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PION DOUBLE CHARGE EXCHANGE ABOVE THE
A3/2,3/2 RESONANCE

Allen Lee Williams

ABSTRACT

The first exclusive measurements of (7r+,7r~) reactions on several nuclei for

incident pion energies from 300 to 550 MeV are reported. The measurements

were made with the Large Acceptance Spectrometer at the P 3 channel of

the Clinton P. Anderson Meson Physics Facility. A description of the ex-

perimental setup is given which includes a discussion of modifications to the

spectrometer and channel implemented specifically for these measurements.

Forward angle excitation functions for transitions to the double isobaric ana-

log state (DIAS) are found to be relatively flat for these energies. This energy

dependence is reproduced by optical and Glauber calculations, but not by

a six-quark bag prediction. The mass dependence of the DIAS was found

to qualitatively agree with the predicted mass dependence from optical cal-

culations. One angular distribution was measured for 5° < #/„!, < 35° for

18O(7T+,7r-)18Ne. The DIAS cross section falls by more than one order of

magnitude over this range, as predicted by both Glauber and optical model

xvii



calculations. Data for /7/2-shell nuclei were examined with a two-amplitude

model based on seniority-zero shell model wavefunctions wliich features ex-

pressions for cross sections for DIAS transitions and transitions to nonanaiog

ground-states. The cross sections for T = 1 nuclei are found to be inconsis-

tent with the predictions of the model. One excitation function for nonaiialog

transitions was measured and is relatively flat with energy. The continuum

of nonanaiog states near threshold was found to decrease with energy.
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Chapter 1

Introduction

Theoretical and experimental investigations of pion double charge

exchange reactions (DCX) have been ongoing since the mid-1960's.[Ka-84]

Interest in these reactions was motivated by the possibility of creating exotic

residual nuclei and the possibility of studying nucleon-nucleon correlations

since the reaction involves two nucleons. The latter possibility is the mo-

tivation for this work. Most of the experimental and theoretical work has

concentrated on reactions below 300 MeV incident pion energy. Several the-

oretical predictions for DCX above 300 MeV have been made since 1975, but

no experimental facilities were available to make reasonable measurements at

higher energies due to problems with energy resolution and flux. The work

presented here represents the first experimental measurements of DCX at

these energies.

1.1 Pion Physics

The pion is the lightest meson (m»/mjv — 1/7) with J* = 0~ (pseu-

doscalar), total isospin, T = 1 (isovector), and three charge states, JT+, JT°, JT~.

The two charged pions are antiparticles and the neutral pion is its own an-

tiparticle. The n± have a mass of 139.57 MeV and a lifetime of 2.6 x 10"8 s.

The n° has a mass of 134.97 MeV with a lifetime of 0.84 (±0.06) xlO"16 s.



Pions decay weakly with TT* -* ^V^ (~ 100%) and v° -f 77 (~ 98.8%) as

dominant decay modes.[PR-90] The r.m.s. charge radius of the pion is (r2)1 '2

= 0.66 ± 0.01 fm, but the physical size of the pion is assumed to be much

iess.[EW-88]

Being the lightest meson, the pion is the mediator of the long-range

nucleon-nucleon force.[Yu-35] It is useful as a nuclear probe due to its relative

stability and its pseudoscalar nature which allows single pions to be absorbed

or created. Since the pion has three charge states, single and double charge

exchange channels are allowed in pion-nucleus scattering, as well as elastic,

inelastic, absorption, and production channels.

Pion-nucleon scattering plays a large role in the description of pion-

nucleus scattering since, to first-order, pions are assumed to interact with

individual nucleons in the nucleus. The total cross sections for irN scattering

are shown in Fig. 1.1 as a function of incident pion energy and center-of-

mass energy. It is evident that there are many resonances present, the most

obvious occuring at ~ 190 MeV incident pion energy. This resonance is the

A3/2<3/2 which has a total energy 1232 MeV, width ~ 110 MeV, and J = T

= 3/2. Adopting the labelling convention of (2T,2 J), it is known as the (3,3)

resonance. Due to the large nN cross section in that region, the mean-free-

path, £, for the pion in the nucleus is moderately small. With po = 0.17 fm~3

and fftot = 200 mb,

£ =0.3fm. (1.1)

This results in strong absorption of pions by the nucleus so that it behaves as

a black disc in optical scattering. Above 300 MeV the JTJV cross sections are



greatly reduced in magnitude and are relatively flat with energy. At these

energies t is larger (~ 3 fm).

The nN interaction is normally characterized in terms of phase shifts

for different values of angular momentum and isospin. Following [Ca-82], the

TTN t-matrix in the pion-nucleus center-of-mass, t,^, can be expressed in

terms of the irN scattering amplitude, / , as

t-,—2^7/ (1.2)

where «„ , is the reduced total energy in the TTN center of mass and 7 is a

factor required for transformation from the nN to the 7r-nucleus center-of-

mass and is defined as

_ Wcm x klab x 1 + (mr/m,gt) + 2u)lah/mtgt

u kcm 1 + {m^/mtgtf [i + mtgt/uiat] + u}iab/mtgt

where m, = pion rest mass, mtgt is A times the riucleon mass, and kt is the

momentum of the pion in the center-of-mass or lab frame in the irN system.

The scattering amplitude, / , is more conveniently expressed as

/ = (/o + /f<*- r) + i sin 6mS • h (/0
LS + f^t- r) (1.4)

where 9cm is the scattering angle in the nN center-of-mass, t and f are the

pion and twice the nucleon isospin operators, a is the nucleon spin operator,

and n is the unit normal to the scattering plane. The subscripts 0 and 1

indicate isoscalar and isovector parts of the amplitude. Use of this amplitude

to describe nuclear transitions is called the ''impulse approximation". The

f's in Eqn. 1.4 are defined in terms of the phase shifts according to

fo = ^
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S K ] Pi (COS

where

a2/,2J = s i E (52/t2j) «XP («*2/,a/) • (1-5)

Here /, / , and J are the orbital angular momentum, isospin, and total angular

momentum of the irN system and the S'2j2j are the vN complex phase'shifts.

For pion energies below 300 MeV, only S-wave (/ = 0) and P-

wave (/ = 1) phase shifts are important.[EW-8S,Ei-80] For Tr > 300 MeV,

Im(62/2</) is very close to zero. In Fig. 1.2 are displayed Rje(̂ 2/.2j) *°r ' = 0,

1, 2 and 3, for T* = 300 -> 600 MeV. Phase shifts for / > 4 are negligible at

these energies. Considering the relative sizes of the phases, it is apparent that

a treatment of ^--nucleus scattering at these energies must at least include S,

P and D waves in the irN scattering amplitude.

1.2 Double Charge Exchange

With total isospin T = 1, two types of charge exchange reactions

on nuclei are possible using the pion as the scattering probe. These reactions

are single-charge exchange (SCX), A(TT±, JT°)X, with AT, = ±1, and double-

charge exchange (DCX), A(ir±,n^)X, with AT, = ±2. The SCX reaction is

a one-step process on a single nucleon which is essentially a generalization of

the quasifree process wJV —• ir'N'.
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The DCX reaction directly involves two micleons, with two neutrons

being converted to protons for the (7r+, n~) reaction and protons to neutrons

for the inverse reaction. The simplest mechanism for this process is two

successive SCX scatterings, for example n+ + nn —* n° -f np —* n~ + pp. The

isospin selection rules for pion-nucleus reactions are shown in Fig. 1.3.

Excitations of the isobaric analog state (IAS) and the double isobaric

analog state (DIAS) in SCX and DCX, respectively, arc significant features

of pion charge exchange reactions since the initial and final nuclear wavefunc-

tions for these states are identical except for isospin.[Ei-SOj Analog states are

states having the same total isospin, spin structure, and spatial structure,

but with different Tz. They are states ir.1 different nuclei having the same A

(isobars), but different iV and Z, and with the same number of nucleons in

each shell-model orbit. The IAS and DIAS for 14C are displayed in Fig. 1.4.

For the case of T = 1 nuclei, such as 14C, the DIAS is the ground-state of

the residual nucleus. For T > 1 nuclei, the DIAS is found at higher excita-

tions due to the isospin structure of the residual. From Fig. 1.3, it is evident

that transitions to the DIAS can proceed through nonanalog states as well

as through the IAS. This means that a completely correct treatment of DCX

reactions must be able to describe both analog and nonanalog channels.

The analog states are generated by applying the isospin raising op-

erators to the initial state. The IAS is generated with r+ and the DIAS is

generated with (r+)2. Since the final wavefunction is almost identical to the

initial wavefunction, the charge exchange reactions to analog states behave

very much like elastic scattering and the use of an optical model potential
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for the reactions is suggested. Since these types of calculations are gener-

ally straightforward, most theoretical approaches try to calculate DCX using

the impulse approximation and then add corrective second-order terms to

try and fit the data. These second-order terms describe mechanisms such as

correlations, scattering from deltas and meson-exchange currents, and pion

absorption. Indepth discussions of these types of processes are found in [DCX-

89]. Low energy DCX[Le-90] studies have demonstrated the importance of

shell-model spatial correlations in DCX reactions. Resonance energy studies

found that second-order reaction mechanisms were important to describe the

observed systematics of analog and nonanlog transitions.[Gi-85a,Se-90]

The optical potential may be expressed in terms of isospin structure

as[Jo-80]

U = Uo + (f • T) £/, +1 (f • f ) 2 U2 (1.6)

where t and f are as defined in Eqn. 1.4, and Uo, Ui and U2 are the isoscalar,

isovector and isotensor components of the potential. The SCX reaction to

the IAS is generated by the isovector term (t fj UI while the DCX reaction

to the DIAS involves the isovector term applied twice and the single-step

isotensor term (/ • fj U2. The isotensor term involves at least two nucleons

and so correlations between pairs of nucleons can serve as an origin for this

term. The isoscalar portion of the potential reflects elastic scattering. It is

therefore important to consider elastic, SCX and DCX in a unified way with

this potential.
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1.3 Motivation for High Energy DCX Studies

As mentioned earlier, DCX reactions are of interest to examine

nucleon-nucleon correlations. Based on studies made at lower energies, which

have shown that a large portion of the DCX amplitude arises when the charge

transfers occur in localized region, the range for these correlations has been

estimated to be on the order of 1 fm.[Bl-87] This is on the order of the rnis

size of the nucleon. In order to quantify these short-range effects, the use

of DCX measurements at high energies should be better than studies at or

below resonance energies for several reasons.

In order to be sensitive to effects of this size, the pion de Broglie

wavelength, 2n/k, should be comparable in size. In order to sample more of

the nucleons, the pion should be able to sufficiently penetrate into the nucleus.

Both of these criteria are met by going to sufficiently high energies. The size

of the pion wavelength follows directly from the energy. The penetration into

the nucleus at higher energies follows from the small size of the TT JV total cross

sections which results In a longer mean-free path for pions in nuclear matter.

Another important quantity to consider is the expansion parameter for the

7r-nucleus multiple scattering series;- a/tc — py/a/k,[Er-88] where p = 0.17

fm~3, <7 is the itN total cross section, and £c is a measure of the distance over

which the nucleons are correlated.[Jo-83] Values for A = 2ir/k, a, £ (mean-free

path), and a/£e are compared in Table l.lfor low energy, resonance energy,

and high energy pion scattering.

It is evident that the high energy regime meets the above criteria

for probing short-range effects and has the added feature of a much smaller
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Table 1.1: Characteristic parameters for pion reactions
at energies accessible with LAMPF facilities.

\ a t a/ee
(MeV) (fm) (mb) (fin)
50 9.7 13 4.5 0.30
180 4.3 203 0.3 0.53
500 2.0 19 3.1 0.07

multiple scattering series expansion parameter than the other energy regimes.

