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ABSTRACT

The (v ,if") double-charge-exchange (DCX) react ion has been

performed on targets of T-0,1 i sosp in (and l sotopic ) pairs 16»18o a n cj

2 i | > 2 6Mg. Energy exc i ta t ion functions of do/dft, across the (3 ,3 ) n-N

resonance, are presented for trans i t ions to double-isobaric analog

s t a t e (DIAS) and non-DIAS ground-state residual nuc le i . Angular

d i s t r ibut ions in the region of 5°-33° are presented for the DIAS from

the T-l n u c l e i . The s i m i l a r i t i e s and differences of DIAS and

non-DIAS d i s t r ibut ions are discussed in re la t ion to

reaction-mechanism and nuclear-structure e f f e c t s . Also, a simple,

two-amplitude model for the *"o exc i ta t ion function, consis tent with

the data, i s presented. The u t i l i t y of DCX in nuclear sass

measurements i s discussed, with some examples.

x i i



I. INTRODUCTION

The pi meson is the lightest of the family of hadrons, those

particles which interact via the strong nuclear force. Their

existence was first postulated in a field-theoretic treatment of the

strong force by Yukawa [Yu-35]. In that description, the force is

mediated by the exchange of particles, named mesons, between the

various nucleons of a nucleus. The lightest mass, and therefore

longest range, component of these is the pi meson (pion or w)» Much

is known about the pion's physical properties, some of which are

listed in Table 1-1. An important point to note is that pions are

bosons (J«0) and have total isospin T-l. Having J»0 implies that

there is no spin-spin coupling term in the force description when

scattering pions from objects possessing Spin. Total isospin T»l

means (in analogy with the quantum-mechanical spin) that there are

three possible projections of the isospin vector, T «±l,0. These
z

projections correspond to the three pion charge states w , *~, IT".

Though pions are unstable, they are relatively long-lived and

may be used as scattering probes in the investigation of nuclei. The

scattering of various particle probes (electrons, protons, ions,

etc.) from nuclei is the principal experimental research technique of

nuclear and particle physics. Pion beams can be formed and directed

onto target nuclei, the scattering from which tells us about the



TABLE 1-1. Some physical properties of the ir mesons.

Particle T T Jn Mass Mean Life Decay (%)
(MeV) (sec)

IT* 1 ±1 0~ 139.57 2 . 6 x l O " 8 M±V -100
e ± v ~ 1 . 3 x l O " 2

M"VY ~1.2xl0"2

e±vy ~2.2xlO"6

e±vit° -l.OxlO"6

0 0~ 134.96 8.3xlO~17 YY ~98.8
—+-" -4.2ie e — i . i.

YYYY <6xlO~3

:+e"e+e~ ~3.3xlO"3e+e~e
YYY



structure and forces inside the nucleus. This, though, presupposes

that the manner in which pions interact with the nucleus is known.

A nucleus is composed of nucleons (neutrons and protons).

The interaction of pions with nucleons is thought to be fairly well

understood [El-80]. Using the concept of charge independence of the

strong nuclear force, it has been shown [Ke-38] that the interaction

of a pion with a nucleon, in a state of definite total angular

momentum and parity (Jw), dtpends only on the total isospin

configuration of the w-N system. The isospin configurations IT,TZ>

of the possible 7r-N systems are:

lp,u+> - l3/2,3/2>

lp,n°> - /27I 13/2,l/2> - /I7T 11/2,l/2>

lp,ir~> = /T/3 13/2,-l/2> - /Iff 11/2,-l/2>

ln,ir+> = /I/J 13/2,l/2> + /T/J ll/2,l/2>

\n,v°> = /Iff 13/2,-l/2> + /iff 11/2,-l/2>

ln,ir"> = 13/2,-3/2> .

The scattering of pions from nucleons may then be described

by a scattering matrix in isospin space. In particular, it can be

shown that for ir-N systems with J-3/2, the ratio of scattering cross

sections is



p) m o(.*~ + n) m

a(w+ + n) o(w~ + p) 1

The configuration here is (J»3/2,T»3/2); it is a resonance in the

J»3/2, 1*1 partial wave and is commonly known as the (3,3) w-N

resonance. This result indicates that a *+(*~) will preferentially

interact with a proton(neutron) at this resonance. The peak of the

resonance corresponds to an incident pion kinetic energy of

T^-180 MeV. Figure 1-1 details this behavior for pions interacting

with protons.

Nuclei might be thought of as a collection of nucleons bound

together in a potential well. Pion scattering from a nucleus becomes

much more complicated than from a free nucleon — it is not simply a

series of free ir-N interactions. The potential field of the nucleus

acts to modify (distort) the parameters of the projectile as well as

its subsequent interactions with the nucleons.

