eq. (IV-14) is replaced by
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Rewriting,

T = T + TGOT , <IV-16a)

where

A
T = J^i • (IV-16b)

For elastic scattering, in which the nucleus remains in its ground state,

one must take nuclear ground state matrix elements of the irA transition

operator. For this purpose, introduce

- |«B(r1,r2,"«,rA)>

for the nuclear ground state and excited state wave functions,

respectively. The nuclear ground state matrix element of T is

<0|T|0> = <0|T|0> + <0|TGoT|0>

= <0|T|0> + E£,<0|T|e'><e'|Go|e><e|T|0> .

Noticing that

EE -

Eq. (IV-18) can be written
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<0|T|0> - <0|T|0> + E<0|T|e>Go(E)<e|T|0> . (IV-20)

In the second tarm of Eq. (IV-20), there are both diagonal. e=0, and

nondiagonal, e*0, matrix elements. The diagonal matrix elements should

be larger than the nondiagonal matrix elements due to the expected good

overlap of the nuclear ground state wave function with itself (especially

for small momentum transfers) [Ei-80]. The diagonal terms are usually

called the coherent terms since they correspond to the elastic case where

the pion wavelets from different nucleon scattering centers add

coherently. Exhibiting the coherent terms explicitly, Eq. (IV-20) is

<0|T|0> = <0|T|0> + <0| T | 0 > — - — L _ <01T | 0>

[ Z <0|T|e>Go(e)<e|T|0>] , (IV-21)

where the term in brackets is small and the arbitrary zero of energy has

been determined by letting the nuclear ground state energy vanish,

E" u c =0. Taking only the coherent terms (the coherent approximation),

<0|T|0> = <0|T|0> + <0|T|0>- J____<01 T | 0> . (IV-22)

This equation can be rewritten as

<0|T|0> = Vop + V o p r _ _ _ < 0 | T | 0 > , (IV-23a)
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where

"i=l
VQp - <0| T|0> - <0| S t 1 | 0> . (IV-23b)

Eq. (IV-23) I s the desired Lippmann-Schwinger equation for nA e l a s t i c

scattering (compare to Eq. (IV-2)) with the nucleus represented by the

lowest-order opt ical po tent ia l , V , which i s a function of the pion

coordinate , r , and energy only. V i s complex, with the imaginary part

representing a l l i n e l a s t i c processes allowed by conservation of energy

and by the s e l e c t i o n rules for strong in terac t ions .

Using the momentum representation of the one-particle Klein-

Gordon equation, one must ca lculate the matrix elements of Vop in the

momentum space of the pion. Denoting i n i t i a l and f inal pion momenta in

the nA center-of-mass system as k and k' ( | k | , | k ' | , |k I are not

necessarily equal) and l e t t i n g |k> represent the pion s tate Including i t s

i sospin ,

<lt' |Vo p |k> = E <£'OIt^iiOl£()> . (IV-24)

Inserting

d3p, d3p,
" ' i P > <
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where PI»'**»PA> P i * " * ' P A are t*ie m o m e n t a °^ tne individual nucleons,

Eq. (IV-2A) can be written as

+ , .-»• A , d 3 p , d 3 p , d 3 p ± d3p£ d3pA

<k' V k> = I f l ««» ~. . i • • ' -
' O P 1 l=l J(2Tr)d(2ir) ;> ( 2 IT) 3 (2TT) 3 T H F

(IV-26)

<k'p£|tjC^lkp^ contains a momentum conserving delta function. Thus,

define a reduced nN T matrix as [Er-80]

k

<k'p£| | t iC«)| |^P1>C2»)
36(p£-p1+q) , (IV-27)

where q = k' - k is the three-momentum transferred to the pion.

Substituting Eq. (IV-27) into Eq. (IV-26), the pion momentum space

represe-tation of the optical potential is

(IV-28a)

where p(p-q,p) i s the s ingle-nucleon dens i ty and i s given by

,* + +% A r d 3 p i d 3 p 2
P i l J ( 2

. . + A — 1 + + * •*• •* + + + + +

j J O O

" ' * + + " P A ) . (IV-28b)
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is the T matrix given by the experimentally determined nN scattering

phase sh i f t s . The transformation is ambiguous and one method i s

explained in detail in [Co-84]. Briefly, one employs a frozen-target

approximation (Po " ~kQ/A) an(* assumes effective on-energy-shell

kinematics, <k'pQ-q||t(w0)||kpQ> i s approximated as

(IV-32a)

where £ is an effective on-energy-shell momentum [Co-84] associated with

the irN coll is ion energy in the ITA center-of-mass system and

E1t(K)E1I(OEN(K)EN(iO 1 / 2

^E1l(£)E.,(jc-)EN(£/A)EN(£'/AT^ * (IV-32b)

m | ) 1 / 2 , E N ( K ) = ( K
2 + m 2 ) 1 / 2 , etc. o^ is given by

(IV-33)

Since one is assuming effective on-energy-she.il kinematics, all kinematic

variables (K, K', jc, <_', w^, and Si ) are related through use of the

invKriance of the four-vector product s = (P}{ + P^CP^n + P H U ) « T h e

effective on-energy-shell kinematics are phenomenologically determined by

incorporating an energy shift parameter in E^OO ICo-84], i.e.,

E,(jc) = En(k) + A . (IV-34)
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A is a free parameter which adjusts the kinematics so that the approxi-

mations (impulse, factorization, frozen-target) made in deriving the

lowest-order optical potential are most correct [Co-84]. The final

result for the pion momentum space representation of the lowest-order

optical potential is

<fc*'|Vop|k> = AY<K'|e(cS0)|K>p(q) . (IV-35)

The connection between the optical potential and the UN phase

shifts is made in the usual way for on-energy-shell kinematics [Ei-80]—

(IV-36)

where u is the reduced energy for the pion and nucleon, u = [E^CK)""* +

EJJCK)" 1 ] " 1 , and F( ie'«-ie) i s the scattering amplitude matrix discussed in

Chap. I . With Eq. (1-7) and > elect ing the spin-dependent term, the

optical potential i s

b(flo)K'-K]p(q) , (IV-37)

which is known as the Kisslinger optical potential [Ki-55]. Transforming

to the coordinate space representation,

Vop(?) = ilAY[-a(S0)p(?) + b(0o)V.p(?)V] . (IV-38)
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In Eq. (IV-38), p(r) Is the ground state nuclear density normalized to

unity, Jp(r)d^r » 1. The ground state nuclear density may be expressed

in terms of the neutron and proton densities as

pz(r) , pN(r) = Jp(?) , Pz(r) - |p(r) , (IV-39)

where N Is the number of neutrons In the nucleus and Z the number of

protons. Substituting Eq. (IV-39) into Eq. (IV-38), the Kisslinger

optical potential becomes

Vop(?) = TA^-a(ao)pN(r> " »<VpZ(?> +

b(ao)V-pN(r)V + b(uio)7-pz(r)V] . (IV-40)

For it+ elastic scattering from a nucleus, Eq. (IV-40) is (see Eq. (1-7))

(a3.1COo)

A similar expression holds for Tr elastic scattering from a nucleus,

which is obtained from Eq. (IV-41) by replacing PN(r) with Pz(r) and vice

versa. For self-conjugate nuclei (N = Z) such as 6Li, the Kisslinger
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optical potentials for u + and it" elastic scattering are identical as seen

from Eqs. (IV-39) and (IV-41).

Differential cross sections for TVA elastic scattering are

obtained by numerically solving a Klein-Gordon equation containing the

Kisslinger optical potential and the Coulomb potential, Vc. The radial

piece of the Klein-Gordon equation is

(£ y K ( r ) (|| U 25Uop 2CUc)uA(r) , (IV-42)

where U c = Vc(r)/fic, U Q p = Vop(r)/Rc, 5 = E/fic, k is the incident

momentum of the pion in the itA center—of-mass system, and E is the total

energy of the incident pion in the irA center-of-mass system. For the

elastic calculations presented in this dissertation, a modified version

[Co-80] of the computer code PIRK [Ei-74] was used to solve Eq. (IV-42)

for the phase shifts needed to compute the elastic differential cross

sections. The modifications to the code include the transformation of

the TTN T matrix in the irA center-of-mass system to the irN center-of-mass

system according to Eq. (IV-32) and linking PIRK to the MINUIT optimizer

package [Ja-75a] in order to search on the energy shift parameter

incorporated in the effective on-energy-shell kinematics, Eq. (IV-34)

[Co-80]. The MINUIT optimizer package also allows searching on the

shapes and magnitudes of the neutron and proton density distributions

which enter into the Kisslinger optical potential. However, for the 6Li

elastic calculations, the proton density distribution was taken directly

from electron scattering measurements with no variation in the shape and
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magnitude, but corrected for the finite size of the proton charge. The

same density distribution was used for the neutrons. Lastly, the nN

partial-wave amplitudes in Eq. (IV-41) were constructed from the irN phase

shifts of Rowe, Salomon, and Landau [Ro-78].

C. Inelastic scattering

The theory for nA inelastic scattering is more complicated than

for TTA elastic scattering. As for elastic scattering, one uses the non-

relativistic multiple-scattering formalism. However, irA inelastic

scattering involves a "hard" interaction which induces the nuclear

transition, an interaction not present in irA elastic scattering [Ei-80],

To derive the transition amplitude for irA inelastic scattering, the main

assumption is that the reaction mechanism consists of two parts: (1)

many scattering steps which serve only to distort the pion wave function

and in which the nucleus remains in the ground state and (2) a one-step

"hard" interaction which causes the nuclear excitation [Ei-80].

Derivation of the transition amplitude involves the same approximations

as the derivation of the lowest-order elastic optical potential in Sec.

IV-B, although the approximations may be less well founded.

Beginning with Eq. (IV-14) and using the large nucleus approxi-

mation,

A
T = T + TGQT, T = Z t± . (IV-43)

Since one is interested in inelastic scattering, matrix elements of Eq.



(IV-43) must be taken between a nuclear excited state, |6>, and the

nuclear ground state, |0>—



In order to obtain a final expression for the transition amplitude, one

needs to calculate the matrix elements of <0|T|O> in the momentum space

of the plan. Letting U f > and I $£*> denote the pion initial and final
"•o *o

plane wave states, (E - K,,)|$j£ > = 0,
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where

(E - K_ - <p|T|B»|xf'> - 0 . (IV-50b)
o

Using Eqs. (IV-49) and (IV-50) in Eq, (IV-48), the final result for the

transition amplitude, which describes irA inelastic scattering, is

0> » <xf-8JT|<|£ 0> .
o o Ko

Thi<» expression is referred to as the disf.orted-wave impulse approxi-

mation (DWIA) description of nA inelastic scattering. In practice, i|i£
o

is replaced by x£ and |B> in Eq. (IV-50) by |0>, so that
o

+
<<kt^B[T| <Mf 0> = < X £ - | < 8 | T | 0 > | X{ > • (IV-52)

o o o o

Thus, the DWIA expression for thd transition amplitude involves the

in i t ia l and final pion distorted waves, in which the distorting potential

is the lowest-order e last ic optical potential, <0|T|0>, and an inelastic

interaction, <f$|T|O>, which induces the nuclear transition.

Inserting

(iv-53)

where |k> represents the pion state with initial momentum k in the

center-of-mass system, Eq. (IV-52) becomes
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' ( I V" 5 4 )

+ + +, +
XjJ (k) - <k|x£ > and tu is an appropriate uN collision energy in the itA
o o

center-of-mass system. The spin and isospin dependences for both the

nucleus and pion are not shown explicitly in Eq. (IV-54). Denoting

UgO(k',k") as I <J'B|t1(iD)|kO>, UgO(k"',k") is analogous to the pion

momentum space representation of V Q p (see Eq. (IV-24)). Therefore, after

the same manipulations as performed for <k'|v |k>,

where

(IV-55a)

(iv-55b)

(IV-55c)

The pjr's are the nuclear spin/isospin scalar and vector transition

densities and measure the ability of a nucleon in the state |p> to be

scattered into the state |p-q>, while the nucleus is excited from the

ground state, |0>, to the excited state, |0>, during a particular

spin/isospin transition [La-73,Le-74].
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As for the elastic scattering case, the nN T matrix involved in

the Inelastic interaction involves both on-energy-shell and off-energy-

shell matrix elements and is not the free itN T matrix in the irN center-

of-mass system. The transformation is explained in detail in [Co-84]

and, as for the elastic case, employs a frozen-target approximation and

effective on-energy-shell kinematics. Following the development of Eqs.