This should reduce the role of triple and higher-order scatterings, an impor-

tant result if the goal is to isolate the double-scattering process in order to

quantify the short-range nucleon-nucleon dynamics.

Another attractive feature of the high energy regime is the flatness of

the itN cross section with energy. This will produce more reliable theoretical

interpretations since approximations of nuclear binding and Fermi motion

will be less important. The independence of the cross section with energy,

combined with the smallness of the cross sections, indicates that the optical

potential will be weaker, which manifests itself in the larger mean-free path

for pions in the nucleus.

These features of high energy DCX were the motivation to undertake

the measurements presented in this work. With the advent of improvements

to the Large Acceptance Spectrometer in energy resolution and a momentum-

dispersed beam at the P3 channel of LAMPF, DCX measurements became

possible up to 550 MeV incident pion energy. These experimental improve-

ments are described in Chapter 2, along with a description of the data ac-

quisition system. In Chapter 3 the methods for reduction of the data are de-
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scribed, and the results of the measurements are given in Chapter 4. Several

models have been used to analyze the data which are discussed in Chapter 5.

These are a relativistic momentum-space optical treatment, Glauber model

calculations, and a two-amplitude model based on seniority-zero shell model

wavefunctions.



Chapter 2

Experimental Equipment and Procedure

The data presented in this work were obtained with experiments

1028, 1107 and 1107u performed during fall 1987, fall 1988 and summer 1989,

respectively, at the P3 channel of the Clinton P. Anderson Meson Physics

Facility (LAMPF) in Los Alamos, New Mexico. Participating institutions

were: Argonne National Laboratory, Ben-Gurion University of the Negev,

George Washington University, Los Alamos National Laboratory, New Mexico

State University, The University of Colorado, The University of Pennsylvania

and The University of Texas at Austin.

2.1 The Accelerator

The LAMPF linear accelerator provides a variable energy beam of

protons up to 800 MeV with an average intensity close to 1 mA. The accel-

erator has two main sections: a 100 MeV drift-tube linac and a side-coupled

linac which increases the energy from 100 MeV up to a maximum of 800

MeV. Positive ions are injected into the 100 MeV drift-tube linac by a 50 mA

ion source and a 750 keV Cockcroft-Walton (C-W) accelerator. There is also

an H~ source and C-W accelerator which injects the polarized H~ into the

linac. This enables the linac to simultaneously accelerate high-current H+

and low-current H~. The beam has a time macrostructure of 120 Hz with a

14
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a typical pulse length of 500/is giving a duty factor of 6%. The microstruc-

ture of the macropulse is a 0.25 ns burst delivered at 201.25 MHz. At the

end of the beamline the main proton beam passes througn a switchyard into

Area A, shown in Fig. 2.1. The H~ is directed at the switchyard either into

Area B or Line D. Some of the H~ is stripped to positive beam and directed

into Area C for the High-Resolution Proton Spectrometer (HRS) facility. In

Area A the proton beam passes through several targets, of which two are

production targets which provide 5 secondary pion beams. The first target,

A-l, provides pion beams to the Low-Energy Pion channel (LEP), the Test

channel and the Energetic Pion Channel and Spectrometer (EPICS). Further

down the beamline the now slightly-degraded proton beam encounters the

A-2 production target which provides beams for the Stopped-Muon Channel

(SMC) and the High-Energy Pion Channel (P3). The P3 channel was used

for this work and is described in further detail below.

2.2 The P3 channel

The high-energy pion channel, P3, uses the A-2 production target in

the main proton beam to produce pions up to 625 MeV in kinetic energy. A

schematic view of the channel is shown in Fig. 2.2. The channel was designed

to provide an achromatic beam of high intensity and moderate resolution to

two output locations, P3 east and west. For the purposes of this work, a

dispersed tune was developed for P3 east in order to provide better energy

resolution. This tune resulted in some cost to incident flux.

The front end of the channel makes a 20° angle with the incident
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proton beam and outgoing particles are collected in quadrupoles QD01 and

QD02. The solid angle is defined by MS01 and MS02, two adjustable jaws in

the horizontal and vertical directions, respectively, and momentum-analyzed

by dipole BM01. In the achromatic tune, quads QD03 and QD04 produce a

horizontally-dispersed focus at slit MS03 where further momentum definition

can be obtained. To separate pions from protons or electrons in momentum,

several degraders can be placed in the beam between MS03 and another

dipole, BM02. This dipole spatially separates the beam into the momentum

components arising from the degraders. A second focus is produced by quads

QD05 - QD08 where the protons can be directed into the proton absorber

(PABS) and electrons into the electron absorber (EABS). The beam is then

directed into either the east or west sections of the channel using dipole BM03.

With the dispersed tune the two intermediate foci are not present. Quads

QD09 - QD12, in the west leg of the channel, and quads QD13 - QD16, in the

east leg, are provided for final beam-tuning purposes. Several other sets of

jaws are available between the degrader and the experimental areas to help

clean up the beam and define the final phase space.

In the P3E experimental area an extra pair of quads, QX1 and QX2,

are in place for additional focussing required by a 6 meter extension of the

beam line to the spectrometer pivot. With the dispersed beam, a focus is

achieved at the target position on the pivot having a horizontal dispersion of

about 2 cm/%. Since the momentum resolution is limited by the dimensions

of the A-2 production target, a movable collimator (3PCL1E1) is available

which can be inserted between the production target and QD01 to reduce

the horizontal dimension as seen by the channel. The collimator is used
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only when the thicker 4 cm production target is in place in order to achieve

similar resolution to that obtained with the 1 cm production target. Typical

characteristics for the achromatic tune are given in Tables 2.1 and 2.2.

A toroidal counter (2ACM02) was located just downstream of the A2

production target to monitor the proton beam and an ion chamber (2ABT)

was located in the A2 target box to monitor the flux produced at the A2

target. To monitor the beam flux to the scattering chamber, an ion chamber

(ICl) was placed at the exit of the beam pipe before experiment 1107. Typi-

cally IC1 was used for all normalizations during experiments 1107 and 1107u.

It was found to be independent of jaw position at the level of about 1 %. The

toroidal counter was used for normalizations in experiment 1028 and thus jaw

settings became very important when taking normalization data. The other

counter, 2ABT, was found to be only reliable to the level of about 10 % and

was not used.

With the dispersed tune, the n+ flux varied from 3 x 10r 7r+/sec

at 300 MeV to 3 x 106 7r+/sec at 500 MeV and the energy resolution was

estimated to be 0.15%. The new rates are summarized in Table 2.3. The

beam spot was approximately 7 cm horizontal by 6 cm vertical with a 1 cm

production target and no collimator. With the collimator in place and the

4 cm production target, the beam spot was approximately 3 cm x 3 cm.

Magnet settings for the dispersed tune set to deliver 500 MeV n~ are given

in Table 2.4.
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Table 2.1: Characteristics for the P3 channel" (achromat).

A2 target length: 5 cm6

Production angle: 20°
Total Length: 19.6 m (+ 6 m to pivot in east cave)
Max. transmitted momentum: 750 MeV/c
Max. pion kinetic energy: 625 MeV
Max. solid angle (1% momentum bite): 7 msr
Max. momentum acceptance FWHM: 10%
Min. resolution (0.5 cm target): 0.2%
Typical resolution (5 cm target): 1.5%
Dispersion at momentum slit: 1.5/1.8 (east/west) cm/% Ap/p
First order phase space: 200TT mm-mrad (horizontal)

2507T mm-mrad (vertical)

"Information taken from [La-84].
'Quantites given are for 5 cm target. A 4 cm or 1 cm target is more typically
used.

Table 2.2: Pion rates for the P3 channel."

Kinetic Energy
(MeV)

32
104
191
237
284
332
380
476
574

7T + /R

( x l d 9 )

0.30
1.40
1.96
2.63
2.86
2.39
0.58
0.03

0.00
0.00
0.01
0.02
004
0.09
0.65
18.9

7r+/allc

0.68
0.95
0.98
0.996
0.999
1.000
1.000
1.000

(
7T / s

xlO8)
0.01
1.04
3.27
4.20
4.66
4.09
2.80
0.60
0.03

7r-/allc

0.02
0.42
0.80
0.91
0.916
0.990
1.000
1.000
1.000

"Information taken from [La-S4j.
'The p/7r+ ratios obtained with proton degraders.
cThe nonproton component of the beam.
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Table 2.3: Pion Fluxes0 for the P3 Channel with
the dispersed tune.

(MeV) x + /sec 7r~/sec
104 2.0 x 107 1.2 x 106

300 3.5 x 107 5.0 x 106

400 2.0 x 107 2.0 x 106

500 3.0 x 106 3.0 x 105

550 7.7 x 105 6.0 x 104

a Fluxes are values from Table 2.2 scaled to values
from scintillator activations taken with 400 and
500MeV7r-.

2.3 The Large Acceptance Spectrometer

The Argonne Large Acceptance Spectrometer (LAS)[Co-80] was orig-

inally assembled as a QQD system with no corrective elements, designed to

provide a large solid angle and large momentum acceptance. In the original

configuration the spectrometer was intended for use with pion production

angles 30° < 0 < 150° for pions with momenta 100 < P < 500 MeV/c. The

solid angle was found to be i\Q = 25 msr for Ap/p = ±10% and with a bend

angle of 45° for the central momentum through the dipole. This configura-

tion is described in further detail in [Co-S0]. For the work described here,

modifications were necessary to provide adequate energy resolution and to

allow small angle measurements for pion-induced DCX reactions.

The LAS spectrometer was modified by the addition of wire cham-

bers placed between the front quadrupole doublet and the entrance to the

dipole magnet to give projection to thr target position. All of the wire cham-
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Table 2.4: Magnet settings for the P 3 East Channel with the dispersed
tune set to deliver 500 MeV x~.

Magnet
BM01
BM02
BM03
QM01
QM02
QM03
QM04
QM05
QM06
QM07
QMOS
QM13
QM14
QM15
QM16
QXl
QX2

Polarity
Normal
Normal
Reverse
Normal
Normal
Reverse
Reverse
Normal
Normal
Normal
Normal
Reverse
Normal
Reverse
Reverse
Normal
Reverse

Shunt
(Jaw Out)

28.546
25.519
26.189
21.605
15.605
14.569
21.107
15.531
18.623
30.361
29.129
3.022

13.388
9.468
7.601
6.327
2.267

Shunt
(Jaw In)

same
same
same

25.615
16.817

same
same
same
same
same
same
same
same
8.999
same
6.369
2.280

Table 2.5: Magnet settings for the LAS spectrometer
for 500 MeV n~.

Magnet
Cmag
QL01
QL02
ALAS

Polarity
Normal
Normal
Reverse
Normal

Current (A)
246.43
970.82
753.90

2082.28
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bers were delay-line readout drift chambers[At-81,Mo-78]. In order to min-

imize the multiple scattering contribution, helium bags were installed along

the entire six-meter distance from the target to the focal-plane rear wire cham-

bers. During the initial run with the modifications, the energy resolution for

the channel-spectrometer system was 2.8 MeV (FWHM) at 500 MeV (Ap/p =

0.43 %). By utilizing a vacuum-coupled scattering chamber, thinner windows

on the wire chambers, and larger separation of the front chambers, the com-

bined resolution was subsequently improved to 1.7 MeV (FWHM) (Ap/p =

0.33 %) in later runs. The energy resolution is dominated by the momentum

resolution of the spectrometer which is limited by multiple scattering in the

helium, windows and wire chambers. The energy resolution of the channel

is estimated to be 0.15 % and the contribution to position resolution at the

target is estimated to be 0.15 %. The LAS acceptance spanned ± 10 % in

Ap/p and ± 5° in scattering angle. A maximum solid angle of about 12 msr

was measured. The spectrometer was operated at a maximum momentum of

675 MeV/c and a minimum of 100 MeV/c. At the 100 MeV/c setting it was

found that the quadrupole power supplies drifted around substantially, but

were stable at 270 MeV/c and above.