A useful way of modelling the scattering of pions from nuclei

is in terms of an optical potential [Si-75]; the projectile is a

complex wave which is propagated through a nuclear medium having some

complex refractive index, described in certain quantum properties of

the interacting particles. This is a method for understanding the

complicated many-body scattering problem in terms of a one-body

potential; it is a way of relating experimental data to theoretical

calculation.
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The scattering matrix amplitude (S) is related to the

transition matrix amplitude (T) by the equation

S f i - 6fi - 2»i6(Ef-Ei)<flTli>, 1-2

where i and f represent the quantum numbers of the initial and final

nuclear states. A form of the n-N t matrix [Ko-69], explicit in the

spin and isospin dependence, is

1-3

where t,, and t^ are pion and nucleon isospin operators, lc and it' are

pion initial and final momenta, &, is the nucleon spin operator, and

(b ,b, ,c .,c.) are energy-dependent parameters for the isospin

dependent n-N phase shifts. The t matrix is constrained to obey the

relation:

T « V + VGT, 1-4

where V is the optical potential and G is the propagator (Green's

function) associated with the projectile.

For w-nucleus scattering the t matrix must be extrapolated

off-shell. This is needed to describe cases in the intermediate

scattering states of the pion in the nucleus in which the energy and

momentum are no longer related. An example of this could be a * plus

a nucleon forming a A-resonance within the nucleus; the A then



propagates through the nucleus, decaying back to the final-state pion

plus a nucleon still within the nucleus. The exact nature of these

off-shell processes is unknown, so various approximations to them are

made. The resulting calculations are very sensitive to the form of

the off-shell extrapolation.

These considerations, and others, lead to various

formulations of the optical potential. Miller and Spencer [Hi-76]

obtain a potential in terms of the Kisslinger model [Ki-55]:

1-5

N and Z are neutron and proton numbers, k and kc are intermediate and

initial pion momenta, t^ is the nucleus isospin operator, po(r) is

the nuclear density, and p,(r) is the difference between neutron and

proton density distributions inside the nucleus. The subscripts o,0

refer to elastic and charge-exchange reaction channels. This is a

first-order optical potential — it is linear in the density terms.

Multiple-scattering theory develops the w-nucleus t matrix as

a series, summed over individual nucleons:

T - yt« + i tigtj + •••. 1-6

This leads to the development of a second-order optical potential



having terms proportional to p2(r). A second-order potential, along

the lines developed for Eq. 1-5 [Mi-76] is:

„•*,,) ̂ Wt^.fr'HjOt",*') + (a|t,,«fNie)

t.it̂ tjCit-'.ic') + tjdt.it'-Hodt-.it'))}

^ (E-e-k-vrMk1^. 1-7

The momenta k, k', and k" are initial, final, and intermediate pion

momenta, q * k"-k' and q • k'-k". The denominator is the off-shell

propagator.

The general pion scattering reactions we try to model using

such optical potentials are:

1) (n~,O elastic scattering,

2) (n ,it~') inelastic scattering,

3) (n~,if") single charge exchange,

and

4) (*~,*+) double charge exchange,

In the t matrix form of Eq. 1-3, the (b-.bj.Cg.c,) parameters all

contribute to the elastic scattering reaction. Only parameters b

and c. contribute to charge exchange. The complete t matrix series

of Eq. 1-6 is useful in the description of the processes of reactions



1 to 3. The pion double-charge-exchange (DCX) reaction, however, has

as its first-order term of the reaction the second term on the right

of Eq. 1-6.

Fion double charge exchange, in terms of the multiple-

scattering series, seems to lead naturally to a second-order

descriptior. of the optical potential. With such a potential

description, it may then be possible to probe for correlations

between nucleons in a nucleus. Fitting charge-exchange data with a

second-order potential could determine the strengths of the various

p2 coefficients. Theoretical efforts to explain the observed

strengths might show the need to invoke two-nucleon correlations, of

a new form, in the pictuie of nuclear structure.

The above depends on being able to separate

reaction-mechanism effects in the data from those caused by the

structure of the target nuclei. The DCX reaction mechanism might be

described, for instance, as one or a combination of two processes:

two sequential single charge exchanges with the propagation of some

intermediate particle between the two, or some type of ir-NN

interaction with two nucleons simultaneously. The first process

might be less affected by certain aspects of nuclear structure (such

as level structure) than the second.

Consider the total Jsospin T-0,1 isotopic pair 16»18O. The

single-particle shell-model description of these nuclei is shown in

Figure 1-2. The 160 nucleus has N-Z; and the 180 nucleus, which has

N«Z+2, resembles 160 plus two valence neutrons. In *60 the
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neutron-proton levels are lp shells, filled with both protons and

neutrons, resulting in a doubly magic nucleus, while in 180 the two

valence neutrons in the ld5/2 level are opposite a vacant proton

level. The (*+,w~) DCX reaction (hereafter DCX will refer to (n+,ir~)

unless otherwise specified) on the oxygen isotopes is characterized

by the following changes in isospin assignment, from the initial to

the final-state nucleus:

16O(if+,n~)16Ne (g.s.) — (AT-2,ATZ»-2)

and

18O(ir+,n")18Ne (g.s.) — (AT=O,ATZ—2) .