(IV-32) through (IV-33), the effective on-energy-shell kinematics are

phenomenologically determined by

£„(£) = En(k) -Ex/2 + A , (IV-56)

where E is the excitation energy for the nuclear state |fl>, and A is

taken from elastic scattering [Co-84]. Also, the collision energies for

the initial and final pion distorted waves are E*0O = E^k) + A and

EJfOO = E^Ck) - E x + A, respectively.

Following the development for the elastic scattering case but

including both the spin-dependent and spin-independent terms of Eq.

(1-7), the coordinate space representation of the DWIA expression for the

transition amplitude is

(IV-57a)

with
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C«U?*P«(r)V + bsv(an)V.pc,r(r)V +

,(r)V-fi] . (IV-57b)

o'

The nuclear transition densities are given by

I I <S|6(?-ri)0^i|0> . (IV-58)

The nuclear transition densities contain the nuclear structure input to

TTA inelastic calculations, and when possible, are taken from other

projectile-nucleus scattering measurements such as electron scattering.

As mentioned in Chap. I, the above DWIA formalism is the most

prevalent theoretical description of TTA inelastic scattering, and cal-

culations using the DWIA and well-known nuclear transition densities are

adequate for describing the pion-induced excitation of nuclear states

which are strongly .excited. A few examples of the success of the DWIA

were given in Chap. I. In many of the successful applications of the

DWIA to the description of nA inelastic scattering, the nuclear structure

input is fixed from electron-nucleus inelastic scattering (e,e~) data.

Since the essential parts of the inelastic interaction are the itN T

matrix and the nuclear transition densities (see Eq. (IV-55)), un-

certainties in the inelastic interaction are a result of uncertainties in

the itN T matrix. In other words, within the framework of the DWIA, if

the transition densities determined from fits to (e,e') data do not give
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agreement between theory and data for TTA Inelastic scattering data, the

most reasonable part of the DWIA calculation to question is the nN

interaction, especially if the expressions for (e,e") and irA inelastic

scattering involve the transition densities in the same manner. The

examples of Chap. I, which were selective of the spin-dependent piece of

the nN interaction, suggest the correctness of the parameterization of

the spin-dapendent piece of the itN interaction [Ca-83], Furthermore,

Morris, et al. [Mo-81] and Boyer, et al. [Bo-81] obtain good agreement

between angular distributions and DWIA calculations, which use transition

densities determined from (e,e') data, for inelastic scattering to low-

lying collective states in 1 2C, 1*0Ca, "t2Ca, l*ltCa, and 4 DCa. The good

agreement suggests the correctness of the parameterization of the spin-

independent piece of the irN interaction. Since the DWIA calculations for

pion inelastic scattering to the 2.185- and 3.563-MeV states of 6Li

presented in Chap. V use transition densities determined from fits to

(e,e') data, the following paragraphs, taken from [Pe-79,Pe-81], briefly

outline the relationship between electron-nucleus and nA inelastic

scattering differential cross sections.

In order to obtain clear and simple relations, the plane-wave

Born approximation and plane-wave impulse approximation (PWIA) are used

in deriving the differential cross sections for electron-nucleus and uA

Inelastic scattering, respectively. For TtA inelastic scattering, the

PWIA expression for the transition amplitude is given by Eq. (IV-57) with

the initial and final pion distorted waves replaced by plane waves. The

expressions for the differential cross sections will be given for

transitions in which only one value of J, the total angular momentum
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transfer, is involved. (Although the ground state of 6Li has spin and

parity Jv = 1+, there is only one dominant J transfer for the transitions

to the 3 +, 2.185-MeV and 2 +, 4.25-MeV states.) For natural-parity

transitions (Air = (-1) , where Air is the parity change), the differential

cross sections for electron-nucleus and nA inelastic scattering are

' l F < > l 2 ^ l p J < > l 2 . UV-59.)

(iv-59b)

In Eq. (IV-59a), JF,(q)|2 is the longitudinal form factor and the

equation is valid only for transitions which are dominantly longitudinal.

Pp(q) is the Fourier-Bessel transform oi the proton transition density.

This transition density includes the finite size of the proton charge in

the electron-nucleus result but not in the TTA result. In Eq, (IV-59b),

e^ is a scaling factor, f(6) is an angle factor, a is an isospin index,

tc(q) and t (q) are the Fourier-Bessel transforms of the spin-

independent and spin-dependent pieces of the nN interaction, and P^Cq)

and Pjj(q) are Fourier-Bessel transforms of the spin-orbit and spin

transition densities. If pjj = PjS = 0 and p^ = p^ as in N=Z nuclei, the

differential cross sections for electron-nucleus and TTA inelastic

scattering involve only a single density and are directly related. This
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is the basis for fixing the transition densities needed in itA inelastic

scattering calculations from (e,e') measurements.

For unnatural-parity transitions (Ait = (-1}J ) , the differential

cross sections for electron-nucleus and uA inelastic scattering are

(IV-60b)

is the transverse magnetic form factor and the transition

densities for the electron-nucleus expression include the finite size of

the proton charge. gs and g^ are the spin and orbital g-factors, Pjj(q)

is the Fourier-Bessel transform of the orbital current transition

density, and Pj(q) i s t n e transverse linear combination of spin

transition densities,

Since Eq. (IV-60a) involves both the orbital current and transverse spin

transition densities, there is not a direct connection between the

electron-nucleus and irA inelastic scattering differential cross sections

as for the natural-parity transitions. Use of (e,e') measurements

requires the separation of the orbital current and transverse spin

transition densities from the transverse magnetic form factor and depends

upon the ground state and excited state wave functions. However, as for
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the above natural-parity case, the theoretical expression for pion-

induced unnatural-parity transitions is particularly simple, involving

only a single piece of the itN interaction and a single transition

density.
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V. COMPARISON OF THEORY AND DATA

A. Elastic scattering

As explained in Sec. 1V-B, the first-order, zerq-range, impulse-

approximation elastic calculations were performed witii a modified version

[Co-80] of the coordinate-space computer program PIRK [Ei-74], The same

density distribution was used for both the point proton and point neutron

density distributions which enter into the Kisslinger optical potential

(see Eq. (IV-41)). This density distribution was taken from elastic

electron scattering measurements [Li-7l] and is a three-parameter

phenomenological distribution of the form

with a = 0.928 fm, b = 1.26 fm, and c = 0.48 fm [Li-71]. The elastic

electron scattering parameters in Eq. (V-l) were corrected for the finite

size of the proton charge according to

<r2>pp = <r
2>ch - (0.8)

2 , (V-2)

where <rz> is the mean-square radius of the point proton density,

<r2>ch is the mean-square radius of the charge density as determined from

electron scattering measurements (<r2>*(2 = 2.56 ± 0.05 fm) [Li-71], and

0.8 fm is the root-mean-square radius of the charge distribution for a
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single proton [El-61].

The measured differential cross sections for it+ elastic

scattering from 6Li at T,, = 120 and 180 MeV and the differential cross

sections for IT" elastic scattering from 6Li at T,, = 164 MeV taken from

Zichy's work at SIN [Zi-80], along with the elastic calculations, are

presented in Fig. V-l. Fig. V-2 shows the elastic calculations and TT+

elastic scattering differential cross sections for 100 < T^ < 260 MeV and

q = 109 MeV/c. For the elastic calculations, the partial-wave amplitudes

in the Kisslinger optical potential (see Eq. (IV-41)) were evaluated at

an energy of 30.0 MeV below the incident pion beam energy, i.e., in Eq.

(IV-34), A = -30.0 MeV. This value of A was chosen from the work of

Cottingame and Holtkamp [Co-80]. They found that a value of A = -30 MeV

gave better agreement between pion elastic scattering data and cal-

culations for nuclei ranging from 9Be to 2 0 8Pb. Elastic calculations

were also performed for the n+ 120- and 180-MeV and it" 164-MeV data sets

with a one-parameter search on the shift in the collision energy. The

result of the search was A - -20 MeV. However, the elastic calculations

with A = -20 MeV differ only slightly from those with A = -30 MeV.

As seen from Figs. V-l and V-2, there is good agreement between

the elastic calculations and the measured elastic differential cross

sections. Since the lowest-crder elastic optical potential is the

distorting potential used for the generation of the initial and final

pion distorted waves for inelastic calculations (see Eq. (IV-52)), the

good agreement indicates adequate handling of the distortions.
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Fig. V-l: Differential cross sections for ir+ and n~ elastic scattering
for 6Li for T n = 120, 164, and 180 MeV. The calculations include a -30
MeV shift in the energy at which the optical model parameters are
calculated. The 164-MeV data are from [Zi-80].
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Fig. V-2: Differential cross sections for it+ elastic scattering for 6Li
at a constant q = 109 MeV/c. The calculation includes a -30 MeV shift in
the energy at which the optical model parameters are calculated.
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B. Inelastic scattering

The inelastic calculations presented in the following sections

use the DWIA expression for the transition amplitude (see Eq. (IV-57)).

The initial and final pion distorted waves are calculated frc= fh*>

lowest-order elastic optical potential employed in the elastic calcu-

lations using the coordinate-space computer program UTDWPI [Bo-n.d.].

Calculation of the inelastic interaction, U O Q , uses the frozen-target

approximation and effective on-energy-shell kinematics and a collision

energy obtained from the elastic calculations (see Eq. (IV-56)). For the

inelastic calculations using Cohen-Kurath intermediate coupling p-shell

wave functions [Co-65] and pure LS-coupling p-shell wave functions, a

modification of the generalized inelastic scattering potential code

ALLWRLD [Ca-84] is used to generate the nuclear transition densities from

harmonic oscillator wave functions and subsequently calculate the

inelastic interaction. The harmonic oscillator parameters and renormali-

zation constants (shape and strength parameters for the transition

densities) include the standard center-of-mass correction needed when

using shell-model wave functions. The differential cross sections are

then generated from the code UTDWPI. For all other inelastic calcu-

lations, only the code UTDWPI Is used and no center-of-mass correction is

included in the harmonic oscillator parameters and ranormalization

constants. However, these inelastic calculations use center-of-mass

corrected transition densities with the correction being applied in

momentum space in the usual way.
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1. 3+, T-0, 2.185-MeV state

Electron-nucleus inelastic scattering measurements indicate that

the natural-parity transition to the 2.185-MeV level of 6LJ is almost

completely longitudinal, with measurements in the region of q - 0.7 to

1.8 fm~l yielding a transverse form factor which is less than 2% of the

longitudinal form factor [Ne-71], Since the spin-orbit and spin

transition densities are approximately zero [Ca-84a], the itA inelastic

interaction, UOQ, involves only the spin-independent central component of

the itN interaction and the isoscalar matter transition density (see Eq.