Two additional modifications to the spectrometer were implemented

specifically for the DCX measurements. A C-magnet was installed between

the target and LAS with its polarity set to sweep out the TT+ and protons in

the beam when measuring (7r+, n~). It gave a nominal bend of 10° to out-

going particles having momentum equal to that of the central momentum,

p0, of the spectrometer. This allowed measurements to be done at angles as

small as 2.5°. Secondly, a gas threshold Cerenkov counter was placed behind
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Table 2.5: Characteristics of the LAS Cerenkov counter.

Entrance Aperture: 30 cm vertical x 20 cm horizontal
Entrance Phase Space: 22 cm x ± 100 mrad (vertical)

17.5 cm x ± 40 mrad (horizontal)
Cerenkov Angle: ~ 43 mrad
Ray Phase Space: 30 cm x ± 150 mrad (vertical)

20 cm x i 90 mrad (horizontal)
Exit Aperture: 62 cm vertical x 33 cm horizontal

the focal-plane wire chambers in order to veto events caused by electrons.

The efficiency of the Cerenkov counter was measured to be about 99.7% for

electrons. During the initial run freon gas was used in the counter but isobu-

tane was substituted in later runs due to environmental concerns. Changing

the gas type resulted in no noticeable change in the efficiency of the counter.

Two spherical mirrors were placed at the downstream end to reflect light to

two phototubes. Table 2.5 contains some of the pertinent facts regarding the

counter.

A diagram of the modified LAS is given in Fig. 2.3 and a schematic

view of the modified LAS and its optics is shown in Fig. 2.4.

2.4 Targets

Two types of target holders were used over the course of the experi-

ments. The initial holder, used during experiment 1028 before the scattering

chamber was vacuum-coupled, consisted of a simple single-target holder on

a rotating platform. The target angle was adjusted by hand using a cal-

ibrated scale on the platform. The 18O and MC targets used this holder.
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Figure 2.3: Diagram of the modified Large Acceptance Spectrometer (LAS).
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Large Acceptance Spectrometer
(with modifications)
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Figure 2.4: Block diagram of the modified Large Acceptance Spectrometer
(LAS), as viewed from the side, and its optics, viewed from above.
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After vacuum-coupling, a movable vertical ladder was used in which several

targets could be installed. The position of the ladder was calibrated to a

voltage readout from a linear resistor on the ladder. The position for a given

target could then be set remotely from the counting house. The adjusting of

the target angle was accomplished by rotating the scattering chamber using a

small crank at the base and setting the angle with a calibrated scale. Targets

used for this work are listed in Table 2.6 and detailed descriptions of some of

the targets follow.

A powder 14C sample consisting of 77 % 14C, 14 % 12C, and 9 % im-

purities by weight was encapsulated in two thin-walled copper cells (5 x 5 x O.G

cm3).[Se-85] These were mounted to give an area of 10 x 5 cm2 and a 14C tar-

get areal density of 0.144 g/cm2. The 18O target was in the form of liquid

H2O, enriched to 94.0 % 18O, placed in a cell of dimensions 7.5 x 7.5 x 1.5 cm3

consisting of an aluminum frame with polyethylene 0.08-cm thick windows.

This resulted in an 18O areal density of 1.G2 g/cm2.

The targets used for the 42Ca measurements were a metal target

and a CaCC>3 target in a polystyrene (CH) binder. The metal target was 7 x

3.8 cm2 and the CaCC>3 target was 5 x 5 cm2. The two targets were stacked

together for the measurement. The target used for the 44Ca measurement was

also in the form of CaCO3 in a CH binder consisting of two pieces, 10 x 5 cm2,

stacked together. The ^Ca target consisted of 4 pieces of heavily oxidized

metal. Two of the pieces were approximately 8 x 3 cm2 and the other two

were about 6 x 3 cm2. The edges were crumbling but the target effectively

covered the beam spot in the horizontal direction. Isotopic enrichments and

resulting areal densities for these targets are given in Table 2.6.
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The Se target consisted of two cells each having dimensions 7.6 x

5.05 x 0.9 cm3 mounted side-by-side. The cells were constructed of Ni and

contained natural Se powder. The average total area] density for the Se was

2.13 g/cm2 which resulted in an average 80Se thickness of 0.972 g/cm2.

For the Ti measurements, targets in the form of T1O2 powder in

polystyrene binder were used. The binder accounted for 30% of the target

by weight. For the '46Ti02 target, the Ti isotopic makeup was 85.9% 46Ti,

10.7% "Ti , 1.56% 47Ti, 1.03% 50Ti, and 0.84% 49Ti. The target consisted

of 4 pieces of dimension 2.5 x 2.5 cm2 stacked together to give a total 46Ti

areal density of 223 mg/cm2. For the 5 0Ti02 target, the Ti isotopic makeup

was 67.53% 50Ti, 23.97% "Ti , 3.09% 49Ti, 2.87% 46Ti, and 2.54% 47Ti. The

target consisted of 4 pieces of dimension 2.5 x 2.5 cm2 stacked together to

give a total ^Ti areal density of 158 mg/cm2.

Normalizations were usually done with CH2 targets cut to the same

dimensions as the target of interest. Typically these targets had areal densi-

ties of either 293 or 134 mg/cm2. The 14C target was normalized with a 05

mg/cm2 CH2 target. Since the normalizations were made with hydrogen, the

water target was normalized to the hydrogen present in the target.

2.5 Data Acquisition

Data acquisition was accomplished by using normal charged-particle

optics implemented through the use of well known combinations of hardware

and software. The next section will give a short inroduction to the mathe-

matical formulation of the optics, followed by a section covering the physical
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Table 2.6: Target area! densities and isotopic enrichments.

Target
14C (powder)
1 60 (water)
1 80 (water)
26Mg (metal)
42Ca (metal)
42CaCO3
44CaCO3

^TiOj

^Ca (metal)
^TiOa
52Cr (metal)
54Fe (metal)
^Fe (metal)
^Se (powder)
^Zr (metal)
197Au (metal)
^ P b (metal)

/?x(target)
(mg/cm2)

144
1500
1620
405
324
143
366
223
259
158
408
274
1880
972
1406
2020
421

px( total)
(mg/cm2)

289
1500
1720
405
346
403
1340
500
284
491
487
281

2050
2130
1440
2020
421

Enrichment
(%)
77

99.8
94.0
99.5
93.7
93.7
98.4
85.9
91.0
67.5
83.8
97.6
91.8
49.8
97.7
100
99.9



30

devices used for data acquistion and their connection to the optics.

2.5.1 Optics

The optics for the charged-particles being detected in the spectrome-

ter are treated in a right-handed rectangular coordinate system ( i , y, z) where

z is the direction of the central trajectory through the system having a given

momentum, po.[Br-82] If a deviation from the central momentum, Ap, is con-

sidered, along with angles in the x and y directions, then the position of a

particle in the system can be written as:

X(z) = (x,y,0,<t>,6), (2.1)

where 8 = dx/dz, (f> = dyjdz and 8 = Ap/p0. Givem the position of a particle

at one place in the system, then its position at a second place can be written

as:

X2 = f(xuyu0u^S). (2.2)

A Taylor series expansion is then made for each component of X? in terms of

this function of position 1 components:

dx2 di2 n di2, d2x2 i d2i2x + ° + 6 + + ^
with similar expressions for the other components of X2- The partial deriva-

tives can be found if the function is known, as is done with a code such as

TRANSPORT[Br-77]. In practice, these ideal values for the partials do not

account for irregularities in the elements in the system and so they are deter-

mined through fits to experimental data. This procedure will be covered in

more detail below.
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2.5.2 Hardware

The detectors were delay-line readout drift chanibers[At-81,Mo-78]

with two chambers, Fl-2, installed between the quad-doublet and the dipole

and the other two chambers, R5-6, installed between the dipole and the

Cerenkov counter. Details of chamber construction and operation are given

in Appendix B. These chambers provided x and y positions at four loca-

tions in z each. These raw data correspond to the (z, y, z) described in the

previous section. From these positions, angles of the trajectories of the parti-

cles are calculated by taking the difference between two adjacent x or y and

dividing by the corresponding differences in z. Ultimately, the above infor-

mation is used to track back to the target to find the location and the angle

of departure of the scattered particle. It was mentioned previously that the

coordinate system is right-handed. This is true for everything but <̂ *a<, the

horizontal angle at the target, which is treated as being left-handed. This

was due to the geometry of the physical apparatus in the experimental area.

Changes in scattering angle are accomplished by moving the spectrometer

towards —y. Since the software is a modified version set up for EPICS, it

was more convenient to just change the sign of <j>tgl than to change to a true

left-handed system.

In order to identify a given particle passing through the spectrom-

eter as a good event, a hardware trigger is used incorporating a coincidence

between any front chamber signal with a coincidence between the two scintil-

lators located downstream of the rear chambers. Information from the above

components is entered into the computer through the use of CAMAC[C1-S2j

analog to-digital (ADC), time-to-digital (TDC) and sealer modules. The flow
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of information to CAMAC is diagramed in Fig. 2.5. Intermediate stages of

electronics were mostly fast NIM standard modules. One notable exception

being the Lampf Gate Generator (LGG) (commonly referred to as "wliite

elephant"). This device contains an LED counter, TTL to NIM converters

and vice versa, and several circuits to flip signal polarities and to make logical

ANDs. The LGG is hooked to the CAMAC system and is used to generate

the RUN gate for data acquistion and sealer inhibit gates. Some sealers are

to be counted only during the beam pulse and so an inhibit gate of RUN * BG

(logical NOT run+beam gate) would be used for them, otherwise an inhibit

of RUN is used. Origins of gates for the ADC's and starts and stops for the

TDC's are shown in Fig. 2.5

Information is transferred from CAMAC to the Micro-progammable

(CAMAC) Branch Driver (MBD)[Sh-74] which is a micro-computer that in-

terfaces the CAMAC system with a MicroVax II. The MicroVax was used to

analyse the incoming K data and to store all the sealer information. It also

provided capabilities for reviewing the data online, storing event-by-event

data to tape, and sending commands to the CAMAC system. The channel

magnet controllers and jaws were also connected to the CAMAC system and

could be controlled from the computer.

2.5.3 Software

The software used to retrieve and manipulate raw data is known

collectively as Q.[Am-79] This system is characterized by 3 basic functions:

data retrieval and analysis, testing, and histogramming. This is done by using
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Figure 2.7: Electronics diagram for the Large Acceptance Spectrometer.
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a set of subroutines called the analyzer, which performs data retrieval from

CAMAC and makes initial calculations on the raw data. Calculated quantities

are then required to pass a set of test conditions set up by the experimenter

before being histogrammed for final analysis. A data base is used to store

quantities required by the analyzer such as masses, central scattering angle,

target angle, beam energy, energy losses in the unrotated target, flags to

control analyzer options, drift time calibrations for the chambers and other

calibrations constants required by the analyzer. This data base is known as

PRM.

When a good spectrometer event (Event 6) is signaled by the hard-

ware trigger, the raw data is retrieved from CAMAC, recorded to tape and

is made available for calculations in the analyzer. The analyzer subroutine

PR0C6 reads pulse-height information from the ADCs and time information

from the TDCs and makes calculations of chamber positions, time-of-flight

(TOF), average pulse-heights in the scintillators, summed pulse-heights for

the Cerenkov tubes and pulse-heights from chamber L-R discriminators. A

counter is incremented for each Event 6 encountered.

Another set of calculations is done for quantities using adjustable

polynomials. These polynomials are based on the optics described in 2.5.1

and the coefficients are determined by performing a least squares fit of data

quantities to a known experimental quantity. This is done for quantities

such at i-position at the target (XTGT), 6 at the target (THTTGT), 6

in the spectrometer, accuracy of tracking angles through the spectrometer

(THTCHK, PHICHK), etc.
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In order to obtain kinematical information for the event, subroutine

CALKIN is called by PR0C6 to calculate incident and ejectile particle mo-

menta and energies, scattering angle, the mass of the residual, momentum

transfer to the residual, and the Q-value for the reaction. This latter piece

of information is used to find the missing mass of the reaction. This is the

quantity of real interest to the experiment and is used in the determination

of cross sections for the scattering of particles with a given momentum at a

given angle.

When an event has passed through the various stages of the ana-

lyzer, the resulting information is compared to a set of tests designed by the

experimenter. Typically these are tests for passing target cuts, passing cuts

on THTCHK and PHICHK, passing cuts on the Cerenkov pulse-height spec-

trum, making sure the particle passed PID requirements, etc. Target cuts

and gating requirements can either be written directly into the test input file,

or can be set indirectly by setting gates or boxes while viewing a histogram

of the quantity(ies) of interest.

Histogramming of event quantities can be done using data words

directly or after passing certain tests. Several histograms of a given data

word are possible by requiring different sets of tests to be passed. An example

of this would be having different histograms for missing mass corresponding

to different scattering angler or to target cuts reflecting different materials

present in the target.

A final function of the analyzer is to read in sealer information from

CAMAC. This is done with subroutine PROCS which retrieves the informa-
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tion in response to an Event 8 in CAMAC. Tliis event is produced every 20

seconds by a clock pulse entered into the Event 8 port of the CAMAC trigger

module. Sealer information is available to the experimenter during runs, is

written to tape during the run and is saved with the histograms at the end of

a data run. This information is used to monitor stability of various hardware

components, record total # events, record total beam received during the

run, total time of the run, etc.

The previous discussion is intended as a summary of functions of

the software. Please see Appendix A for more information.

2.6 Calibration

Before actual data taking is begun, (he spectrometer has to be cali-

brated. This consists of three main parts: Timing checks, chamber calibration

and polynomial optimization.

For the initial startup, it is necessary to check that triggers and gates

are timed properly. The good event trigger requires a coincidence between

S2, S3 and any front chamber. The actual coincidence is determined by

setting either S2 or S3 signals a little later than the others, thus defining the

trigger. This gives a common reference point for start times for TDCs as

well as making the good event signal. Stop times for the TDC channels come

from delayed signals (~ 200 ns) from corresponding scintillator and chamber

pulses. A common stop for all TDCs is made by sending a delayed signal

(~ 200 ns) from the good event trigger. Analog signals are read into ADCs

within a certain time gate. These gates typically have a width of 100 ns and
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are timed just ahead of the signals. A by-product of timing checks is trouble-

shooting. Most incoming signals are examined during this procedure which

helps to expose some types of problems with various parts of the hardware.

When timing checks and adjustments are considered to be finished,

the wire chambers must be calibrated. Drift times for each of the wire planes

in the chambers are histogrammed and the centroid for each time spectrum is

checked and adjusted as necessary. These spectra are then integrated to ob-

tain a calibration table of drift time to position. Drift time to crude position is

calculated using a 2nd order polynomial. The coefficients for this polynomial

must be generated and entered into the analyzer. Offsets after truncation

should be checked and adjusted. Lastly, left-right ambiguities must be ad-

justed. This is done by plotting corrected position of XI vs X2, etc., and

changing the sign of the appropriate PRM variable for LRXl, LRX2, etc.,

until a clean linear correlation is obtained. For more information on quantities

or procedures described here please refer to Appendix B or to [At-81].

After chamber calibrations are completed, polynomials for some

quantities must be optimized. These quantities are DELTA, XTGT, YTGT,

THTTGT, PHITGT, THTCHK, and PHICHK. A description of the opti-

mization of the polynomial for YTGT is given here.

The first requirement is to install the calibration target which is a

frame with 5 vertical graphite slats. The target is rotated to 0° with respect

to the spectrometer so as to present the thinnest width. The file YTAR-

GET.PRM is then read into PRM to set up appropriate tests and to designate

which data words are to be written into rays. This file is given here:
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;[MP10REP.EXP1028]YTARGET.PRM for vertical slats
jfirst test for positve 26.6 mm rod using GATE 1
152=81
;Enable ray writing
153=0
;MAXRAY (NUMBER OF RAYS TO DISK PER FILE)
155=1000
;Test for good event
156=93
;DATA WORDS
157=221 IXFRONT
158=222 !THTFRONT
159=223 1YFRONT
160=224 IPHIFRONT
161=225 IXREAR
162=226 !THT REAR
163=227 !Yrear
164=228 !PHI REAR
165=243 ICRUDE DELTA
166=246 IMissing MASS
167=235 !Y-target
168=236 !Phi-target
169=249 !XDEP
; VALUES ON XDEP
;SPACING OF TGT RODS IS 13.3 mm
R71=+2.66
R72=+1.33
R73=0.0
R74=-1.33
R75=-2.66
;LIMITS ON XDEP
R69=-10.
R70=10.
;TURN ON XDEP
IFLAG(22)=0
;TURN ON RAY WRITING
IFLAG(23)=0

A data run is started and a histogram of 4>front is made. If all the slats are
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sufficiently resolved, software gates axe placed around each of the slats and

the value of the distance in cm. of each slat from the center of the frame is

entered into PRM variables R71-75. This assigns a position to data events

passing a given gate. Using the code FPO, rays are written to disk. The

number of rays to be written is user adjustable. The rays are now ready to

be fit to the polynomial for YTGT. This is done with the code RAYCOF

where an input file with the variables to be fit is read in, along with the

ray file, and a least squares fit is made to the rays. A file with the fitted

coefficients and the variables is written and can be appended into POL.DAT

where polynomials for some data words arc stored. These new coefficients

are then read into the analyzer. Now YTGT can be histogrammed and the

resolution of the slats can be examined. If it is not satisfactory, rays can

be rewritten by placing gates in the YTGT histogram on the slats and the

process repeated as necessary. Resolutions of about 1.5 mm (FWHM) are

typical. An example of the fitted coefficients is given below and an example

of the YTGT histogram is given if Fig. 2.G.
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235, 21, YTARGET CALIBRATION Variable
0, 0, 0, 0, -0.32SGGOE+00,

223, 0, 0, 0, -0.109820E+00, ys

224, 0, 0, 0, 0.115531E+00, <f>}

2 2 1 , 0, 0, 0, 0 .154057E-01, xs

222, 0, 0, 0, 0.446570E-02, Bf

243, 224, 0, 0, 0.277891E-02, Savde • <f>f

243 , 223, 0, 0, -0 .222854E-01 , SCTude • yf

224, 221 , 0, 0, 0.322953E-02, 4>rx5

224, 222, 0, 0, 0.9S3814E-03, <f>, • Bs
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Chapter 3

Data Analysis

3.1 Background Rejection

Backgrounds in these measurements can arise from several sources.

The most important of these are accidentals, "good" events that come from

background noise such as cosmic rays or scattering from components, and

contaminations from protons, muons and electrons. Techniques for rejecting

these backgrounds are described below.

3.1.1 Protons

The n+ beam at P3 has a fairly large proton component at high

energies ( p/x ~ 10 - 100 over the energy range of this work) and protons can

also occur from {x*,})) reactions. Pulse height information and time-of-flight

from the two scintillators are used to identify protons when applicable. This

is done by plotting the mean of the summed pulse-heights of S2 and S3 vs.

the time-of-flight between the two. Protons have a slower flight time and will

also deposit more energy in the scintillators than will lighter particles such as

pions. This results in two cleanly separated areas in the plot as shown in Fig.

3.1. The protons are then eliminated from analysis by means of a software

gate placed around the other particles. Pulse height information is also used

to make a hardware veto for protons by vetoing event signals exceeding a
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level set in a discriminator. This level is moderately sensitive to changes in

the moment urn of the protons and so care must be exercised when energy

changes are made. It is possible to accidently veto pion events when going to

lower energies if the discriminator level is not adjusted. Since some pions will

inevitably be vetoed with this method, it is important to do normalization

measurements using the same veto setting as for the data. This technique was

used during experiments 1107 and 1107u. The hardware veto was created in

order to help keep computer live time at a managable level when doing TT+P

or other elastic measurements.

3.1.2 Electrons

For double charge exchange measurements, it becomes important to

separate electrons from pions due to a large forward-peaked electron back-

ground. Several processes[Gi-85a] may contribute to the production of these

electrons, but the largest contribution comes from electromagnetic interac-

tions arising from positrons in the incident beam.Time-of-flight techniques are

unable to separate pions from electrons at the energies involved in this work

(T. > 300 MeV). For this purpose the isobutane gas threshold Cerenkov

counter is used to identify the electrons. A software gate on the summed

pulse-heights coming from the two phototubes is used to veto the electrons

from the analysis. A sample histogram of the summed Cerenkov pulse-heights

is shown in Fig. 3.2. A measurement of the angular dependence for electrons

at Tn = 400 MeV with I8O is shown in Fig. 3.3.
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Figure 3.1: Histogram PID2 displaying time-of-flight between S2 and S3 plot-
ted against the geomtric mean of pulses from S2 and S3. Protons are well
separated from other particles (7r,/i, e).
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3.2 Accidentals and Muons

The same technique is used to reject accidentals as is used for muons

with the LAS spectrometer. A cut of ± 25 mi ad is placed on THTCHK and

PHICHK. This is the optimized resolution for good pion events. Event.-

that are created accidentally will normally track through the sprctromete:

with angle differences exceeding this value. The same technique is used to

reject muons arising from decays of pions in the spectrometer. For energies

above 350 MeV, pion survival fractions are greater than ~ S0%. In thr

rest frame of the pion, the muon and neutrino are produced with 30 MeV/c

momenta. [PR-90] This leads to decay cones of 254 mrad to 177 mrad at 350

MeV and 550 MeV, respectively. Angle checks should be very effective in

removing thtde events due to the change in angle produced by the decay.

3.3 Normalizations

In order to obtain cross sections from the data, several stages of

normalization are required. The differential cross section for a given process

can be expressed as

( 3 1 )

where N is the number of scattered particles of interest, JV0 is the incident

pion flux, Ntarget is the number of scattering centers, AJ) is the solid angle of

the spectrometer. In practice, one finds that AO is not known very accurately

and varies with magnet settings. Therefore a measurement of a known cross

section is made to correct for this effect. Typically this is done by measuring

irp elastic scattering and comparing the results to cross sections calculated
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from phase shift analyses.[Ar-83] Another problem arises with the efficienc}'

of the detector system. Including these effects results in a cross section of the

form

— = Yieldtgt x ^T^- x
dQ igi Nlgl Yi

where

Counts * cos9,,
Yield =

, * COM PUT * Ch. Eff. * Loops/Event * SF * Afi'

s ^ / £ ^ x 6.o22 x 1 0 - f ^ ) x 10-
m(S( (g/mole) \ mote /

0jsj = Angleof target relative to incident beam,

s

Events

Ch.Eff. = Total chamber efficiency,

Loops/Event = Number of events analyzed/Taped Events,

5 F = Survival fraction of pions in the spectrometer.

The survival fraction is given by SF — oxp(—L/flyer*), where L is the path

length for the pion, 6.04-0.001 *8sp m, and r, = 2.6 x 10~8 sec is the charged

pion lifetime. The nice feature of calculating cross sections with this method

is that it is no longer necessary to know the solid angle of the spectrometer

since it cancels with the two yields.