(IV-59b) and discussion). Inelastic calculations for this natural-parity

transition were performed using two different transition densities

derived from pure LS-coupling and Cohen-Kurath intermediate coupling p-

shell wave functions. Each calculation employed equal transition

densities for the protons and neutrons. The harmonic oscillator

1/9
parameter, a (a = (Miu/K) ' t where M is the nucleon mass and fiu is the

energy quantum of the harmonic oscillator), and renormalization constant

for the transition density derived from the pure LS-coupling p-shell wave

functions are 0.534 fm"1 and 2.03. These values were taken from [Pe-82]

and were deduced in [Br-72] from a fit to the (e,e") data of

[Be-63,Ne-69]. Using nhese values, Petrovlch, et al. obtained good

agreement between theory and experiment for the 6Li(p,p')6L~ (2.185 MeV)

differential cross sections at E = 25 and 45 MeV [Pe-82]. The

transition density derived from the intermediate coupling p-shell wave

functions uses a = 0.558 fm"1 and a renormalization constant of 1.93,

again determined from (e,e') data [Ca-84a].
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Electron scattering longitudinal form factors [Be-76,Be-79] are

shown in Fig. V-5. The solid (dashed) curves correspond to the

transition densities computed from the pure LS- (intermediate) coupling

p-shell wave functions. Both theoretical form factors are similar, with

the intermediate coupling form factor in better agreement with the (e,e')

measurements. The differential cross sections for n inelastic

scattering to the 2.185-MeV state and DWIA calculations for Tn = 120 and

180 MeV are presented in Fig. V-4. Fig. V-5 shows the data and calcu-

lations for T.( = 100 to 260 MeV with the differential cross sections

corresponding to a constant momentum transfer q - 109 MeV/c. From the

data and calculations, the first maxima of the angular distributions for

the 2.185-MeV state are expected to be at q - 164 MeV/c. The

intermediate coupling calculation is in good agreement with both the 120-

and 180-MeV experimental angular distributions. Furthermore, this calcu-

lation reproduces well the constant-q experimental differential cross

sections, considering that the theoretical values plotted in Fig. V-5 are

taken f ->m the steep forward slope of the various angular distributions

where errors would produce the greatest variations. The pure LS-coupling

calculation yields similar shapes for the 120- and 180-MeV angular

distributions and the constant-q differential cross sections as does the

intermediate coupling calculation but overestimates the magnitudes. Such

disagreement suggests that the renormalization constant is too large.
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Fig. V-3: (FL(q)|
2 for the 3 +, T=0, 2.185-MeV state of 6Li. The

calculations used isoscalar matter transition densities derived from pure
LS-coupling (solid curve) ana Cohen-Kurath intermediate coupling (dashed
curve) p-shell wave functions with a = 0.534 fnT1 and a renormalization
constant of 2.03 and o = 0.558 fm"1 and a renormalization constant of
1.93, respectively. The data are from [Be-76] (open circles) and [Be-79]
(solid circles).
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Fig. V-4: Angular distributions for it inelastic scattering to the 3T,
T=0, 2.185-MeV state of 6Li for T,, = 120 and 180 MeV. The calculations
used isoscalar matter transition densities derived from pure LS-coupling
(solid curve) and Cohen-Kurath intermediate coupling (dashed curve) p-
shell wave functions with o = 0.534 fm~* and a renormalization constant
of 2.03 and a = 0.558 fm * and a renormalization constant of 1.93,
respectively.
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Fig. V-5: Differential cross sections for ir inelastic scattering to the
3+, T=0, 2.185-MeV state of 6Li at a constant q = 109 MeV/c. The
calculations used isoscalar matter transition densities derived from pure
LS-coupling (solid curve) and Cohen-Kurath intermediate coupling (dashed
curve) p-shell wave functions with a = 0.534 fm"1 and a renormalization
constant of 2.03 and a = 0.558 fm"1 and a renormalization constant of
1.93, respectively.
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2. 2 +, T-O, 4.25-MeV state

The electron scattering form factors for both natural-parity

transitions to the 2.185- and 4.25-MeV levels have the same dependences

on the momentum transfer [Be-63], Therefore, the transition to the

4.25-MeV state is principally longitudinal, and this transition was

treated as completely analof.s to the excitation of the 2.185-MeV level.

However, even though the 4.25-MeV state Is observed in (e,e") spectra, a

detailed form factor has not been measured because of this state's large

natural width, the overlapping 5.37-MeV state, and the large continuum

background [Be-82], As a result, a transition density cannot be deduced

from (e,e~) data as was the case for the transition to the 2.185-MeV

level. Thus, a transition density was derived from Cohen-Kurath

intermediate coupling p-shell wave functions with o = 0.52 fin"1 and a

renormalization constant of 0.82 determined from fitting the (IT ,TT ')

data at T w = 120 and 180 MeV. This transition density yields a radiative

width, r^o » o f 3.02 eV in agreement with the experimental value of

5.4 ± 2.8 eV [Ei-69]. The 4.25-MeV experimental and theoretical 120- and

180-MeV angular distributions and the constant-q differential cross

sections are shown in Figs. V-6 and V-7, respectively. The agreement is

not as good as for the 2.185-MeV state but Is very reasonable considering

the difficulties in extracting the cross sections and possible un-

certainties in the transition density.
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Fig. V-6:
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used
intermediate
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6

for TT+ inelastic scattering to the 2+,
4.25-MeV state of 6Li for T̂  = 120 and 180 MeV. The calculation
an isoscalar matter transition density derived from Cohen-Kurath

coupling p-shell wave functions with a = 0.52 fm"1 and a
renormalization constant of 0.82.
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Fig. V-7: Differential cross sections for it inelastic scattering to the
2 +, T=0, 4.25-MeV state of 6Li at q = 109 MeV/c. The calculation used an
isoscalar matter transition density derived from Cohen-Kurath
intermediate coupling p-shell wave functions with a = 0.52 fm"1 and a
renormalization constant of 0.82.
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3. 0"\ T=l, 3.563-MeV state

As is the case for the natural-parity transitions to the 2.185-

and 4.25-MeV levels of 6Li, the DW1A description of the pion-induced

unnatural-parity transition to the 3.563-MeV state is straightforward,

involving only a single component of the TTN interaction and a single

nuclear transition density (see Eq. (IV-60b)). The spin-dependent piece

of the iiN interaction is represented by the zero-range sp^r.-orbit

operator [Ca-83] which Carr, et al. used for their successful analysis

of the stretched 4~ and 6~ states in 1 60 and 2 8Si, and the transition

density is the transverse spin transition density. For the following

DWIA calculations, three different transverse spin transition densities

were used, each transition density determined from fits to various (e,e")

measurements but compared to the most recent sets of (e,e') data

[Be-75,Be-79]. The proton and neutron transition densities were taken to

be equal. The reasons for using three transition densities are: (1) The

p-shell harmonic oscillator basis is known to result in a poor descrip-

tion of the 3.563-MeV (e,e') transverse magnetic form factor over the

entire second lobe, q > 1.4 fm"1 [Be-75], Therefore, one transition

density which reproduces both the first and second lobes of the form

factor is used. (2) Since there is no antianalog to the 3.563-MeV state

as is the situation for the 12.71-/15.11-MeV antianalog-analog pair of

1 2C, any anomalies in the 3.563-MeV excitation function depend upon

comparison of theory with data and not data for analogs as for the

15.11-MeV level. Thus, accurate spin transition densities are

imperative.
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The first analysis for the spin-flip transition to the 3.:563-MeV

state used a transverse spin transition density derived from Cohen-Kurath

intermediate coupling p-shell w^jg functions. The harmonic oscillator

parait-iter was chosen to be a = 0.518 fm"1 from the work of Petrovich,

ef el. [Pe-82], who fitted the (e,e') data of [Ne-71,Be-75,Be-79] using

pure LS-coupling p-shell wave functions. In the fitting procedure, the

lower q data were given the most weight. The renormalization constant

was determined to be 0.97 from a fit to the most recent sets of (e,e')

data for the form factor. Petrovich, et al. conclude that both sets of

wave functions provide an adequate description of the experimental static

moments and transition probabilities of 6Li with the exception of the

quadrupole moment [Pe-82]. However, the Cohen-Kurath intermediate

coupling p-shell wave functions were chosen because they give a slightly

better fit to the most recent sets of (e,e") data [Be-75,Be-79] for the

inelastic Ml form factor. Fig. V-8 shows the calculated transverse

magnetic form factor (solid curve) and the (e,e') data for the transition

to the 3.563-MeV state.

The second DWIA calculation employed a transverse spin transition

density obtained from the empirical shell-model wave functions of

Donnelly and Walecka [Do-73]. These wave functions are almost identical

to the pure LS-coupling p-shell wave functions. Using p-shell harmonic

oscillator radial wave functions for the valence nucleons, Donnelly and

Walecka determined the one body density matrix elements from normali-

zation conditions and from fits to the ground state magnetic dipole and

electric quadrupole moments and the Ml form factors for electron elastic

and inelastic scattering for q < 1.01 fnf1 [Do-73]. A harmonic
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Fig. V-8: |FT(q)|
2 for the 0+, T=l, 3.563-MeV state of 6Li. The

calculations used transition densities derived from Cohen-Kurath
intermediate coupling p-shell wave functions (solid curve) with a = 0.518
fm"1 and a renormalization constant of 0.97, transition densities derived
from the empirical shell-model wave functions of Donnelly and Walecka
(dashed curve) with a = 0.493 fm"1 and a renormalization constant of
0.96, and phenomenological transition densities based on the work of
Bergstrom, et al. (chain-dot curve). The data are from [Be-75] (open
circles) and [Be-79] (solid circles).
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oscillator parameter [Do-73] o *» 0.493 fm~* and a renormalization

constant of 0.96 (determined from a fit to the most recent sets of (e,e')

data) were used in this second set of calculations. The resultant

inelastic Ml form factor (dashed curve) is compared to the (e,e') data in

Fig. V-8.

The third analysis used a phenomenological transverse spin

transiton density based on the work of Bergstrom, et al. [Be-79], This

transition density was derived in the same manner as the transition

density of Donnelly and Walecka except that the (e,e') data of

[Be-75,Be-79], which extend to q = 2.96 fm"1, were fitted with a

polynomial form for the p-shell radial transiton density. The wave

functions for the 6Li ground state and 3.563-MeV state were taken to be

described by the SASK-A amplitudes of Bergstrom, et al. [Be-79]. The

radial transition density has a phenomenological form

R2(r) = exP(-r
2/b2)(a2r

2 + a4r
4 + a6r

6) , (V-3)

with b = 2.02 fm, a2 = 6.625 * 10~
2 fm~5, a4 = -5.036 x io"

3 fm~7,

a6 = 1.967 * 10"
4 fm~9, yielding a reduced xZ of 1.32 from a fit to the

inelastic Ml form factor, which is presented in Fig. V-8 (chain-dot

curve).

The ir+ inelastic scattering measurements and DWIA calculations at

T^ = 120 and 180 MeV for the spin-flip transition to the 3.563-MeV state

are shown in Fig. V-9. At 120 MeV the three transverse spin transition

densities give equivalent shapes for the angular distribution in the

range of the (T+,IT+') data, 15.7° < 6 < 48.9°. All calculations
C« lu»
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Fig. V-9: Angular distributions for tr+ inelastic scattering to the 0+,
T=l, 3.563-MeV state of 6Li for T^ = 120 and 180 MeV. The calculations
used a transverse spin transition density derived from Cohen-Kurath
intermediate coupling p-shell wave funcitons (solid curve) with o = 0.518
fm and a renormalization constant of 0.97, a transverse spin transition

d i d f h
fm , p transition
density derived from the empirical shell-model wave functions of Donnelly
and Walecka (dashed curve) with a = 0.493 fm"1 and a renormalization
constant of 0.96, and a phenomenological transverse spin transition
density based on the work of Bergstrom, et al. (chain-dot curve).
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Fig. V-10: Excitation function at a constant q = 109 MeV/c for ir+

inelastic scattering to the 0+ , T=l, 3.563-MeV state of 6Li. The calcu-
lations used a transverse spin transition density derived from Cohen-
Kurath intermediate coupling p-shell wave funcitons (solid curve) with
a = 0.518 fm l and a renormalization constant of 0.97, a transverse spin
transition density derived from the empirical shell-model wave functions
of Donnelly and Walecka (dashed curve) with o = 0.493 fin""1 and a
renormalization constant of 0.96, and a phenomenological transverse spin
transition density based on the work of Bergstrom, et al . (chain-dot
curve).
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predict the correct location for the first maximum of 6_ _ = 28°.
r C*Dla

However, the Cohen-Kurath intermediate coupling (solid curve), Donnelly

and Walecka (dashed curve), and phenomenological (chain-dot curve) calcu-

lations overestimate the magnitude of *:he first maximum by 18%, 29%, and

38%, respectively. The three transverse spin transition densities yield

similar results for the shape of the 180-MeV angular distribution through

the first minimum but differ through the second maximum and minimum.

Each calculation underestimates the magnitude of the first maximum by at

least 26%. Fig. V-10 shows the TT+ 3.563-MeV excitation function data at

q - 109 MeV/c and DWIA analyses. None of the transverse spin transition

densities predict the measured shape and magnitude of the excitation

function. The three DWIA calculations disagree with the data by at least

= 20% at both the low and high incident pion energies.

C. Discussion and results

The disagreement between theory and data for the 120- and 180-MeV

angular distributions and excitation function for the unnatural-parity

transition to the 3.563-MeV state is difficult to understand, as is the

disagreement observed for the unnatural-parity transition to the

15.11-MeV state of 1 2C. For comparison, the 12.71- and 15.11-MeV

excitation functions along with DWIA calculations as described in [Mo-82]

are shown in Fig. V-ll. As noted in Chap. I, a simple DWIA description

of itA inelastic scattering, which uses a single piece of the TTN

interaction and a single nuclear transition density, has been successful

in describing unnatural-parity transitions in many nuclei. Using the
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zero-range spin-orbit operator and a transverse spin transition density

derived from Cohen-Kurath p-shell wave functions, Morris, et al. [Mo-82)

adequately reproduced the measured 12.71-MeV excitation function.

Furthermore, Cottingame, et al. [Co-84] adequately describe the

12.71-MeV angular distributions for T^ = 100 to 260 MeV. Even though

there is an energy-dependent enhancement near Tfl = 180 MeV in the

15.11-MeV excitation function, the low-energy (T,, = 100 and 116 MeV)

angular distributions for this state are reproduced by simple DWIA calcu-

lations [Co-841. Using the same zero-range spin-orbit operator for the

representation of the spin-dependent piece of the irN interaction and

three different transverse spin transition densities, DWIA calculations

do not adequately reproduce either the 120-MeV and 180-MeV angular

distributions or the excitation function for the transition to the

3.563-MeV state. However, the measured angular distributions and

constant-q differential cross sections at energies from T^ = 100 to 260

MeV for the natural-parity transitions to the 2.185- and 4.25-MeV levels

of 6Li are reproduced using only the spin-independent central piece of

the irN interaction and transition densities derived from Cohen-Kurath

intermediate coupling p-shell wave functions.

The configuration-space, zero-range form of the spin-dependent

component of the irN interaction of Carr, et al. [Ca-83] is most likely

not in error. Furthermore, the transverse spin transition densities used

for the transition to the 3.563-MeV level yield inelastic Ml form factors

which agree with the (e,e') data for q < 1.4 fm"1 (see Fig. V-8), a range

of q that sufficiently covers the q = 0.55 fm"1 at which the excitation

function was measured. However, this does not eliminate uncertainties in
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dashed curve is for the 15.11-MeV state and has been multiplied by four.
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the transverse spin transition densities since the electron scattering

inelastic Ml form factor depends upon both the orbital current and spin

transition densities (see Eq. (IV-60a)). Petrovich, et al. [Pe-82]

noted that the mo no pole spin transition densities derived from both the

pure LS-coupling and the Cohen-Kurath intermediate coupling p-shell wave

functions produced Gamow-Teller matrix elements = 18% and = 8% larger

than the experimental values. Also, Petrovich, et al. [Pe-82] did not

obtain agreement between theory and their 6Li(p,p')6Li (3.563 MeV) data

at E =25 MeV, with the theory failing to reproduce either the shape or

magnitude of the angular distribution. This disagreement, however, was

not attributed to uncertainties in the spin transition density, but

Petrovich, et al. suggested that other reaction processes in addition to

the direct, one-step reaction process were contributing to the

transition. Furthermore, Cammarata and Donnelly [Ca-76], in their study

of the reaction 6Li(T,ir+)6He near threshold, conclude that the ratio of

the orbital current and spin transition densities derived from the

Donnelly and Walecka wave functions is probably correct. Thus, as is the

case for the 15.11-MeV state of 12C [Mo-82], the disagreement between the

simple DWIA analyses and the 3.563-MeV angular distributions and

excitation function is difficult to explain as due to uncertainties in

the transverse spin transition density or the spin-dependent piece of the

TIN interaction.

As explained above and in Chap. I, simple DWIA calculations using

a well-tested spin-dependent component of the TTN interaction and

transverse spin transition densities obtained from fits to (e,e') data

fail to reproduce both the shapes and magnitudes of the 3.563- and
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15.11-MeV excitation functions. Furthermore, the energy-dependent

anomalous shapes of both excitation functions are similar. Fig. V-12

shows the ratio of the experimental differential cross sections to the

calculated differential cross sections for the excitation functions of

the two unnatural-parity transitions. (The calculation employing the

phenomenological transverse spin transition density is used for the 6Li

ratio). As mentioned in Chap. Ill, one cannot directly compare the

3.563-MeV excitation function to the 15.11-MeV excitation function, which

is clea-ly evident from Figs. V-10 and V-ll. From Eq. (IV-57a), the DWIA

expression for TTA inelastic scattering differential cross sections for

the excitation functions for unnatural-parity transitions can be written

as the product of two energy-dependent factors, the spin-dependent piece

of the itN coupling and the distorted nuclear form factor at a fixed

momentum transfer, and sin2(6) [Si-81]. For the transition to the

15.11-MeV state of 1 2C, the strong energy dependence of the spin-

dependent piece of the irN coupling is cancelled by the energy dependence

of the distorted nuclear form factor [Si-81]. Thus, within the framework

of the DWIA, the energy dependence of th<* 15.11-Mev excitation function

follows sinz(6). However, for the transition to the 3.563-MeV state of

Li, the distortions are not as great, and the energy dependence of the

spin-dependent piece of the TTN coupling dominates. Therefore, using the

DWIA, instead of having a gradually decreasing energy dependence, the

3.563-MeV excitation function is rounded and peaked. Taking the ratio of

the experimental to theoretical excitation functions eliminates the

difference of the effects of the distortions and allows direct comparison

of the shapes of the 3.563- and 15.11-MeV excitation functions. From
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Fig. V-12: Ratio of the experimental differential cross sections to the
calculated differential cross sections for the excitation functions of
the two AS=AT=1 transitions to the 3.563-MeV state of 6Li (solid circles)
and the 15.11-MeV state of 12C (solid squares).
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Fig. V—12, the ratios for the 3.563-MeV state of 6Li and the 15.11-MeV

state of *2C are very similar in shape with the 3.563-MeV ratio approxi-

mately one-half the 15.11-MeV ratio at each incident pion energy. Both

ratios deviate significantly from one and possess an energy dependence

resembling the basic ITN interaction.

Since the measured excitation functions for the unnatural-parity

transitions t. the 3.563-MeV state of 6Li and the 15.11-MeV state of 12C

disagree in the same manner with the excitation functions predicted using

the DWIA, and uncertainties in the transverse spin transition densities

or the spin-dependent piece of the itN interaction are not likely

explanations for the disagreement, perhaps another process, in addition

to a one—step, impulse-approximation mechanism, contributes to both

isovector transitions. A possible mechanism is the direct excitation of

A-h components of the excited state wave functions, as proposed in

[Mo-82] , and a schematic diagram of the process is shown in Fig. V-13

[Mo-84a]. The diagram represents the process in which the incident pion

excites a nucleon to a A particle; the A particle decays into a A

particle plus a pion, leaving the nucleus in an excited A-h

configuration. Since this mechanism involves the intermediate formation

of a A particle, its contribution to the itA inelastic scattering

differential cross sections should be resonant [Mo-84a]. Furthermore,

the isospin of the A particle (T=3/2) and the isospin of the nucleon hole

(T=l/2) couple only to a total T=l or T=2; thus, resonant A-h production

cannot contribute to excitation of the T=0, 12.71-MeV state of 12C.



121

IT

\

\

\

Fig. V-13: A schematic representation of the direct excitation of A-h
components of the excited nuclear state wave function.
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Within the A-h model interpretation, one can roughly estimate the

amount of A-h admixture in the 3.563-MeV wave function. Using the peak

of the 3.563-MeV excitation function (T = 190 MeV), the DWIA calculation
n

which used the phenomenological transverse spin transition density, and

the procedure of [Mo-82,Mo-84a] (see Appendix B), the estimated range of

0 (assumed to be real), the probability amplitude for the A-h component

of the 3.563-MeV state, is 0.01 < 0 < 0.13. This range of values of 0 is

similar to that estimated for the 15.11-MeV state of 1 2C,

0.026 < 0 < 0.096 [Mo-84a]. However, if the direct excitation of A-h

components is applicable to both AS=AT=1 transitions, comparison of the

two excitation functions and DWIA calculations (see Fig. V-12) indicates

that the resonant A-h scattering amplitude may interfere differently with

the p-h scattering amplitude for the two transitions.
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VI. SUMMARY

Using the EPICS system a t the Clinton P . Anderson Meson Physics

Facility, ir+ inelastic scattering data have been obtained for the

transitions to the 3+ , T=0, 2.185-MeV, 0+, T=l, 3.563-MeV, and 2+, T=0,

4.25-MeV states of 6Li. Simple DWIA calculations, involving only the

spin-inHependent central component of the nN interaction and an isoscalar

matter transition density derived from Cohen-Kurath intermediate coupling

p-shell wave functions with the shape and strength parameters fixed from

(e,e') data (transition to the 2.185-MeV state only), reproduce well both

the 120- and 180-MeV (U+,TT+ ') angular distributions and the constant-q

(q = 109 MeV/c) differential cross sections at T,, = 100 to 260 MeV for

the natural-parity transitions to the 2.185- and 4.25-MeV levels. The

agreement between the DWIA predictions and the ( i r+,n+ ') data for these

two transitions is continuing confirmation of the adequacy of the DWIA

description for pion-induced transitions to nuclear states which are

strongly excited.

DWIA calculations using a well-tested spin-independent component

of the irN interaction and three different transverse spin transition

densities obtained from f i ts to (e,e') data fail to reproduce the

(ir+,ir+') 120- and 180-MeV angular distributions and the (TT+,IT+')

excitation function at q = 109 MeV/c for the unnatural-parity transition

to the weakly excited 3.563-MeV state. The measured excitation function

exhibits an energy-dependent enhancement near incident pion energies of

T̂  = 190 MeV, with the difference between the data and DWIA calculations
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very similar to the difference observed for the excitation function of

the unnatural-parity transition to the 15.11-MeV state of 1 2C.

As for the 15.11-MeV excitation function [Mo-82] , uncertainties

in the transverse spin transition density or inadequacies in the spin-

dependent piece of the irN interaction are an unlikely explanation for the

disagreement between the simple DWIA analyses and (n ,ir ') data for the

transition to the 3.563-MeV level. Rather, a more likely explanation is

that an additional process other than a one-step, impulse-approximation

mechanism contributes to the AS=AT=1 transition. A possible mechanism is

resonant A-h production as was proposed in [Mo-82] to explain the

anomalous excitation function for the transition to the 15.11-MeV state

of 1 2C. Within the A-h model interpretation, the peak of the 3.563-MeV

excitation function is reproduced with an estimated probability amplitude

for the A-h component of the 3.563-MeV state of 0.01 < B <• 0.13, a range

of values of 0 consistent with the estimation of B needed to account for

the peak of the 15.11-MeV excitation function, 0.026 < B < 0.096

[Mo-84a]. However, the A-h and p-h scattering amplitudes may interfere

differently for the two transitions. Whether or not the A-h model is the

correct explanation for the anomalous 3.563-MeV excitation function, the

(f+,it+') measurements for the transition to the 3.563-MeV state of 6Li

provide another example of the failure of a simple DWIA description of

transitions to weakly excited nuclear levels.
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APPENDIX A

Data Tabulation

TABLE I I I - l : Differential cross sections for TT+ e las t ic sca t te r ing ,

(MeV)

100
120
120
120
120
120
120
120
120
120
120
140
160
170
180
180
180
180
180
180
180
200
215
230
230
260

9lab

(deg)

33.0
15.0
21.0
24.0
27.0
27.0
29.0
32.0
32.0
42.0
47.0
26.0
24.0
23.5
20.0
23.0
23.0
23.0
23.0
26.0
29.0
20.5
19.5
18.5
18.5
17.0

6c.m.

(deg)

34.3
15.7
21.9
25.1
28.2
28.2
30.3
33.4
33.4
43.7
48.9
27.2
25.2
24.7
21.1
24.3
24.3
24.3
24.3
27.4
30.6
21.7
20.7
19.7
19.7
18.2

q

(fnf1)

0.559
0.289
0.404
0.460
0.517
0.517
0.554
0.609
0.609
0.790
0.878
0.551
0.557
0.569
0.505
0.580
0.580
0.580
0.580
0.654
0.727
0.557
0.558
0.557
0.557
0.560

d°/d«c.m.

(mb/sr)

27.2 ± 0.1
80.5 ± 0.4
74.1 ± 0.4
64.0 ± 0.3
49.1 ± 0.2
48.8 ± 0.2
43.0 ± 0.3
34.9 ± 0.2
35.1 ± 0.2
15.0 ± 0.1
8.2 ± 0.1
64.9 ± 0.3
80.5 ± 0.3
85.4 ± 0.5
103.4 ± 0.4
79.4 ± 0.3
79.5 ± 0.5
79.3 ± 0.4
80.9 ± 0.5
61.3 ± 0.3
44.7 ± 0.2
100.7 ± 0.7
107.1 ± 0.5
105.7 ± 0.7
103,4 ± 1.5
109.8 ± 0.8
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TABLE III-2: Differential cross sections for it+ inelastic scattering to
the 3+ , T-0, 2.185-MeV state of 6Li.