Another normalization which can be important is to correct for the

acceptance of the spectrometer. The acceptance function is measured by

looking at the yield for a given state as a function of its position on the focal

plane. It is best to choose a scattering angle for the state which places it

near a maximum in the cross section angular distribution in order to avoid

changing the expected yield due to changes in scattering angle resulting from
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different C-magnet fields vised when changing 6ap. The measured acceptance

of the LAS in the DCX configuration is shown in Fig. 3.4. Shown in Fig. 3.5

is the angular acceptance as a function of 8,p. The effect of the C-magnet on

angles seen by the spectrometer is evident.

Systematic errors can arise due to several factors and will contribute

to the overall uncertainty of the extracted cross sections. Target thickness

non-uniformity, isotopic purities, software gating, chamber efficiencies, beam

monitoring, solid angle, and survival fractions are typical contributors to

systematic errors. In general most of these effects are at the level of about 1

- 2%. Uncertainties in the calculation of 7r — p cross sections are on the order

of 5%. This leads to an overall systematic uncertainty of ~ ±10%. For some

of the targets, isotopic purities will add more to overall uncertainty.

For targets where substantial amounts of other isotopes were present,

contributions to the measured DIAS cross sections were estimated according

to an (N — Z)(N — Z — l)Atgt dependence. We estimate this procedure to

add an uncertainty of about 14% to the 46Ti cross section, 5% to the ^Ti

cross section, 4% to the 80Se cross section, 2% to the 52Cr cross section .

These uncertainties have been included in the errors given in Appendix C.

Also given in the appendix are the total cross sections including contributions

from all isotopes.
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Figure 3.5: The measured angular acceptance of the LAS spectrometer vs 8ap

( = (p — po)/po)- The scattering angle was fixed at 20°.



Chapter 4

Results

The data presented in this work represent the first exclusive mea-

surements of (7r+,7T~) reactions for 300 < Tr < 550 MeV. Cross sections

have been extracted for transitions to the DIAS and to non-analog resid-

ual ground-states for several nuclei. These cross sections are tabulated in

Appendix C. In this chapter, the experimental DIAS data is summarized

according to energy dependence, angular distribution, mass dependence, and

/7/2-shell nuclei. The latter discussion will include the transitions to non-

analog ground-states. A final section will examine the only nonanalog data,

which was an excitation function for 16O(7r+, 7r~)16Ne.

The identification of a state as a DIAS or g.s. is accomplished

through the Q-valne for the reaction. The Q-vaiue for the ground-state of a

reaction of the type B(a,c)D is found with:

Qg.s. = rriB -f mo - mc - mo (4.1)

where mx is the nuclear mass of particle x. For (n+, TT~) this becomes

Qg.s. = MtaTget ~ Mresidual + 2me (4.2)

where me is the electron mass and Mtarget and A/reai(/ua/ are atomic masses.

The Q-value for the transition to the DIAS is calculated by Coulomb en-

ergy difference formulas. The energy difference for the isobaric analog states
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between two neighboring isobars can be expressed as

AE = E(A,Z + \)-E(A,Z) (4.3)

= AEC - (mB - mp) (4.4)

= -QIAS (4.5)

where AEC is the Coulomb energy difference[An-S8] in MeV:

AEC = 1.412 x (Z + 1/2) x ,4~1/3 - 0.861. (4.G)

Applying this twice to get the energj' difference for the DIAS results

in

<?DIAS = 2 x (mn - mp + 0.861) - 2.824 x (Z + 1) x A~1/3. (4.7)

In Table 4.1 are listed the Q-values for measurements in this work.

4.1 Measurements

In experiment 1028, excitation functions for DCX on 14C and 16>18O

were measured at 6iab = 5° covering 300 -+ 525 MeV incident pion kinetic

energy. For T* = 400 MeV an angular distribution was measured for 18O. For

Tn = 450 MeV one point at 9lab = 5° was measured for 56Fe. Spectra for UC

and 18O taken at 300, 400 and 500 MeV are displayed in Fig. 4.1. Spectra

for the 16O measurements are displayed in Fig. 4.2. The resolution for these

measurements was determined to be ~ 2.8 MeV (FWHM) at 400 MeV from

elastic scattering.

In experiment 1107, 5° excitation functions were measured for 42'44'48C;i.

^Se and 197Au covering 300 —• 550 MeV incident pion kinetic energj'. To ex-

amine the mass dependence of the DIAS at high energies, measurements were
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Table 4.1: ^-values for transitions to the DIAS and
residual ground-states for measurements in this work.

Transition
1 4 C -
160 -
18Q .

^ M p •
4 2 Ca-
" C a -

> I 4 0
• 1 6 N e

* 18Ne
^ 2 6 S i
^ 4 2 T i

-» 1 4Ti
^ C a -» 14Ti
46Tj _

s o T i _
52Cr -

• ^Cr
^ C r
-» 5 2 Fe

M Fe -* 54Ni
56pe _

^Se -
^Zr -
197Au
208pb

•*• 5 6 N i

• »Kr
^ M o
-+ 197T1
^ 2 0 8 P o

Ql,
-3.9666(.0005)
-27.7OC1(.O2)
-5.0813(.004S)
-8.0498(.0032)

-12.4044(.0064)
-2.8996(.0022)
5.2923(.0044)

-13.6334(.0201)
-0.148G(.0022)
-6.0629(.0125)

-16.0233(.0501)
-5.6825(.0114)
1.1521(.0061)
-7.5780(.0068)
-1.7450(.0502)
-3.2G30(.0057)

-3.893

-5.389
-8.084

-12.753
-12.490
-12.010
-13.820
-13.323
-14.607
-15.865
-15.622
-18.632
-21.530
-34.524
-35.257

"Values from code SPECKIN[Od-91] using atomic mass
excesses from [Wa-88].
bValues calculated using Eqn. 4.7.
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Table 4.2: Summary of 0[ab = 5° (7r+, -K ) measurements
reported in this work.

Experiment
1028

1107

1107u

Target
14C, 1618O
1 80*
56Fe
42-44'48Ca, S0Se
1 9 7 Au b

2 6Mg, ^ F e , «>:
46,50Ti> 5 2 C r ? 5

Tr (MeV)
300 -* 525
400
450

: 300 -» 550
400. 500

Zr, 2 0 8Pb 500
4Fe 450

"Measured angular distribution, 5° < 8iab < 35°.
bMeasured at 9tab = 2.5°.

made at 500 MeV on 26Mg, ^Fe, ̂ Zr and 208Pb. Spectra for the 48Ca mea-

surements are displayed in Fig. 4.2 along with lfiO data from 1028.

In experiment 1107u, 5° measurements were made on 46i50Ti, 52Cr

and 54Fe at 450 MeV. These measurements were taken to increase the level

of data for DCX on (./V/j)" nuclei. Spectra for some of these measurements

are shown in Fig. 4.3 along with some 500 MeV data from 1107. The energy

resolution for 1107 and 1107u was measured to be ~ 1.7 MeV (FWHM) at

400 MeV.

The measurements are summarized in Table 4.2.

4.2 Analog Transitions

4.2.1 Excitation Functions

The 5° DIAS excitation functions are presented in Fig. 4.4. For
14C, 18O and ^Ca, the 300 MeV cross sections agree well with previously
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Figure 4.1: Normalized spectra for (TT"1", it ) scattering on 14C and 18O at 9lab

= 5° and at the indicated pion energies.
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published data. The data show that the DIAS cross sections vary little with

energy between 300 and 550 MeV. This trend might be expected due to the

flatness of the pion-nucleon cross sections for these energies, although small-

angle SCX cross sect ions [Ro-88] were found to increase with energy here while

the free pion-nucleon charge exchange cross sections are relatively constant.

Several calculations have reproduced the energy dependence of the

DIAS excitation function. These calculations are displayed in Fig. 4.5 along

with the experimental data.

The code ROMPIN [Pa-87,Gi-88] was used to calculate DCX to

the DIAS and SCX to the IAS for 14C at 0° using a relativistic first-order

optical model. This code employs S, P and D-waves in the nN input, use>

the Chew-Low model for the TCN t-matrix, and calculates ?r-nucleus transition

amplitudes by solving the Klein-Gordon equation. The wavefunctions used in

the calculations were either Skyrme or Negele Hartree-Fock. The first-order

DCX mechanism proceeds through two sequential single charge exchanges

(n+ — 7r° — 7r~) through the isobaric-analog state (IAS). Predictions for the

IAS cross sections reproduced the data well. Predictions for the DIAS were

able to reproduce the trend of the data, but the magnitudes of the calculated

cross sections were too low. These calculations are represented by the solid

curves in Fig. 4.5.

Predictions for the energy dependence of the DIAS for 14C and 18O

were made using Glauber-model calculations, [Ar-90,Os-90a] which include S,

P, D, F, and G waves in the nN amplitudes, 2- and 3-body pion absorption

effects, and spin-flip effects. The wavefunctions for mass 14 were from Cohen
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and Kurath matrix elements and mass 18 were from Kuo matrix elements.

No free parameters were used in the calculation. The results of [Os-90a] are

shown in the Fig. 4.5 as dashed lines. These calculations also predict the

measured energy dependence for the DIAS with these targets and are about

a factor of 3-4 too large in magnitude.

While the deviations in magnitudes are unexplained, these first-

order results suggest that simple sequential scattering through analog states

may be dominating transitions to the DIAS for pion energies above 300 MeV.

A similar conclusion was reached by Zumbro, et al.,[Zu-87] for 292 MeV and

by Gilman[Gi-85a] for energies above ~ 200 MeV.

One angular distribution was measured for 18O(TT+, 7r~)1&Ne at 400

MeV during experiment 1028. With an energy resolution of 2.8 MeV, the
18Ne ground state (DIAS) is unresolved from the nearby 2f at 1.89 MeV

and the 0 + ,2 + ,4 + triplet at ~ 3.5 MeV.[Aj-87] At 5°, the contribution from

this state to the observed peak is estimated to be less than 15% based on

lower energy data.[Gr-82,Se-85] For larger angles the contribution from ex-

cited states should be greater. Using the code NEWFIT[Mo-87], we fit two

gaussian peaks with width 2.8 MeV (FWHM) to the data in an attempt to

estimate the angular distribution of the DIAS. In Fig. 4.6 we have presented

the cross sections for a 6 MeV bin (open circles), the fit to the DIAS (filled

circles), and a plot of the centroid as a function of angle. The change in the

centroid indicates a decrease in the DIAS cross section with increasing angle.

The extracted DIAS cross sections fall by an order of magnitude between 5

and 35°. Glauber model predictions for the DIAS angular distribution arc

shown in the figure as the solid curve. For comparison purposes, we calcu-
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lated an angular distribution for the ground-state (DIAS) in 14C(7r+,7r~)11O

using ROMPIN and it is shown as the dashed curve m the figure. Both cal-

culations indicate a fall of close to two orders of magnitude for 5° < 6 < 35°.

These results imply that the DIAS cross section is likely diffractive, as might

be expected if first-order processes are dominant.

Presented in Fig. 4.7 are the results of two more exotic calculations

for the energy dependence of the DIAS with the target 14C. A calculation

which includes an amplitude for intermediate 7/-production[Ha-87] predicts an

energy dependence which is relatively flat but has a narrow resonant structure

near 420 MeV. The overall magnitude of the predicted cross sections is about

a factor of 1.5 above the measured cross sections. The predicted resonance

is uninvestigated at present. A prediction of the six-quark bag model[Mi-S7]

indicated a broad resonance-like structure centered at about 425 MeV. This

type of structure is not seen in the data.