(MeV)

100
120
120
120
120
120
120
120
120
120
120
140
160
170
180
i80
180
180
180
180
180
200
215
230
230
260

8lab

(deg)

33.0
15.0
21.0
24.0
27.0
27.0
29.0
32.0
32.0
42.0
47.0
26.0
24.0
23.5
20.0
23.0
23.0
23.0
23.0
26.0
29.0
20.5
19.5
18.5
18.5
17.0

cm.

(deg)

34.3
15.7
21.9
25.1
28.2
28.2
30.3
33.4
33.4
43.7
48.9
27.2
25.2
24.7
21.1
24.2
24.2
24.2
24.2
27.4
30.5
21.7
20.7
19.7
19.7
18.2

q

(fnT1)

0.555
0.288
0.401
0.458
0.514
0.514
0.551
0.606
0.606
0.786
0.873
0.548
0.555
0.567
0.503
0.577
0.577
0.577
0.577
0.651
0.724
0.555
0.557
0.555
0.555
0.558

do/dJJcm.

(mb/sr)

0.40 ± 0.02
0.27 ± 0.03
0.31 ± 0.04
0.57 ± 0.03
0.63 ± 0.03
0.59 ± 0.03
0.74 ± 0.04
0.80 ± 0.03
0.85 ± 0.04
0.97 ± 0.03
0.98 ± 0.03
1.11 ± 0.05
1.36 ± 0.06
1.78 ± 0.09
1.25 ± 0.07
1.74 ± 0.06
1.62 ± 0.08
1.59 ± 0.06
1.68 ± 0.09
1.97 ± 0.06
2.32 ± 0.06
1.96 ± 0.12
1.88 ± 0.09
2.03 ± 0.12
2.09 ± 0.25
2.06 ± 0.13
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TABLE III-3: Differential cross sections for ir+ inelastic scattering to
the 0+, T-l, 3.563-MeV state of 6Li.

T * elab ec.m. <» cm

(MeV) (deg) (deg) (fm"1) (ub/sr)

100
120
120
120
120
120
120
120
120
120
120
140
160
170
170
180
180
180
180
180
180
190
190
200
200
215
230
230
260

33.0
15.0
21.0
24.0
27.0
27.0
29.0
32.0
37.0
42.0
47.0
26.0
24.0
23.5
23.5
20.0
23.0
23.0
23.0
26.0
29.0
22.0
22.0
20.5
20.5
19.5
18.5
18.5
17.0

34.3
15.7
21.9
25.1
28.2
28.2
30.3
33.4
38.6
43.8
48.9
27.2
25.2
24.7
24.7
21.1
24.3
24.3
24.3
27.4
30.6
23.2
23.2
21.7
21.7
20.7
19.7
19.7
18.2

0.553
0.287
0.400
0.456
0.512
0.512
0.549
0.604
0.694
0.783
0.870
0.547
0.553
0.565
0.565
0.502
0.576
0.576
0.576
0.649
0.722
0.573
0.573
0.554
0.554
0.556
0.554
0.554
0.558

39,8 ± 2.2
33.9 ± 3.0
43.6 ± 4.6
61.5 ± 5.6
41.3 ± 4.7
48.4 ± 4.1
57.0 ± 4.3
38.0 ± 3.3
32.8 ± 3.2
22.3 ± 3.2
12.3 ± 2.3
60.7 ± 4.4
68.5 ± 5.5
70.2 ± 7.0
80.7 ± 9.4
117.0 ± 7.6
100.0 ± 7.7
95.0 ± 9.4
62.0 ± 9.1
55.0 ± 5.6
43.1 ± 6.3
97.0 ± 12.0
89.5 ± 9.5
81.7 ± 6.4
97.0 ± 5.7
73.3 ± 5.6
55.9 ± 7.3
55.6 ± 6.0
33.1 ± 10.5
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TABLE III-4: Differential cross sections for it+ inelastic scattering to
the 2+ , T-0, 4.25-MeV state of 6Li.

(MeV)

100
120
120
120
120
120
120
120
120
120
120
140
160
170
170
180
180
180
180
180
180
190
190
200
200
215
230
230
260

6lab

(deg)

33.0
15.0
21.0
24.0
27.0
27.0
29.0
32.0
37.0
42.0
47.0
26.0
24.0
23.5
23.5
20.0
23.0
23.0
23.0
26.0
29.0
22.0
22.0
20.5
20.5
19.5
18.5
18.5
17.0

cm.

(deg)

34.3
15.7
21.9
25.1
28.2
28.2
30.3
33.4
38.6
43.8
48.9
27.2
25.2
24.7
24.7
21.1
24.3
24.3
24.3
27.4
30.6
23.2
23.2
21.7
21.7
20.7
19.7
19.7
18.2

q

(fnT1)

0.552
0.287
0.400
0.456
0.511
0.511
0.548
0.603
0.693
0.782
0.868
0.546
0.553
0.565
0.565
0.502
0.575
0.575
0.575
0.649
0.721
0.572
0.572
0.554
0.554
0.555
0.554
0.554
0.557

da/dJl,, „cm.

(mb/sr)

0.15 ± 0.01
0.08 ± 0.01
0.09 ± 0.01
0.14 ± 0.01
0.26 ± 0.01
0.20 ± 0.01
0.28 ± 0.01
0.27 ± 0.01
0.40 ± 0.01
0.34 ± 0.01
0.27 ± 0.01
0.32 ± 0.01
0.51 ± 0.01
0.61 ± 0.02
0.64 ± 0.02
0.86 ± 0.02
0.69 ± 0.02
0.80 ± 0.02
0.76 ± 0.02
0.83 ± 0.01
0.88 ± 0.01
0.87 ± 0.03
0.98 ± 0.03
0.61 ± 0.01
0.74 ± 0.01
0.89 ± 0.01
0.71 ± 0.02
0.70 ± 0o01
0.71 ± 0.02
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Estimation of 8

Within the A-h model interpretation, the peak of the excitation

function measured for the AS=AT=1 transition to the 3.563-MeV state of

5Li is reproduced with an estimated probability amplitude of the A-h

component of the 3.563-rfeV state of 0.01 < B < 0.13. 0 is estimated in

the following manner. The inelastic scattering differential cross

section is written as [Mo-82 ,Mo-84a]

i£(E,6) = |A(E,8) + BB(E,6)|
2 , (B-l)

ail

where |A(E,6)| is the p-h scattering amplitude, |B(E,8)| is the A-h

scattering amplitude, and fJ is the probability amplitude for the A-h

component of the 3.563-MeV state with respect to the ground state. The

3.563-MeV excitation function peaks at T^ = 190 MeV and 9 l a b = 22°.

Using this energy and angle and the DWIA analysis employing the

phenomenological transverse spin transition density,

|A(E,6)| = 8.2 /ub/sr . (B-2)

|B(E,6)| may be roughly estimated by examining the isospin

dependence of cross sections for (TiiTzi)
 + (Tf.Tzf) transitions

involving only p-h configurations or A-h configurations of the final

state with respect to the initial state, and by assuming a simple A-h
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model for the 3.563-MeV level. The relative isospin dependence is

determined using Lee and Lawson's [Le-80a] extraction of the isospin

dependence of the ITA scattering amplitude in the DW1A formalism, and

modifying their result to include a A in the final state. Using P3 3

dominance, which simplifies Lee and Lawson's result, the ratio of cross

sections for a (T^O.T^-O) + (Tf=l,Tzf=0) transition for the final state

being a A-h configuration to the final state being a p-h configuration is

0.625/0.25. To determine the possible A-h configurations of the

3.563-MeV state with respect to the ground state, an extremely simple

model is used. In this model, the 3.563-MeV state is a

2~(lPX/2 x ^-P3/2~ 'J=0 T=l n u cl e o n~ n°l e configuration with respect to the

ground state. (This configuration was chosen froci the dominant one body

density matrix element predicted from Cohen-Kurath intermediate coupling

p-shell wave functions.) One could expect the following A-h configura-

tions to mix with the above p-h configuration: (l-Pi/2 x *P3/2~*^J=0 T=l»

(lp3/2
 x 1P3/2~1^J=0 T=l' a n d ^lp5/2 * lp3/2~1^J=0 T=l" W i t h C o h e n~

Kurath intermediate coupling p-shell wave functions, the inelastic

scattering differential cross section is quenched by a factor of 2.25

from the differential cross section computed with the above simple p-h

configuration. Assuming that this quenching is not present for the A-h

configurations and that the three transitions involving a A, p,,. + Ps/?'

p3/2 + p3/2' p3/2 + pl/2' contribute coherently to the differential cross

section and are weighted as

|B(E,8)| - ^ + fi+/I x I p S x /2.25|A(E,e>K . (B-3a)
2 O 2 5
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The only other factor which needs to be considered is the r a t io of

coupling constants fAAn/̂ ANif This rat io can be obtained from the quark

model and i s fAAit/fANir = ^ 2 5 / 8 [Mo-84a]. Thus,

|B(E.e)| - {LlJ^Jl x ^ * ^ x •2,25|A(Et6)|i . (B-3b)
2 UZ

Substituting in the value of |A(E,9)| from Eq. (B-2),

|B(E,6)| = 143 Vub/sr . (B-3c)

With Eqs. (B-l) through (B-3) and assuming that the two scattering

amplitudes, p-h and A-h, are completely in phase or are completely out of

phase, 0.01 < B < 0.13, where 0 is assumed to be real.
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Dissertation Paper

Pion Inelastic Scattering to the Low-Lying Excited States of 6li

R. R. Kiziah, M. D. Browna, C. J. Harveyb, D. S. Oakley,
D. P. Saundersc, P. A. Seidl, and C. F. Moore

University of Texas at Austin, Austin, TX 78712

W. B. Cottlngame, R. W. Garnett, Steven J. Greene"1,
G. A. Lunae, and G. R. Burleson

New Mexico State University, Las Cruces, NM 88003

D. B. Holtkampd

University of Minnesota, Minneapolis, MN 55455

ABSTRACT

The excitation function For n + Inelastic scattering to
the 0+, T-l, 3.563-MeV level of 6L1 has been measured at a
constant momentum transfer q = 109 MeV/c for Incident pion
energies from 100 to 260 MeV. Although the differential
cross sections extracted for the natural-parity transitions
to the 3+, T-0, 2.185-MeV and 2 +, T-0, 4.25-KeV levels are
well reproduced within the framework of the distorted-wave
impulse approximation (DWIA), DWIA calculations fail to
reproduce the anomalous excitation function observed for
the transition to the 3.563-MeV level. The shape of the
3.563-MeV excitation function is similar to that previously
observed for IT* Inelastic scattering to the the 1+, T-l,
15.11-MeV state of 12C [C. L. Morris, et al., Phys. Lett.
IQflB, 172 (1982)1. The same mechanism may be responsible
fov the observed excitation functions of both flS=&T>l
transitions. A possible mechanism is the previously
proposed direct excitation of a parttcle-nucleon hole (A-h)
components In the wave functions.

PACS numbers: 25.80.Dj, 25.80.Fm

[NUCLEAR REACTIONS: 6L1(U +,JI +'); 100 < Tn < 260 MeV; measured o(6);
DWIA analysis; deduced ic, the matrix element between a-h and p-h
basis states for the 3.563-MeV state]
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I . INTRODUCTION

Comparison of pion-inelas t lc-scat ter ing data in the energy range of the

(3,3) resonance with calculat ions using the distorted-wave impulse

approximation (DtfIA) and well-known transi t ion dens i t i e s , indicates that a

s ingle-s tep , impulse approximation Is an adequate description for plon-lnduced

t rans i t ions to nuclear s ta tes which are 9trongly excited. For example, Lee and

Kurathl an<j ^ e e an lj Lawson,2 using the DWIA and t rans i t ion densities derived

from shell-model wave functions, quali tat ively reproduce angular d i s t r ibu t ions

for plon Ine las t ic scattering to excited s ta tes of various p- and sd-she l l

nuclei . Morris, et a l . 3 and Boyer, et al.1* obtain good agreement between

angular dis t r ibut ions and DWIA calculations, which use empirical t r ans i t ion

densit ies determined from electron-scat ter ing data, for inelas t ic scat ter ing to

low-lying col lect ive s ta tes in 1 2C, "OCa, '•zCa, '•'•Ca, and 1<8Ca. Furthermore,

the exci tat ion functions measured at a constant momentum transfer for the

unnatural-parity transit ions to the l>~, I9.25-MeV s ta te and 2" structure at

approximately 18.4 MeV in *2C (Ref. 5) and the 9/2+, 9.5-HeV s ta te in 13C (Ref.

6) decrease with Increasing incident plon energy as predicted by the DWIA.'

Within the framework of the DWIA, these unnatural-parity t ransi t ions are

par t icular ly simple, involving only the dpln-depend" part of the effective

plon-nucleus ine las t ic Interact ion and the transverse spin transit ion density.^

In par t icu la r , for the unnatural-parity t ransi t ions to states of stretched

configuration In 160 (4~, 17.79-, 18.98-, and 19.80-MeV levels) and 2 8Si (6~,

11.58- and 14.36-MeV leve ls ) , Carr, et a l . 9 sa t i s fac tor i ly reproduce the

measured angular distr ibutions uith DWIA calculations 'islng spin t rans i t ion

densit ies fixed from ( e , e ' ) and (p ,p ' ) data.
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For plon-lnduced excitation of nuclear states that are weakly excited by a

one-step, Impulse-approximation mechanism, nuclear medium effects and oultlstep

processes may be Important and there may not be good agreement between the

plon-inelastlc-scatterlng data and DWIA calculations, as for the above strongly

excited examples. This Is Indeed the case for the T»l member of the weakly

excited 1+ doublet, 12.71 MeV (T-0) and 15.11 HeV (T-l) , of 1 2C.1 0 Cohen-Kurath

wave functions11 describe the 15.11- and l?..71-MeV states as near analogs, and

this description tor the 9pln transition densities Is supported by (e , e ' )

data.12 Calculations using a one-step, DWIA mechanism predict the ratio of

cross sections foe unnatural-parity transitions to members of an analog-

antianalog pair to be four to one. 8 ' 1 0 Both the constant-momentum-transfer-

excltation function and the angular distributions for the 12.71-MeV state are

well reproduced by DWIA calculations. However, the measured ratio of four

times the averaged tf+ and n~ differential cross sections for the 15.11-MeV

state to the averaged ir+ and u~ differential cross sections for the 12.71-HeV

state deviates significantly from one, especially at energies near 180 MeV

(ratio i s approximately three), and displays a rapidly varying energy

dependence. (Averaging the it+ and n~ differential cross sections removes the

effect of Isospin mixing between the two states on the ratio to better than

II . 1 0 ) Also, DWIA calculations do not agree with the 15.11-MeV angular

distributions at energies near the (3,3) resonance.12

Uncertainties In the spin transition density or inadequacies in the spin-

dependent piece of the effective pion-nucleus interaction are an unlikely

explanation10 for the anomalous excitation function for the AS»AT»1 transition

to the 15.11-HeV level of 1ZC. Rather, a more likely explanation is that an

additional process other than a one-step, impulse-approximation mechanism is

contributing to the lsovector transition. Therefore, to Investigate further

pion-induced excitation of weakly excited nuclear levels, we consider the



6S»iT"l transition from the 1+ , T-0, ground s t a t e of 6L1 to the 0+ , T - l ,

3.563-MeV leve l . We have measured an excitat ion function for it+ i n e l a s t i c

scattering to the 3.563-MeV state of 6Li at Incident pion energies from 100 to

260 MeV and p a r t i a l angular d i s t r i bu t i ons at 120 and 180 MeV. We also present

In Table I the different ial cross sections for e l a s t i c scat tering and for

ine la s t i c sca t te r ing to the 2.185- and 4.25-MeV s t a t e s . The 2.185- and

4.25-MeV d i f fe ren t ia l cross sect ions are compared to microscopic DWIA

calculat ions using t rans i t ion dens i t i es derived from Cohen-Kurath wave

funct ions.H The 3.563-MeV d i f f e r en t i a l cross sections are compared to

microscopic OWIA calculations using spin t rans i t ion dens i t ies derived from

Cohen-Kurath wave funct ions, ' 1 the empirical shell-model wave functions of

Donnelly and Walecka,13 and the phenomenological wave functions of Bergstrom,

et a l . 1 "

I I . DATA ACQUISITION AND REDUCTION

The data were collected using the Energetic Plon Channel and Spectrometer

(EPICS) system15 at the Clinton P. Anderson Meson Physics Facil i ty (LAMPF).

Four separate targets consisting of sheets of enriched lithiur., >W: 6 Li,

fabricated by the Oak Ridge National Laboratory were used during t.he

experiment. Two of the t a rge t s , with dimensions of 22.9 cm * 15.2 cm and areal

densi t ies of 202 mg/cmz and 100 mg/cm2, were used for approximately one-half of

the to ta l data acquisition and contained no discernible contamination. The

remaining two ta rge ts , with dimensions of 20 cr; * 10 cm and areal densities of

205 mg/cmz and 95 mg/cra2, were contaminated bv exposure to the air during

shipping. Hydrogen contamination was negligible in the thick 20 era x [0 cm

target ( t l ? ) but appreciable In the thin 20 cm x 10 cm target (=5Z). Since we

135
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clearly observed the 6.13- and 6.92-MeV 9tates of 1 60 In some it* Q-value

spectra but never observed any inelastic peaks of ^ N , we assumed the heavy

impurity to be '^0. With this assumption, the total amounts of impurities for

the thick and thin 20 cm » 10 cm targets were 2.3% and 18%, respectively. A

comparison of differential cross sections for the elastic scattering from 6L1,

extracted from the contaminated and uncontaminated targets at the same incident

pion energy and scattering angle, indicate that the estimated amounts of

impurities are accurate within <1J. 'Li was not detected in any of the

targets.

Fig. 1 shows the Q-value spectrum for 6Li(it+,n+') using the 205 ng/cmz , 20

cm x 10 cm target for T^ « 140 MeV and 8 ^ • 26°. This spectrum is

representative of the spectra used for determination of cross sections for

excitation of the 3.563- and 4.25-MeV levels. Although the experimental

resolution was not the best for the 205 mg/cm2 target (240 keV full width at

half maximum (FWHM)), the 3.563-MeV level is clearly resolved from the large

continuum background and the 4.25^5eV level. The discontinuity in the Q-value

spectrum between tha ground state and 2.185-MeV state Is an artifact of the

hardware veto of elastic counts used to limit data rates during data

acquisition by rejecting the majority of events with a 0 value below =1.2 MeV.

The elastic and 2. 185-MeV cross sections were determined without the use of

this hardware veto (see the insert in Fig. 1).

Peak areas were extracted from the 0-value spectra using the computer

program LOAF.1' The backgrounds under the elastic and 3 + peaks were fitted with

a first-order polynomial, while the backgrounds under the 0 + and 2 + peaks were

fitted with a third-order polynomial. Line shapes for the elastic and 3 + peaks

were extracted from the spectra foi each target at each incident pion energy

because the resolution varied with energy from 200 keV (220 keV) FWHM at

Tff - 100 MeV to 260 keV (260 keV) FWHM at T - 260 MeV for the thin (thick)
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targets. The line shape of the 0 + peak was taken to be the same as the 3 +,

while the line shape of the 2 + was constructed by folding the line shape used

for the 3 + with a Lorentzian of 680 keV FWHM. The peak positions were

constrained to be 0.0, 2.185,18 3.563,18 and A.25 HeV. Both the position and

natural width of the 2 + level, 4.25 ± 0.02 MeV and 680 ± 20 keV, were

determined from fits to several spectra where this state was predominant.

Previous determinations from other experiments are 4.27 + 0.04 MeV and

690 i 120 keV.l9 4.29 ± 0.02 MeV and 850 ± 50 keV,2° and 4.30 ± 0.01 MeV and

480 ± 80 keV.z0 The 5.37- and 5.65-M2V states were not observed in the spectra,

and thus no attempt was made to include them in the fits.

The consistency of the fits to Che various Q-value spectra was checked by

extracting areas for 100 keV wide segments of background centered about 3.563

and 4.25 MeV. Plots of the background yields for both the 3.563- and 4.25-MeV

segments resulted In smooth and continuous angular distributions at 120 and 180

MeV. Also the background yields versus incident plon energy are smooth and

continually Increasing. Ue therefore have indication that our extraction of

the peak areas from the large continuum background is consistent at different

Incident plon energies and scattering angles.

Experimental yields were measured for 9..B > 25° by monitoring the EPICS

channel bean flux with an ionizatlon chamber located downstream from the

scattering target. For SJJ^ < 25° the lonization chamber was not used since it

partially blocked the spectrometer entrance. For these angles, relative

normalization was accomplished through an lonization chamber located within the

plon production targe" cell and a charge integrating toroidal coll located

upstream of the plon production target. Monitoring of the ratio of the

lonization chamber current to the currents from these two monitors of the

proton beam showed <22 fluctuations for S^g > 25°, establishing them as

reliable beam flux monitors. Absolute cross sections were calculated by
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normalizing to w+ scatter ing on hydrogen (CH2 t a r g e t s of dimensions 22.9

cm x 15.2 cm and 20 cm x 10 cm corresponding to the two d i f ferent s i z e s of 6L1

targets ) us ing Coulomb-corrected phase-shif t predict ions from the computer code

CROSS21 with the phase s M f t s of Rowe, Salomon, and Landau.22

The data were corrected for computer l ive time, raultlwlre proportional

dri f t chamber e f f i c i e n c y , pion survival fraction through the spectrometer, and

the var ia t ion of the spectrometer's so l id angle with plon momentum. The quoted

error bars are s t a t i s t i c a l only. Total systematic errors are estimated to be

= 7? due to uncerta int ies of ±3% in chamber e f f i c i e n c y , ±17. in plon survival

fract ion, ±22 in the spectrometer's so l id angle var iat ion with momentum in the

spectrometer, ±3% in channel beam monitoring, and ±3% in normalization to it

scat ter ing on hydrogen. Furthermore, the data for the 3 . 5 6 3 - and 4.25-MeV

sta te s contain additional systematic errors of ±15% and ±10?, respec t ive ly , due

to the uncerta ln i ty in the f i t t i n g of the large continuum background and the

uncertalnity in the posit ion and width of the 2 + s t a t e . These systematic

errors were inferred by varying the order of the polynomial f i t to the

background, and by varying the pos i t ion and width of the 2 + s ta te from 4.23 to

4.27 MeV and 660 to 700 keV.

IV. DATA ANALYSIS

A. E las t i c sca t ter ing analysis

The f i r s t - o r d e r , zero-range, impulse-approximation e l a s t i c ca lculat ions

were performed with a var ia t ion 2 3 of the coordinate-space computer program

PIRK,2"* which solves a Klein-Cordon equation, using only l inear terras In the
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optlcal-oodel potential. For all 6L1 elastic calculations, we used the

Klssllnger form25 of the optical-model potential given by

V(r) - -Ak2b.p(r) + Ab,Vp(r)-V , (1)

HO 1

where p(r) Is the nucleon density normalized to unity, k is the lab momentum

of the Incident pion, and A is the mass of the target. The complex b and b

coefficients are constructed from the pion-nucleon phase shifts of Rowe,

Salomon, and Landau22 evaluated at an energy of 30.0 MeV below the Incident

pion beam energy. This procedure has been demonstrated by Cottingame and

Holtkamp23 to give better agreement to pion-elastic-scattering data for nuclei

ranging from 9Be to 2 0 8Pb. This phenomenological shift in the collision energy

is a method for adjusting the pion-nucleus kinematics so as optimally to

factorlze the optical-model potential (see Ref. 12 for a discussion of the

above procedure). The proton matter density distribution was characterized by

a three-parameter phenomenological distribution taken from elastic electron

scattering26 with the finite size of the proton charge removed. This

distribution has the form

pCr) - Z/(8ir3/2)[(l/a3)exp(-r
2/4a2) -

(c2(6b2-r2)/4b')exp(-r2/4b2)] , (2)

with a « 0.928 fm, b - 1.26 fm, and c » 0.48 fm.26 This phenomenologlcal

distribution was also used for the neutron matter density distribution.

The present 120- and 180-HeV n + elastic data, the SIN 164-MeV n ~ elastic

data,2' and elastic calculations are presented In Flgu 2. Since the elastic

optical potential Is used for the generation of the distorted waves for

Inelastic calculations, the good agreement Indicates adequate handling of the

distortions.

B. Inelastic scattering analysis



140

The Inelast ic calculations presented In this paper are Born approximation,

DHIA calculations in which the plon-nucleus transition amplitude Is a

configuration-space, folded product of a distortion function and form factor.