4.2.2 Mass Dependence

At resonance energies,[Gi-85a,Se-85] the DIAS cross section was

found to vary with target mass according to:

X j t - V » , T - l (4.8)

, T > , (4.9,

where N is the number of neutrons, Z is the number of protons, and T is

the total isospin of the nucleus. The factor (N — Z)(N — Z — l ) /2 is the

number of pairs of valence neutrons. Based on geometrical considerations,
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Figure 4.5: Small angle centcr-of-mass differential cross sections for DCX to
the DIAS on the targets indicated. The solid curves are from {Pa-87] and the
dashed curves are from [Os-90a].
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the j4.,sr dependence was predicted to be ~ A~10^3 on resonance,[Jo-80] where

nuclear scattering behaves like scattering from a black disc in the optical-

potential description. Above resonance the nucleus is no longer like a black

disc but could be better described as a black disc with diffuse edges which

might produce a veakened mass dependence to first order.

Based on the observed constancy of DIAS cross sections for 400 —*

500 MeV, we have included the 450 MeV cross sections with the 500 MeV

cross sections and fit them to an Afgt dependence. The nuclei were fit in

groups of T = l and T>1 with the results shown in Fig. 4.8 and listed here:

— = (2210 + 107) ( - V - Z H i V - Z - 1 ) j 4 - (7 .12±0.66) /3^ T = 1 ( 4 1Q)

dil 2
— - (95 ±3.12) (N-Z)(N-Z- l)^(5,4O±o.38)/3? T > L ( 4 . n )

dQ 2

Using ROMPIN[Gi-88,Er-91] we calculated 500 MeV DIAS cross

sections for 14C, 48Ca and 90Zr. These calculated cross sections were best

described by an A^gt''
61 °'5 -dependence, as opposed to AJg\ , which is in

relative agreement with the data. For comparison purposes, we calculated

164 MeV DIAS cross sections for these three target nuclei and found them to

yield a mass dependence of 4-C1 3 ± 3 2 ) / 3 which agrees with resonance energy

results.

These experimental and theoretical results agree with the intuitive

expectation given earlier and suggest that the pion interacts with several,

or possibly all, of the valence nucleons, as expected, due to the deeper pen-

etration of the pion into the nucleus. This supports the observation that

DIAS transitions in high energy DCX appear to be dominated by sequential-

scattering.
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4.3 /?/2-Shell Nuclei

A two-amplitude model[AG-87,AG-88] based on seniority-zero shell-

model wave functions has been successfully applied to DCX measurements

below resonance energies on (/V/2)n nuclei. In this model DIAS cross sections

are given in terms of two interfering complex amplitudes and a phase. One

amplitude, A, represents processes through analog states and the other, B,

represents processes through intermediate non-analog states. The latter am-

plitude is also used to calculate cross sections for transitions to non-analog

ground states. For a more realistic treatment, additional corrections for dif-

ferences in mass-dependent distortions and full shell-model wave functions

are needed. These corrections are described in detail in [AG-88]. The predic-

tions of this model in terms of these amplitudes for /7/2-shell nuclei are given

in Table 5.1, and the appropriate correction factors[Gi-90] are listed in Table

5.2.

Above the (3,3) resonance nonanalog ground-state cross sections

have been found to be small. For the most part, only upper limits for such

cross sections have been reported above 200 MeV (e.g., see [Gi-85]). This

is also the case for the measurements reported in this work (see Appendix

C). The two-amplitude model described earlier contains expressions for the

ground-state non-analog transitions as well as DIAS transitions. The two

amplitudes can be fit to DIAS data alone or to data including ground-states.

In Table 4.3 we present the results of fitting /7/2-shell cross sections to this

model, using the coi rections given in Table 5.2. For the Ca isotopes, we av-

eraged cross sections for 400 —> 500 MeV in order to reduce the size of error

bars. The averaged cross sections are listed in Appendix C.
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If all cross sections are included in the fit, or if ground-state cross

sections are omitted, the fits give unacceptably low confidence levels. The
42Ca DLs.C cross section is underpredicted by about three standard deviations

and accounts for slightly more than half the total \ 2 .

Acceptable \ 2 ' s are found for two situations. One of these results

from omitting the 42Ca DIAS cross section. A fit including the ground-state

cross sections results in a value for B that predicts ground-state cross sections

within experimental limits with the ratio BjA — 0.558 ± 0.177. A particular

problem is that the model predicts that the 42Ca/54Fe cross-section ratio

shound be unity without corrections, or about 1.6 with corrections, whereas

the experimental ratio is nearly 5. The model also fails to fit 46Ti when 42Ca

is included. If the DIAS cross sections for the T = 1 nuclei 46Ti and 54Fe

are omitted, but 42Ca is included, an acceptable fit is also found, but only

without the ground-state cross sections. In this case the B amplitude is larger

than the A amplitude, in contrast to the situation with 42Ca omitted. The

value of the A amplitude is roughly the same in all fits, which follows from the

weighting of the amplitudes in the model. The phase is poorly determined in

most cases, and in all but two cases is set to its limit of zero degrees. As can

be seen from the weighting of the amplitudes, the phase is very sensitive to

the ground-state cross sections and the 42Ca cross section.

These results suggest several possibilities. The only acceptable fit

that is able to give good ground-state predictions involves omitting the 42Ca

DIAS cross section. This suggests that some additional mechanism may be

required to describe this nucleus outside normal shell-model treatments. One

possibility could be that the valence neutrons in 42Ca may form a bound-
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Table 4.3: Results of fitting 450 MeV /T/2-shell (*+,*-) data to the
two-amplitude model of [AG-87J and [AG-SS].'

Fit
Typeb
la
Ib
Ila
lib
Ilia
Illb

X2

23.1
23.7
9.67
11.1
4.58
13.8

Confidence
Level(%)

< 1
< 1
2
14
10
4

\A\
(/zb/sr)1'2

0.369 ± 0.015
0.369 ± 0.015
0.361 ± 0.016
0.360 ± 0.016
0.377 ± 0.019
0.379 ± 0.015

l#l
(/zb/sr)1'2

0.247 ± 0.040
0.216 ± 0.032
0.171 ± 0.051
0.201 ± 0.063
0.486 ± 0.152
0.319 ± 0.034

(degrees)
0.00 ±
0.00 ±
0.00 ±
14.5 ±
18.8 ±
0.00 ±

37.9
37.3
54.7
133
86.1
20.1

aCorrections were used from Table 5.2. Data for Ca isotopes were averaged over 400,
450 and 500 MeV. Averaged values are given in Appendix C.
bType I indicates all nuclei used in the fit. Type II indicates 42Ca was omitted. Type
III indicates 46Ti and 54Fe were omitted. The labels a and b refer to fits made to
DIAS cross sections only (a) and to DIAS and g.s. cross sections (b).

state[Mi-73] which would enhance the DIAS cross section due to the increased

correlation between the two neutrons.

Another acceptable fit requires omitting the 46Ti and 54Fe cross sec-

tions as well as the ground states, since the value of the B amplitude obtained

in this case is too large to predict the ground-state cross sections. This sug-

gests that the model in its present form may not adequately describe the

DCX mechanism at energies above the resonance.

4.4 Nonanalog Data

An excitation function for target 1GO was measured for 300 to 500

MeV and is shown in Fig. 4.9 along previously measured data from [Gi-

85]. These new data appear to have a flat energy dependence as was found
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for DIAS transitions. The cross sections shown in the figure may include

contributions from an unresolved 2+ state at 1.09 MeV[Aj-87], as well as the

ground-state, due to an energy resolution of about 3 MeV.

An interesting feature was ooserved in the rontinuum of non-analog

transitions under the DIAS in 48Ca. The continuum displays a strong ten-

dency to drop with increasing energy (see Fig. 4.2). This effect was also seen

in the 500 MeV 208Pb measurement when compared to data taken at 295

MeV.[Mo-85] In order to get a quantitative estimate of the effect, we inte-

grated the continuum from threshold up to 18 MeV of excitation for 48Ca and
16O for comparison purposes. The results are shown in Fig. 4.10. These data

appear to decrease with energy in 16O and possibly in ^Ca. No explanations

for this effect have been suggested. The trend of the ^Ca data is broken by

the 450 MeV point. Experimental problems were suspected but could not be

identified for this measurement. A future re-measurement is encoura^ <\ to

verify this effect.
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Figure 4.9: Differential cross sections for 16O(7r+, TT )16Ne to the ground-state
as a function of incident pion energy. Filled circles are from [Gi-85]. Open
circles are from this work and include unresolved contributions from a neigh-
boring 2+ state at 1.69 MeV.
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Figure 4.10: Non-analog continuum cross sections for 16O and for 48Ca inte-
grated over 0-18 MeV of excitation.



Chapter 5

Theoretical Approaches to High Energy DCX

Some of the theoretical analyses used in the previous chapter are

discussed below. These discussions cover the basic tenets and are by no

means complete.

5.1 Relativistic Momentum-Space Optical Potential

The advantages for the use of high energy pions to study DCX reac-

tions have been presented in Chapter I. In order to utilize these advantages

the leading term (or impulse approximation) of the expansion of the optical

potential must be calculated without the use of free parameters. The impulse

approximation to the optical potential can be written as[Er-88]

P*PA)= (5.1)

£ ^^(^(P'A) I P'* bfPA-W.K I T(E) | P.P*) x
a J &&A-X

{PA-XPN\$a{PA))

where (P;P'N | T(E) | P^P*) is the off-shell TTN t-matrix in the vN ceuter-

of-mass, EA-i is a phase space factor due to tae u&e of invariant normaliza-

tions for the wavefunctions, and the target wavefunction, { P ^ - J P J V i $a (P.4}}

is given as a function of the total nucleus momentum, P.4, the momentum

of the nucleon, P^r, and the momentum of the A — 1 core, P j - i - This
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Figure 5.1: Triangle diagram for the impulse approximation to the optical
potential for 7r-nucleus scattering.

wavefunction contains an implicit delta function to conserve momentum and

a reduced matrix element which is a function of the relative momentum be-

tween the nucleon and the A — I core.[Gi-85b] This expression for the impulse

approximation is displayed in Fig. 5.1 as a triangle diagram.

The t-matrix can be expressed as

2W -i
Tt = rjie*8' sin 6,, (5.2)

nq '

in terms of the total energy of the system, W, the resonant partial wave phase

shifts, Sj (= -D13, Z?i5, £>33, F15, andFsr), and the inelasticity parameter, ?}j.

defined to be the ratio of the elastic to inelastic cross section in channel

j . When the phase for a given channel begins to rise, rj is one. Once the

phase begins to rise, it goes rapidly through 90° and rjj simultaneously falls

rapidly. This indicates that these resonances are strongly coupled to inelastic
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channels. This is quite different than the (3,3) resonance which is coupled to

the elastic channel.[Ei-80].

This behaviour for these resonances led to the suggestion of a "door-

way resonance" model[Pa-87] in which the elastic nN channel couples to a

resonance state. This state couples to inelastic, multiparticle states but the

elastic channel does not couple directly to the inelastic channels. This model

is solvable in the sense that the coupling of the elastic channels to the inelastic

channels is measured using fj from data and the model is used to predict the

phase 6. This approach has been used for separable potential models[Er-74],

the Chew-Low model[Er-80], and the Cloudy Bag model[Mc-84]. The doorway-

resonance model has been found to successfully predict phase shifts up to 700

MeV/c center-of-mass momentum. [Er-88]

Aside from a model to produce the necessary phase shifts at energies

above the (3,3) resonance, covariant kinematics, invariant normalizations and

amplitudes should be used. Due to the fairly rapid energy dependence of the

partial waves, integration over the momentum of the struck nucleon should

be done exactly (fermi-averaging). To accomplish these goals, "relativistic

three-body recoupling coefficients" were developed.[Gi-85b] These coefficients

are based on constructing relative three-momenta between a pair of particles

and then a relative momentum between this pair and the third particle. This

process is iterated for different groupings of 7r, AT and the .4 — 1 core. For each

of the different orderings, an angular momentum decomposition is performed.