The distortion function, a product of In i t i a l and final pion distorted waves,

is computed from the elas t ic optical-model potential employed in the e las t ic

calculations. Calculation of the form factor, whose specific form depends upon

the Inelastic t ransi t ion and is the folded product of the pion-nuclecn

interaction and the nuclear transition density, uses the frozen-target approxi-

mation assuming on-shell kinematics and a collision energy obtained from the

e las t i c calculations. For inelastic calculations using pure LS-coupllng and

Cohen-Kurath intermediate coupling wave funct ions,^ we use a modification of

the generalized ine las t ic scattering potential code ALLWRLD28 to calculate the

form factor. The harmonic oscillator parameters and renormalization constants

Include the standard center-of-suss correction needed when using shell-model

wave functions. The distortion function and differential cross sections are

then generated fron the code UTDUPI.23 For all other inelast ic calculations we

use only the code UTDWPI and no center-of-mass correction Is included in the

harmonic oscil lator parameters and renormalization constants. However, these

Inelastic calculations use center-of-mass corrected form factors with the

correction being applied in momentum space.

I . 3*, T-0, 2.L85-KeV state

Electron-scattering data indicate that the natural-parity transition to

the 2.185-MeV level of BLi is almost completely longitudinal, with measurements

in the region of q - 0.7 to 1.8 f m~ l yielding a transverse form factor which is

less than IX of the longitudinal form factor.30 Since the spin-orbit transition

density is approximately zero, the form factor involves only the central
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component of the pion-nucleon Interaction and the isoscalar matter cranaicon

density.31 Inelastic calculations for this natural-parity transition have been

performed using two different transition densities derived from pure LS-

coupling and Cohen-Kurath intermediate coupling p-shell wave functions. Each

calculation employed equal transition densities for the protons and neutrons.

The harmonic oscillator parameter, a, and renorualization constant for the

transition density derived from the pure LS-coupling p-shell wave functions are

0.534 fm~l and 2.03. These values were required to fit the Inelastic-electron-

scattering data considered in Ref. 32 and give good agreement between theory

and experiment for the 6Li(p,p')6Li (2.185 MeV) differential cross sections at

E = 25 and 45 MeV.32 The transition density derived from the intermediate

coupling p-shell wave functions uses a • 0.558 fm~l and a renormalizatlon

constant of 1.93, again determined from Ce,e') data.33 Electron-scattering

longitudinal form factors from Refs. 14 and 34 are shown in Fig. 3. The solid

(dashed) curves correspond to the transition densities computed from the pure.

LS- (intermediate) coupling p-shell wave functions. Both theoretical form

factors are similar, with the intermediate coupling form factor in better

agt -aent with the electron-scattering data. The n + 2.185-HeV data and

calculations for T • 120 and 180 MeV are presented in Fig. 4. Fig. 5 shows

the data and calculations for Tn » 100 to 260 MeV with che differencial cross

ser-.tons corresponding to a constant raonentuc transfer q = 109 MeV'c. Fron the

data and calculations, the first aaxi-sa Tf the angular distributions for the

2.185-MeV state are expected to be at q - 164 MeV/c. The intermediate coupling

calculation is in good agreenenc with both the 120- and the 180-MeV

experimental angular distributions. Furthermore, this calculation reproduces

well the constant-q experimental differential cross sections, considering that

the theoretical value3 plotted in Fig. 5 are taken from the steep forward slope

of the various angular distributions where errors would produce the greatest
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variations. The pure LS-coupling calculation yields similar shapes for the

120- and IBO-MeV angular distributions and the constant-q differential cross

sections as does the Intermediate coupling calculation but overestimates the

magnitudes. Such disagreement suggests that the reAornalizatlon constant Is

too large.

2. 2 +, T-0, 4.25-MeV state

The electron-scattering form factors for both nar :il-parlty transitions

to the 2.185- and 4.25-MeV levels have the same dependences on the momentum

transfer.35 Therefore, the transition to the 4.25-*1eV state is principally

longitudinal, and we treat this transition as completely analogous to the

excitation of the 2.185-HeV level. However, even though the 4.25-MeV state Is

observed In (e,e#) spectra, a detailed form factor has not been measured

because of this state's large natural width, the overlapping 5.37-MeV state,

and the large continuum background.36 We therefore cannot deduce a transition

density from electron-scattering data as was the case for the 2. 185-MeV

transition. Thus, we simply used a transition density derived from Cohen-

Kurath intermediate coupling p-shell wave functions with a « 0.52 fm~l and a

renormallzatton constant of 0.82 determined from fitting oaly our (it+,Tt+') data

at T^ = 120 and 180 MeV. This transition density yields a radiative width,

F ^ 2 \ of 3.02 eV in agreement with the experimental value of 5.4 ± 2.8 eV.19

The 4.25-MeV experimental and theoretical 120- and 180-MeV angular

distributions and the jonstant-q differential cross sections are shown in Figs.

6 and 7, respectively. The agreement Is not as good as for the 2.185-MeV state

but Is very reasonable considering the difficulties In extracting the cross

sections and possible uncertainties in the transition density.
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3. 0 +, T»l, 3.563-MeV state

As Is the case for the natural-parity transitions to the 2.185- and

4.25-HeV levels of 6L1, the Born approximation DWIA description of the plon-

induced unnatural-parity transition to the 3.563-HeV state Is straightforward,

Involving only a single component of the pion-nucleon Interaction and a single

nuclear transition density. Using a single scattering model, the spin-

dependent piece of the Interaction Is represented by the zero-range spin-orbit

operator,' anc' the transition density is the transverse spin transition

density. We employed three different transverse spin transition densities

determined from fits to various (e,e') measurements but compared to the most

recent sets of (e,e') data (Refs. 14 and 37). The proton and neutron

transition densities were taken to be equal. The reasons for using three

transition densities are: (1) The p-shell harmonic oscillator basis Is known

to result In a poor description of the 3.563-MeV electron-scattering transverse

form factor over the entire second lobe, q > 1.4 fm"1. We therefore employ one

transition density which reproduces both the first and second lobes of the form

factor. (2) Since there is no analog to the 3.563-MeV state as is the

situation for the 12.71-/15.11-MeV analog-antlanalog pair of ' 2C, any anomalies

in the 3.563-MeV excitation function depend upon comparison of theory with data

and noc data for analogs as for the 15.11-MeV level. Thus, accurate spin

transition densities are imperative.

The first analysis for the spin-flip transition to the 3.563-MeV state

used a spin transition density derived from Cohen-Kurath intermediate coupling

p-shell wave functions. The harmonic oscillator parameter was chosen to be

0.518 fra~l from the work of Petrovich, et al. , 3 Z who fitted low q electron-

scattering data using pure LS-coupllng p-shell wave functions. We used a

renormallzatlon constant of 0.97. Petrovich, et al. conclude that both sets
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of theoretical Have functions provide an adequate description of the

experimental static moments and transition probabilities of 6Li with the

exception of the quadrupole moment. However, we chose the intermediate

coupling p-shell wave functions because they give a slightly better fit to the

most recent sets of (e,e') data (Refs. 14 and 37) for the inelastic Ml form

factor. Fig. 8 shows the calculated transverse form factor (solid curve) and

Ce,e') data for the transition to the 3.563-MeV state.

The second calculation employed a spin transition density obtained from

the empirical shell-model wave functions of Donnelly and Walecka.'3 These wave

functions are almost Identical to the pure LS-coupling p-shell wave functions.

Using p-shell harmonic oscillator radial wave functions for the valence

nucleons, Donnelly and Ualecka determined the one body density matrix elements

from normalization conditions and from fits to the ground state magnetic dipole

and electric quadrupole moments and the Ml fora factors for electron elastic

and inelastic scattering for q < 1.01 fm~1.13 A harmonic oscillator parameter13

a » 0.493 fm"1 and a renorraalization constant of 0.96 were used In our

calculations. The resultant inelastic Ml form factor (dashed cutve) is

compared to the (e,e") data in Fig. 8.

The third analysis used a phenomenological spin transition density based

on the work of Bergstrom, etal.'^ This transition density was derived In the

same manner as the transition density of Donnelly and Walecka except that we

fitted the (e,e") data of Refs. 14 and 37, uhich extend to q » 2.96 fm"1 , and

assumed a polynomial form for the p-shell radial transition density. The wave

functions for the 6Li ground state and 3.563-MeV state were taken to be

described by the SASK-A amplitudes of Bergstrom, ec al. 1H The radial transition

density has a phenomenological form

Rz(r) - e"rZ''b2(a2r
2 + a j * + a6r

6) , (3)

with b - 2.02 fm, a2- 6.625 * 10"
2 fm"5, a1<- -5.036 * 10"

3 fm"7 ,
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a - 1,967 x 10"1* fin"9, yielding a reduced x
2 of 1-32 from a fit to the

Inelastic Ml form factor, which is presented In Fig. 8 (chain-dot curve).

The » + data and DWIA calculations at T, - 120 and 180 HeV for the spin-

flip transition to the 3.563-MeV state are shown In Fig. 9. At 120 MeV the

three spin transition densities give equivalent shapes for the angular

distributions In the range of our data, 15.7° < 8„ m < 48.9°. All

calculations predict the correct location for the first maximum of 8 - 28°.
Cam*

However, the Cohen-Kurath intermediate coupling (solid curve), Donnelly and

Walecka (dashed curve), and phenomenological (chain-dot curve) calculations

overestimate the magnitude of the first maximum by 18%, 29%, and 38%,

respectively. The three spin transition densities yield similar results for

the shape of the 180-MeV angular distribution through the first mimlmum but

differ through the second maximum and minimum. Each calculation underestimates

the magnitude of the first raaximun by at least 26%.

The TI+ 3.563-MeV excitation function data and DWIA analyses are presented

In Fig. 10. The momentum transfer for the excitation function was determined

to be q = 109 HeV/c from Che first maximum of the 120-MeV angular distribution.

All other data points for the various energies are within +4% of this q. None

of the spin transition densities predict the measured shape and magnitude of

the 3.563-MeV excitation function. The Cohen-Kurath Intermediate coupling,

Donnelly and Walecka, and phenomenological calculations disagree with the data

by at least =20% at both the low and high incident pion energies.

,1
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V. DISCUSSION AND RESt'LTS

The disagreement between theory and data for the 120- and 180-HeV angular

distributions and excitation function for the unnatural-parity transition to

the 3.563-MeV state Is difficult to understand, as Is the disagreement observed

for the unnatural-parity transition to the 15.11-MeV state of 1 2 C . For

comparison, the 12..71- and 15.11-fleV excitation functions along with DWIA

calculations as described In Ref. 10 are shown In Fig. 11. As noted In the

Introduction, a simple DWIA description of plon-nucleus Inelastic scattering,

which uses a single component of the plon-nucleon Interaction and a single

transition density, has been successful In describing unnatural-parity

transitions in many nuclei. Using the zero-range spin-orbit operator and a

spin transition density derived from Cohen-Kurath p-shell wave functions,

Morris, et al. 1 0 adequately reproduced the experimental 12.71-MeV excitation

function. Furthermore, Cottlngame, et al.1-2 adequately describe the 12.71-MeV

angular distributions for T^ * 100 to 260 MeV. Even though there is an energy-

dependent enhancement near T^ » 180 MeV in the 15.11-MeV excitation function,10

the low-energy (T^ - 100 and 116 MeV) angular distributions for this state are

reproduced by simple DWIA calculations.12 Using the same zero-range spin-orbit

operator and three different spin transition densities, we cannot adequately

describe either the 120-MeV and 180-MeV angular distributions or the excitation

function of the transition to the 3.563-MeV state. However, we are able to

reproduce the angular distributions and constant-q differential cross sections

at energies from T^ - 100 to 260 MeV for the natural-parley transitions to the

2.185- and 4.25-HeV levels of 6Li using only the central component of the plon-

nucleon Interaction and transition densities derived from Cohen-Kurath p-shell

wave functions. The configuration-space, zero-range form of the spin-dependent

component of the pion-nucleon Interaction of Carr, et _\_.9 is most likely not

In error. Furthermore, the transition densities we used for the transition to

the 3.563-MeV level yield Inelastic Ml form factors which agree with the (e,e')
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data for q < 1.4 fm"1 (see Fig. 8 ) , which Is a range of q that adequately

covers the q » O.SS fm"1 at which the excitation function was measured.