The overlap of one angular momentum eigenstate with an eigenstate from a

different ordering is the recoupling coefficient.
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Putting together these various components, the optical potential

becomes

(5.3)

A-l

where the CLK are the recoupling coefficients. The sum extends over all rela-

tive angular momentum values that do not occur on the left hand side of the

equation and the integral is over the magnitude of the A—I residual and the

two angles between q'T or qff and q^_i. This is the three-dimensional "fermi

integral". The use of invariant normalizations produces the phase space factor

8W'NWHWA-I. The use of invariant kinematics produces a potential which

conserves total momentum and total angular momentum so that a correct

treatment of the recoil of the target nucleus is possible.

From this point to making cross section predictions the treatment is

very similar to standard impulse approximation calculations. (See for example

the optical code PIPIT[Ei-76]) The Klein-Gordon equation is solved using

this potential to find the 7r-nucleus transition amplitude and cross sections.

Nuclear wavefunctions used are typically Skyrme or Negele Hartree-Fock.

This is the basic technique used in the code ROMPIN which was used to

calculate DIAS cross sections in the previous section.
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5.2 Glauber Model

The Glauber calculations of [Os-90a] are based on the sequential

charge exchange mechanism (n+ — n° — n~) for DCX to the DIAS. This version

of the Glauber model explicitly uses shell model wavefunctions. With this

approach, the amplitude for (ir+,n~) scattering on a nucleus with .4 nucleons

may be expressed as

F(q) = £ JdHe'^i*, I 1 -nCl- r , ) | *,-> (5.4)

where b is the impact parameter, k is the incident pion lab momentum, q = k—

k' is the lab momentum transfer, and T is the single-particle profile function

~ " " ' M (5-5)

where sis the projection of the bound nucleon on the impact parameter plane.

Here k and q are in the TTN center-of-mass system. The function h(q) is the

nN amplitude

h (q) = /(J) (g) + f • T/("> (q) + i [gl3) (q) + t- fg™ («/)] a • n. (5.6)

The superscripts s and v refer to isoscalar and isovector amplitudes and t, f, 5

and h are as defined for Eqn. 1.4. The amplitudes h(q) are calculated from

a partial-wave expansion using phase shifts and inelasticity parameters from

[Ar-83]. The amplitudes were calculated using partial-waves up to £ = 5.

The operator of Eqn. 5.4 is a product of A one-body operators which

means that the evaluation of Eqn. 5.4 reduces to the evaluation of a sum of

A x A determinants when the shell model wavefunctions are determinants.



Oscillator parameters from electron scattering were used so that no Tee pa-

rameters are included in the calculation.

Using the profile function as defined, the charge exchange amplitude

becomes

F{q) = l±j<Pbe«H*s | -2£l fVr< 'V II (l " It') I *.) (5-7)

where r + is the isospin raising operator. Effects of pion absorption may be

included by multiplying a distortion factor of the form[Os-90b]

exp (-i /_~ ^ / m n ' 2 ) (k, b, z) dz) (5.8)

to the optical distortion factor [1(1 — F) in the previous equation. Here

PI*2* (k,r) is the part of the pion self-energy accounting for pion absorption.

Spin-flip is also considered as a result of the form of the irN amplitude. For

the energy region 300 to 500 MeV, contributions from spin-flip amplitudes

were found to be small and pion-absorption was estimated to reduce forward

angle DIAS cross sections in I 80 by about 30% near 300 MeV and 10% near

500 MeV.

5.3 Two-Amplitude Model

A two-amplitude model[AG-87,AG-88] based on seniority-zerofTa- 71]

shell-model wave functions has been successfully applied to DCX measure-

ments below resonance energies on (/7/j)n nuclei. In this model differential

cross sections for transitions to the DIAS and to the ground state are given

as

^ ( D I A S ) = " ">v
2 ' *'\A + XBe'*f, (5.9)
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where N — Z is the number of valence neutrons and

V I x
-3)(2T-1)

so

( 5 ,0,

Y =

UT - 1) (n + 2T + 2) (n - 2T + 4) (4j -I- 6 - n - 2T) (4j + 4 - n -f 2T)11/2

I (2T+1) J
In these expressions T is the isospin of the target nucleus, n is the smaller of

the number of particles or holes in the shell, and j is the angular momentum

of the shell being considered. For (/r/2)n nuclei, j = 7/2 and n is the smaller

of Atgt - 40 and 56 - Atat-

There are then three parameters which can be calculated from mea-

sured cross sections: A, B, and 4>. Here A is an amplitude for processes

through the analog state, B is an amplitude for processes through non-analog

states, and 4> is the relative ph&se between the two. For a more realistic

treatment, additional corrections for differences in mass-dependent distor-

tions and full shell-model wave functions for the ground states are needed.

These corrections are described in detail in [AG-88].

The predictions of this model are summarized in Table 5.1 and cor-

rection factors for mass-dependent distortions and full shell-model wavefunc-

tions are listed in Table 5.2.
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Table 5.1: Expressions for DCX differential cross sec-
tions for /7/2-shell nuclei from the two-amplitude model
of [AG-87] and [AG-88].

Nuclei
42Ca,MFe
" C a ^ C r
^ C a ^ T i
^Ca

*»Ti

Isospin
1
2
3
4
1
2

DIAS
\A + Be"»\2

6lA-l-0.ll.Be'*!2

15\A - 0,07Be'*|'
28|4 -0.14J3c'*j'

|A + 1.47i?e'*|2

ei^ + o.^Se^i2

g.s.

1.58|B|2
8 1.90|B|2
1 1.36\B\2

2.29|B|2

Table 5.2: Corrections to two-amplitude model predic-
tions for 42Ca distortions and for full shell-model vs.
seniority-model wave functions for T, = 450 MeV.*

Target
44Ca
48Ca
46Tj

50 T i

52Cr
MFe

Analog Ground State
Target/42Ca Target/42Ca Full/Seniority

0.91
0.73
0.55b

0.66
0.62
0.61

0.94
0.82

0.75
0.70

0.61
0.60

0.51
0.62

•Values from [Gi-90] based on [AG-SS].
bIncludes a correction of 0.66 for full shell-model vs.
seniority-model wave functions.



Chapter 6

Conclusions

For pion energies from 300 to 550 MeV, DIAS cross sections have a

relatively flat energy dependence. This behaviour is predicted by first-order

optical-potential calculations, Glauber-model calculations, and a calculation

which includes effects from f?'s produced in the reaction. The dependence of

the 500 MeV DIAS cross sections on Atat was found to be well represented by

an Ajjt'12'3 dependence for T=l nuclei and an A^g
s
t'

40'3 dependence for T>1

nuclei. This is different from the resonance-energy results where an A^3^-

dependence was observed for T>1 nuclei. The decrease in the exponent is

expected from the deeper penetration of the incident pion into the nucleus at

500 MeV and is predicted by first-order optical-potential calculations.

The data for /7/2-shell nuclei were fit to a seniority-zero two-amplitude

model which gives expressions for DIAS cross sections and ground-state cross

sections in terms of two complex amplitudes and a phase. Corrections for

distortions and for full shell-model wavefunctions were included. Fits to the

data indicated problems with the model for pion energies between 400 and 500

MeV that distortion and wavefunction corrections do not resolve. This failure

may indicate an inadequate description of correlations by the shell-model for
42 Ca or a general failure of the model above ~ 300 MeV.

Nonanalog DCX cross sections also appear to be relatively flat with
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energy between 300 and 500 MeV, similar to DIAS cross sections, but arc

much smaller than DIAS cross sections. The smallness of the nonanalog cross

section, considered along with the success of optical calculations in predicting

the energy dependence and mass dependence of DIAS cross sections, strongly

suggests that simple two-step processes are dominant in DCX at high energy.

In order to quantitatively study short-range contributions to DCX

for these energies, more data is required. In particular it will be important

to measure angular distributions and to get more nonanalog measurements.

With the current data it appears that such studies should be feasible due

to the large contribution of simple two-step mechanisms to the systematics.

This should allow higher-order contributions to be isolated and lead to better

descriptions of the nature of nucleon-nucleon correlations.



Appendix A

Q System

The Q system for data acquisition (DAQ) is collection of related

tools for data retrievel and analysis designed for use with VAX/VMS. It re-

quires the use of an MBD interface with CAMAC. There are 4 main subsys-

tems in Q: Data acquisition and replay, Histogramming, Testing and Dynamic

Parameter Array (PRM).

A 1 Q Control and Information

An executable file (QLAS87.EXE), known as the analyzer, is used

to run DAQ and replay. The main subroutines that make up QLAS87 are

summarized below:
AINITl: Initialize analyzer tasks

CALKIN: Calculate momenta, scattering angles, missing mass
DCHMBR: Calculate truncated drift positions and distances

PR0C6: Process event 6. Call CALKIN, DCHMBR,
FITPOL, MULTIS, SHUFFL and XXDEP

PR0C8: Process event 8, sealer information
XXDEP: Select dependent variable based on test
FITPOL: Transfer data to FPO to write rays
SHUFFL: Perform "Shuffle in place" of data word addresses

according to user supplied table
MULTIS: Calculate multinomials.

The basic Q commands in data aquisition/replay are:

84
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QAL: compile user MBD code
QCT: close out I/O device
QDT: temporarily disable output
QEN: enable/disable events for DAQ
QET: re-enable output after QDT
QFI: terminate run
QKI: kill analyzer
QNAMCR: create QNAME
QNAMDE: delete QNAME
QNAMLI: lists current QNAMES
QNT: initially enables I/O device
QPA: sets processing status of events
QRE: resume suspended run
QRU: start a run
QST: obtain Q status information
QSU: suspend run
QTR: trigger a specified DAQ event.

A.2 Histogramming System

The histogramming system supports both stored and live (dotplot)

histograms of data words. Histograms may be defined at any time before or

during a run and can be set up to reflect to different tests on a given data

word.

The tasks provided in the histogramming system are summarized

below:
HBE: Initialize system and allocate space
HDO: control and set up dotplots
HLI: list histogram input parameters
HPL: plot histograms on screen
HPR: print histogram contents
HSU: set up histograms
HSV: save histogram data to file.

Histograms may be defined individually using HSU or may be defined with
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an input file. A portion of an input file is given below:

XTGT /XP:233:-1500:1500:5 /TE:91
THTTGT /XP:234:-2000:2000:10 /TE:91
YTGT /XP:235:-1000:1000:10 /TE:91
PHITGT /XP:236:-1000:1000:10 /TE:91
THTCHK /XP:237:-500:500:5 /TE:92
PHICHK /XP:238:-500:500:5 /TE:92
»

The histograms are defined with a name (XTGT), an index for the x-parameter

(/XP:233), plotting limits (-1500:1500) in channels, a rebinning factor (:5)

and a test number (/TE:91). Two dimensional histograms are also possible

and are done by adding a y-parameter set-up with appropriate index, limits

and binning. Switches are available to change test numbers, limits, etc. dur-

ing a run without requiring any interruption to data-taking or re-compiling

of the analyzer.

A.3 Data Testing System

The test package performs arithmetic and logical (bit) tests on raw

data and the resultant quantities are then available for logical (AND, OR)

testing. Test results are available to the experimenter during the run, as

needed, to monitor the state of the system and also to the histogramming

system. Test results are stored with saved histogram files at the conclusion

of a run. Commands in the test package arc:
TLI: decodes test data base from core memory
TPR: list test counters to screen or to disk file
TSU: read in test descriptors.