However, this does not eliminate uncertainties in the spin transition

densities since the electron-scattering Inelastic Ml form factor depends upon

both the orbital and spin transition densities. Petrovich, et a l . 3 2 noted that

the monopole spin transition densities derived from both the pure LS-coupling

and the Cohen-Kurath Intermediate coupling p-shell wave functions produced

Gamow-Teller matrix elements 17.9Z and 8.4X larger than the experimental

values. Also, Petrovich, et a l . 3 2 did not obtain agreement between theory and

their 6Li(p,p')6Li*(3.563 MeV) data at E = 25 MeV, with the theory failing to

reproduce either the shape or magnitude of Che angular distribution. This

disagreement, however, was not attributed to uncertainties In the spin

transition density, but Petrovich, et al . suggested that other reaction

processes in additin to the direct, one-step reaction process were

contributing to the transition. Furthermore, Cammarata and Donnelly,38 in

their study of the reaction 6Ll("r,n+)6He near threshold, conclude that the

ratio of the orbital and spin transition densities derived from the Donnelly

and Walecka wave functions13 is probably correct. Thus, as is the case for the

15.11-MeV 3tate of l 2 C, 1 0 the disagreement between our simple DUIA analyses and

the 3,563—MeV angular distributions and excitation function is difficult to

explain as due to uncertainties in the spin transition density or the spin-

dependent piece of the pion-nucleus inelastic interaction.

Since simple DWTA calculations using a well-tested spin-dependent

component of the plon-nucleus inelastic interaction and spin transition

densities obtained from fits to (e,e") data fall to reproduce both the shapes

and magnitudes of the 3.563- and 15.11-MeV excitation functions, we suggest

that the same mechanism may be responsible for the observed energy-dependent

anomalous shapes in both 6L1 and 12C. A possible mechanism is the direct
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excitation of A-h components of the excited state wave functions, as proposed

in Ref. 10. Within this A-h model interpretation, we can estimate the amount

of A-h admixture in the 3.563-MeV wave function. Using the peak of the

3.563-MeV excitation function (T, - 190 MeV), the DWIA calculation which used

the phenomenologlcal spin transition density, and the procedure of Refs. 10 and

39, we estimate a mixing matrix element of 3 < < < 37 MeV. This range of

values of K is similar to that estimated for the 15.11-MeV state of 1 2C

(7.4 < K < 27.3 MeV). 3 9 Howevor, If the direct excitation of A-h components is

applicable to botn transitions, comparison of the two excitation functions and

DWIA calculations (see Figs. 10 and 11) Indicates that the resonant A-h

scattering amplitude may interfere differently with the p-h scattering

amplitude for the two transitions.

VI. CONCLUSIONS

Describing pion-nucleus inelastic scattering with the Born approximation

and DWIA, we obtain predictions which agree with the it+-inelastlc-scattering

measurements for the 3+, 2.185-MeV and 2 +, 4.25-MeV states of 6Li. Our

predictions fail to reproduce both the 120- and 180-HeV angular distributions

and the excitation function for the unnatural-parity transition to the

3.563-MeV state. The measured excitation function exhibits an anomalous

energy-dependent shape similar to that observed for the 1+, 15,11-MeV state of

1 2C. Similar mechanisms may be responsible for the anomalous excitation

functions for these isovector transitions. If this mechanism is the direct

excitation of A-h components in the final state wave functions, the peak of the

3.563-MeV excitation function is reproduced with an estimated mixing matrix

element of 3 « < < 37 MeV, a range of values consistent with the estimated
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mixing matrix clement of 7.4 < K < 27.3 MeV39 for the 15.11-MeV excitation

function.
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TABLE I: Differential cross sections for w+ elastic scattering and Inelastic
scattering to the 3+ , 2.185-MeV, 0+ , 3.563-MeV, and 2+ , 4.25-MeV levels of 6L1.

Elas t i c 3 + , 2.185 MeV 0 + , 3.563 MeV 2 + , 4.25 MeV

T-. 8<- m 1 a do/dfl. _ do/dn do/dflr Hn/f(o
N C«U1* C m . CHI. C.iil. QO / Qlt_ |Q

(MeV) (deg) (fm~l) (mb/sr) (mb/sr) (ub/sr) (mb/sr)

100
120
120
120
120
120
120
120
120
120
120
120
140
160
170
170
180
180
180
180
180
180
180
190
190
200
200
215
230
230
260

34.3
15.7
21.9
25.1
28.2
28.2
30.3
33.4
33.4
38.6
43.7
48.9
27.2
25.2
24.7
24.7
21.1
24.3
24.3
24.3
24.3
27.4
30.6
23.2
23.2
21.7
21.7
20.7
19.7
19.7
18.2

0.55
0.29
0.40
0.4fi
0.51
0.51
0.55
0.61
0.61
0.69
0.79
0.87
0.55
0.55
0.57
0.57
0.50
0.58
0.58
0.58
0.58
0.65
0.72

- 0.57
0.57
0,56
0.56
0.56
0.55
0.55
0.56

27.2 ± 0.1
80.5 ± 0.4
74.1 ± 0.4
64.0 ± 0.3
49.1 ± 0.2
48.8 ± 0.2
43.0 ± 0.3
34.9 ± 0.2
35.1 ± 0.2

...
15.0 ± 0.1
8.2 ± 0.1
64.9 ± 0 .3
80.5 ± 0.3

• • •

85.4 ± 0.5
103.4 ± 0.4
79.6 t 0.3
79.5 i 0.5
79.3 t 0.4
80.9 ±0.5
61.3 t 0.3
44.7 t 0.2

...

...

100.7 ± 0.7
107.0 ± 0.5
105.7 J 0.7
103.4 ± 1.5
109.8 ± 0.8

0.397 t 0.017
0.271 ± 0.033
0.307 ± 0.042
0.569 ± 0.032
0.632 ± 0.033
0.587 ± 0.030
0.737 ± 0.040
0.799 ± 0.030
0.853 ± 0.037

...
0.973 ± 0.029

0.975 ± 0.028
I.11 i n.05
1.36 ± 0.06

...
1.78 ± 0.09
1.25 ± 0.07
1.74 ± 0.06
1.62 ± 0.08
1.59 ± 0.06
1.68 ± 0.09
1.97 t 0.06
2.32 ± 0.06

1.96 ± 0.12
1.S8 t 0.09
2.03 ± 0.12
2.09 i 0.25
2.06 ± 0.13

39.8 t
33.9 i
43.6 ±
61.5 ±
41.3 ±
48.4 ±

57.0 ±
• • •

38.0 i
32.8 ±
22.3 t
12.3 ±
60.7 ±
68.5 ±
70.2 ±
80.7 i
117.0 i
100.0 ±

95.0 t

62.0 i
55.0 ±
43.1 ±
97.0 ±
89.5 I
81.7 ±

97.0 ±
73.3 ±
55.9 t
55.6 ±
33.1 ±

2.2
3.0
4.6
5.6
4.7
4.1
4.3

3.3
3.2
3.2
2.3
4.4
5.5
7.0
9.4
7.6
7.7
9.4

9.1
5.6
6.3
12.0
9.5
6.4
5.7
5.6
7.3
6.0
10.5

0.147 ± 0.005
0.079 ± 0.005
0.091 ± 0.008
0.137 ± 0.009
0.259 ± 0.014
0.203 ± 0.008
0.276 ± 0.009

• • •

0.274 t 0.007
0.395 ± 0.007
0.335 ± 0.007
0.274 ± 0.005
0.315 ± 0.009
0.505 ± 0.011
0.607 ± 0.011
0.637 ± 0.021
0.855 ± 0.018
0.690 t 0.015
0.801 ± 0.021

...
0.763 ± 0.019
0.829 ± 0.012
0.883 ± 0.014
0.870 ± 0.030
0.981 ± 0.030
0.607 i 0.013
0.737 i 0.012
0.892 ± 0.012
0.707 i 0.015
0.703 t 0.013
0.713 i 0.021

q values were calculated for an extrication energy of 2.1"5 MeV.
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FIGURE CAPTIONS

Fig. 1. A typical * + energy-loss spectrum taken at Tn - U O MeV and 8 U B - 26°

for which the hardware veto of elastic events was used. The insert is

the «+ energy-loss spectrum without the use of the hardware veto.

Fig. 2. Differential cross sections for w+ and n~ elastic scattering for 6Li

for T, - 120, 164, and 180 MeV. The calculations include a -30 MeV

shift in the energy at which the optical model parameters are

calculated. The 164-MeV data are from Ref. 27.

Fig. 3. F*(q) for the 3+, T-0, 2.185-MeV state of 6Li. The calculations used

microscopic transition densities derived from pure LS-coupling (solid

curve) and Cohen-Kurath intermediate coupling (dashed curve) p-=hell

wave functions with o - 0.534 fm"1 and a renormallzation constant of

2.03 and a - 0.558 fm~' and a renormalization constant of 1.93,

respectively. The data are from Refs. 14 (solid circles) and 34 (open

circles).

Fig. 4. Angular distributions for TT+ ineLastic scattering to the 3+, T=0,

2.185-MeV state of 6L1 for Tn - 120 and 180 MeV. The calculations

used microscopic transition densities derived from pure LS-coupling

(solid curve) and Cohen-Kurath intermediate coupling (dashed curve) p-

shell wave functions with a = 0.534 fin"1 and a renormalization

constant of 2.03 and a - 0.558 fm"1 and a renormalization constant of

1.93, respectively.

Fig. 5. Differential cross sections for * + inelastic scattering to the 3+,

T-0, 2.185-MeV state of 6Li at a constant q = 109 MeV/c. The

calculations used microscopic transition densities derived from pure

LS-i.oupling (solid curve) and Cohen-Kurath Intermediate coupling

(dashed curve) p-shell wave functions with a - 0.534 fm"1 and a
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renormalization constant of 2.03 and a - 0.558 fin"1 and a

renonnallration constant of 1.93, respectively.

Fig. 6. Angular distributions for tf+ inelastic scattering to the 2 +, T-0,

4.25-MeV state of 6Li for T,, - 120 and 180 MeV. The calculation used

a microscopic transition density derived from Cohen-Kurath

intermediate coupling p-shell wave functions with a » 0.52 fm"1 and a

renormalization constant of 0.82.

Fig. 7. Differential cross sections for n + inelastic scattering to the 2 +,

T-0, 4.25-MeV state of 6Li at q = 109 MeV/c. The calculation used a

microscopic transition density derived from Cohen-Kurath Intermediate

coupling p-shell wave functions uith a - 0.52 fm"1 and a

renormalization constant of 0.82.

Fig. 8. F|(q) for the 0+, T-l, 3.563-MeV state of 6Li. The calculations used

a microscopic transition density derived from Cohen-Kurath

intermediate coupling p-shell wave functions (solid curve) with

o -0.518 fm"1 and a renormalization constant of 0.97, a microscopic

transition density derived from the empirical shell-model wave

functions of Donnelly and Walecka (dashed curve) with a = 0.493 fm"1

and a renormalization constant of 0.96, and a phenomenological

transition density based on the work of Bergscrom, et al. (chain-dot

curve). The data are from Refs. 14 (solid circles) and 37 (open

circles).

Fig. 9. Angular distributions for it+ lnela* ..c scattering to the 0+, T-l,

3.563-MeV state of 6Li for T n - 120 and 180 MeV. The calculations

used a microscopic transition density derived from Cohen-Kurath

intermediate coupling p-shell wave functions (solid curve) with

a « 0.518 fm"1 and a ^normalization constant of 0.97, a microscopic

transition density derived from the empirical shell-model wave
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-25- «

functions of Donnelly and Walecka (dashed curve) with a - 0.493 fm"1

and a renoroalizatlon constant of 0.96, and a phenomenologlcal

transition density based on the work of Bergsccom, et al. (chain-dot

curve).

Fig. 10. Excitation function at a constant q = 109 MeV/c for it* inelastic

scattering to the 0 +, T-l, 3.563-MeV state of 6L1. The calculations

used a microscopic transition density derived from Cohen-Kurath

intermediate coupling p-shell wave functions (solid curve) with

a - 0.518 fm"1 and a renormallxation constant of 0.97, a microscopic

transition density derived from the empirical shell-model wave

function?- of Donnelly and Walec'~a (dashed curve) with a » 0.493 fm"1

and a renormalization constant of 0.96, and a phenomenological

transition density based on the work of Bergstrom, et al. (chain-dot

curve).

Fig. U . Excltacion functions (averaged IT* and it" cross sections to remove

isospln nixing) at a constant q » 124 MeV/c for pion inelastic

scattering to the 1 +, T-0, 12.71-MeV (circles) and 1+, T-l, 15.1l-MeV

(squares) states of 1 ZC. The calculations used microscopic transition

densities derived from Cohen-Kurath p-shell wave functions. The solid

curve is for the 12.71-MeV state. The dashed curve is for the 15.11-

HeV state and has been multiplied by four (see Ret. 10).
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