Tests are typically read in using TSU and an input file. A portion of an input



file follows:

29,GAT,181,-10,47, ;29 ;DRFTMY1
30,GAT,182,-10,47, ;30 ;DRFTMY2
31,GAT,185,-10,47, ;31 ;DRFTMY5
32,GAT,186,-10,47, ;32 ;DRFTMY6

33,AND,25,26, ;33 ;front x's OK
34,AND,29,30, ;34 ;front y's OK
35,AND,27,28, ;35 ; rear x's OK
36,AND,31,32, ;36 ; rear y's OK

Two types of tests are evident here. The first group of tests is a gate of

channels -10 to 47 on index 181, 182, etc. The second group of tests is a

logical AND of two other tests: test 33 = test 25 .AND. test 26.

A.4 Dynamic Parameter Array (PRM)

The Dynamic Parameter Array (PRM) is a set of dynamically ad-

justable parameters in which data words are defined and many required con-

stants for the analyzer are stored. These parameters, or variables, can have

synonyms defined for them for easy recall of information. At the conclusion

of a run, the PRM file is backed up and this information is added to the saved

histogram file. Some of the PRM variables and synonyms are given below:

;TITLE FILE FOR PRM INTEGER ARRAY
109, IFLAG(9) - .NE.-12345 DO FIRST TEST 13LOCK
110, IFLAG(IO) - TEST WHICH MUST BE .T. TO DO REST OF CALCS.
111, IFLAG(ll) - .NE.-12345 CALCULATE DRIFT REFERENCE TIMES
112, IFLAG(12) - .NE.-12345 CALL DCHMBR
113, IFLAG(13) - .NE.-12345 CALC DRIFT CORR. POSITIONS
114, IFLAG(14) - .NE.-12345 CALCULATE FRONT AND REAR POSITIONS
115, IFLAG(15) - .NE.-12345 DO SECOND MULTIS LOOP
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116, IFLAG(16) - .NE.-12345 CALCULATE ROTATED TGT POSITIONS

• TITLE FILE FOR REAL*4 PRM ARRAY
36, AMA * INCOMING MASS (AMU)
37, AMB * TARGET MASS (AMU)
38, AMC * OUTGOING MASS (AMU)
39, AMD * RESIDUAL MASS (AMU)
40, ZA * INCOMING CHARGE
41, ZC * OUTGOING CHARGE
42, QGND * GROUND STATE Q-VALUE (MEVJ



Appendix B

Delay-Line Readout Drift Chambers

B.I Construction

The chambers are constructed of pairs of orthogonal planes of al-

ternating anode wires and field-defining cathode wires with 4 mm between

each wire, shown schematically in Fig. B.I. This results in a separation of

8 mm for two anodes or two cathodes. Alternate cathodes are bussed to-

gether to give two cathode outputs per plane and anodes are connected to

a delay-line providing two anode outputs per plane. The delay-line has the

characteristic of 2.5 ns/cm. The anodes are run at +2050 V, with cathodes

kept at ground. One anode plane has vertical wires to provide y positions,

and the other has horizontal wires to provide x positions. The two anode

planes are separated by a grounded foil cathode plane. The ground planes

and the entrance windows are constructed of 1/4 mil aluminized mylar. The

chambers are filled with a "magic" gas mixture of 65% argon, 35% isobutane,

and 0.5% isopropyl alcohol. This mixture provides a broad voltage plateau

which helps desensitize operating efficiencies to small changes in operating

conditions. Counting rates up to ~ 106/second are possible with one track

per event capable of being read out.

Signals from each end of the delay-lines are converted to NIM logic

pulses in discriminators and then read into TDC stops in CAMAC. The start
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Figure B.I: Schematic representation of the anode plane in a delay-line read-
out drift chamber.
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signals for the TDCs come from the good event trigger of the spectrometer,

which typically includes a coincidence with one of the chambers. In order to

resolve the ambiguity of whether a particle passed on either the left or right

side of the anode, the signals from each of the- cathode busses are subtracted

in a volt age-sensitive differential amplifier. For particles passing near an odd

(even) cathode wire, a positive (negative) signal is generated for one side of

the wire and a negative (positive) signal for the passage on the other side

of the wire. The difference signals from the amplifiers are read into ADCs

in CAMAC for use by the analyzer. Typically a software gate is set on the

positive signals and the analyzer assigns a polaiity for adding or subractiiig

to wire positions for each of these. The polarities are manually adjusted to

obtain consistent positions in two consecutive planes.

B.2 Calibration

Position of a particle track in one of the planes is calculated by

t2
diJjx = ao + axUiji +a3t

2
diJj (B.I)

**7/ = «i-*a (B.2)

where t\ and tj are the TDC times for each cud of the delay-line. The time

difference is approximately linear with anode wire position but for a long

delay-line some dispersion occurs. This accounts for the quadratic term in

the position. The truncated position is denned with the function

Jb = Int (—} w (B.3)

where w is the anode wire spacing. The function Int sets its argument to

the nearest integer. This relation allows labelling of the individual wires as a



function of position. The constants in x are then determined by minimizing

X2 for
2 f > , - * , ) 2 . (B.4)

1=1

This procedure is done for each of the chamber planes.

The next step is to find drift distance as a function of drift time.

The sum of tt and tj (= t,um) is not a function of x and is equal to twice the

drift time plus corrections for differences in path length. These corrections

are required due to different path lengths through the spectrometer and from

changing start times due to different momenta of particles passing through

the spectrometer. This results in a relation for drift time of

tdri/t = V * *«.m + toff + treJ + (0m-l)*U*te (B.5)

where w is a scaling factor, tojj is an offset in drift time characteristic of a

given chamber plane (a calibrated quantity), tTeJ is the reference time for the

plane due to distance from the start scintillator, 0m is v/c for the particle,

and tc is the flight time at v = c. The drift time to distance calibration is done

by plotting drift times in 0.8 ns steps for a large number of particles evenly

distributed across a chamber plane. This histogram is then integrated to

produce a table of drift time-to-distance conversion factors. This integration

technique follows from looking at the distribution of particles in drift time as

a function of the distribution of particles in space

dN dNds , . / n ^

-d7 = -d77t=cv{t) <B-6>
with dN/ds chosen to be constant and ds/dt the drift velocity. This allows

integration to find s(t).
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A final calibration is required to determine whether to add or sub-

tract the drift time to the truncated position. A software gate is placed

around the postive signals coming from the L-R amplifiers. If an event passes

this test it is assigned as positive, if it fails it assigned as negative. Tiic

drift distance is multiplied by this sign, is multiplied by -1 for odd wires,

and is multiplied by the sign of the PRM variable assigned to the test. This

new number for the drift position is then added to the truncated position for

the event to give the corrected position. The sign of the PRM variable is a

quantity obtained by plotting corrected position for two consecutive x or y

planes and adjusting the signs of the two PRM variables until a clean linear

correlation is found between the two.



Appendix C

Data Tables

This appendix contains measured cross sections from this work for

pion double charge exchange transitions to the double isobaric analog state

(DIAS) and to residual ground-states (g.s.), tabulated according to incident

pion energy.
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Table C.I: Center-of-mass differential cross sections* (/ib/sr) for (7r+,7r~)
reactions measured at 0iab = 5°.

T« (MeV) Target DIAS g.s.
~300i " C 3.84 ± 0.54

18O 2.68 ± 0.37
1.95 ± .297 < .042

350:

400:

n C
18Q

<2Ca
•^Ca

uc18Q

«Ca
"Ca
^Ca
^Se
197Aub

4.15
3.00
.431
2.25
1.76
3.14
3.06
.694
1.01
2.14
1.27
3.76

±
±
±
±
±
±
±
±
±
±
±
±

0.42
0.27
.083
.331

0.272
0.39
0.29
.146
.184
.485

0.146
0.352

.047 ± .047
< 0.034

.063 ± .046
<.O79

< 0.011
< 0.033

*Errors given are statistical errors. For the absolute error add 10% in quadra-
ture.
bMeasured at dtab = 2.5°.
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Table C.2: Center-of-mass differential cross sections* (/ib/sr) for (7r+,7r~)
reactions measured at 6^ = 5°.

T , ( M e V ) Target DIAS g.s.
~450i ^ 0 2.94 ± 0.33

42Ca .783 ± .204
48Ca 1.46 ± .392 .097 ± .097
46Ti 0.151 ± 0.0646
50Ti 2.22 ± 0.522 < 0.095
52Cr 0.738 ± 0.143 0.0326 ± 0.0326

_ 54Fe 0.153 ± 0.0883
500: 14C 3.62 ± 0.65

18O 2.69 ± 0.35
26Mg 1.01 ± 0.322
4 2Ca .755 ± .256
4 4Ca .813 ± .205 .102 ± .072
48Ca 2.95 ± .770 < .16

0.431 ± 0.0941 < 0.020
1.55 ± 0.276 < 0.038
1.27 ± 0.278 < 0.058

525:
550:

197 Aub

2 0 8Pb
18Q
48Ca

5.69
6.76
2.65
2.99

±
±
±
±

0.652
1.29

0.80
1.23

<
<

<

0.074
0.25

0.50

"Errors given are statistical errors. For the absolute error add 10% in quadra-
ture.
bMeasured at 0,ab = 2.5°.

Table C.3: Center-of-mass differential cross sec-
tions (fib/sr) for 42>4'M8Ca(7r+, JT~) measured at
Kb = 5° averaged over 400 < Tn < 500 MeV.

"target DIAS g.s.
42Ca .730 ± .108
"Ca .922 ± .137 .074 ± .039
*»Ca 1.89 ± .284 .034 ± .034



Table C.4: Total center-of-mass differential cross sections (/ib/sr)
measured in this work for (TT+,X~) to the DIAS at 0iab = 5° and
the indicated incident pion kinetic energies.*

Target
46Tj

soTi

"°'Cr
no'Fe
na'Se

350
(MeV)

1.54 ± 0.23

400
(MeV)

1.11 ±0.12

450
(MeV)

0.249 ± 0.101
1.79 ± 0.41

0.718 ± 0.139

500
(MeV)

0.418 ± 0.0916
1.36 ± 0.24

"Errors given are statistical errors. For the absolute error add 10%
in quadrature. Cross sections include contributions from all isotopes
present in target. (See text)



Appendix D

Dissertation Publications

Publications resulting from this work are:

"Pion Double Charge Exchange Above the A(1232) Resonance", Allen L.

Williams, L. Agnew, L. G. Atencio, H. W. Baer, M. Burlein, G. R. Burleson,

K. S. Dhuga, H. T. Fortune, G. S. Kyle, J. A. McGill, C. Fred Moore, C.

L. Morris, S. Mordechai, J. M. O'Donnell, M. W. Rawool, S. Schilling, J. D.

Silk and J. D. Zumbro, Phys. Lett. B216, 11 (1989).

"Pion double charge exchange on 42-44'48Ca for 300 < T, < 550 MeV, A. L.

Williams, J. A. McGiil, C. L. Morris, G. R. Burleson, J. A. Faucett, D. S.

Oakley, M. Burlein, H. T. Fortune, J. M. O'Donnell, G. P. Kahrimanis and

C. F. Moore, Phys. Rev. C43, 766 (1991).

"Mass Dependence of High Energy Pion Double Charge Exchange", A. L.

Williams, K. W. Johnson, G. P. Kahrimanis, H. Ward, C. F. Moore, J. A.

McGill, C. L. Morris, G. R. Burleson, J. A. Faucett, M. Rawool-Sullivan, D.

S. Oakley, M. Burlein, H. T. Fortune, E. Insko, R. Ivie, J. M. O'Donnell and

D. Smith, submitted to Phys. Rev. C.
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