Transitions involving a change in Tz, and not the total isospin T,

lead to isobaric-analog states. A AT «-l leads to the

single-isobaric-analog state (IAS)[An-62], and those of AT — 2 lead
z

to double-isobaric-analog states (DIAS). The transitions thenselves

may be more precisely characterized: transitions connecting Initial

and analog states directly are properly called isobaric-analog

transitions (IAT or DIAT), while those passing through non-analog

intermediate states are non-(D)IAT. At the simplest level,

analog-state wave functions differ from those of the initial state in

only the isospin component — there is unity overlap in the remaining

parts.

The ground state of 18Ne is the DIAS of the 180 ground state.

Referring to Figure 1-2 it is possible to identify the principal

11



process of the OCX reaction to the DIAS as simply changing the two

Id,., neutrons Into ld^.^ protons. Identifying the two nucleons

involved in the reaction makes it possible to look for correlations

between them. Comparisons between 180 and 160 may determine the

relative strengths of DIAT and non-DIAT transition routes, which

would bear on the reaction mechanism. Comparisons of DCX reactions

on several T=O,1 pairs, of differing nuclear structure, would help

separate reaction-mechanism from nuclear-structure effects in the

data.

Prior to the experiments reported here, there had been few or

no reliable experimental constraints to the development of theory

pertaining to DCX reactions, as demonstrated in Figure 1-3.

Previously, the experiments have been very difficult to perform (poor

resolution, low counting rates, etc.) and have resulted in very

little data [Co-68] [Gi-64], or have produced ambiguous results

[Gi-64] [Bo-68]. Early high-resolution experiments also provided too

little data [Ma-77] [Co-79] [Se-79] to resolve the various issues

discussed above.

Accurate DCX measurements would have a variety of uses.

High-quality data could be used to help pin down the optical-model

description of the ir-nucleus interaction; discriminating between

various formulations of the potential in first or second order. The

presence of correlations would bear directly on such a description.

Since the reaction involves a double isospin flip of the pion, it

should be sensitive to the isospin structure of the nucleus. DCX

12
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Theoretical predictions of the 180(w+,w~)leNe DIAS
energy excitation function before the appearance of
data. C-L, Chew-Low model of [Pa-65]; Gl, G2, and G3,
Glauber calculations of [Li-75], tOs-78], and [L1-80J;
FS, fixed scatterer of [Ka-74]; LL, local Laplacian of
[Mi-76].
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reactions may also be used as a tool for the creation and study of

proton-rich nuclei far from the line of nucllde stability (masses,

structure, etc.).

The experiments reported here constitute the first step in a

program of systematic investigation into DCX reactions. A

collaboration [Gr-79] comprising physicists from the University of

Texas at Austin, New Mexico State University, and Los Alamos National

Laboratory utilized a high-resolution pion spectrometer facility to

make these (it ,n") measurements. The measurements include angular

distributions and energy excitation functions of the differential

cross section da/dii. Measurements were made for the two T«O,1

isotopic pairs 16» 180 and 2<4>26Mg, providing a basis for comparison

of D1AS and non-DlAS processes with various nuclear structure. Cross

sections were also determined for targets of "Be, *2>i3C, and 32S in

the course of using DCX as a means for measuring the ground-state

masses of various proton-rich nuclei, for the purpose of testing the

mass formula of Wigner [Wi-57]. Also, evidence was obtained for the

observation of the D1AS in the reaction 209Bi(ir+,ir~) 209At.

Chapter II of this work details the experimental facility and

the modifications to it developed for this set of measurements.

Chapter III presents the data measured during all parts of the

experiment. Chapter IV discusses the data, in terms of the observed

systematics and comparisons of the T«O,1 pairs, and examines the

A-dependence of the data. Appendices I and II are brief descriptions

of theoretical and experimental OCX history. Appendix III reproduces

14



the report of the mass measurement work incorporated into these

experiments. Appendix IV is a description of a simple two-amplitude

model of the *80 excitation function, which is consistent with the

observed systematics. The measurement of 209Bi(Jt+,if~)209At (DIAS) is

discussed in Appendix V. Appendix VI is a tabulation of the OCX

cross sections measured here.

15



II. EXPERIMENTAL SETUP

The (ir+, ir~) double-charge-tsxchange experiments reported here

were performed on the Energetic Pion Channel and Spectrometer (EPICS)

at the Clinton P. Anderson Meson Physics Facility (LAMPF) of the Los

Alamos National Laboratory. Research at LAMPF centers about an

800-MeV proton linear accelerator (Figure 2-1). The primary proton

beam currents are ~550 pA of H + and ~10 uA of H~, both beams being

accelerated simultaneously in alternating bunches. This translates

to a proton flux for H + of ~3.4xlO15 p/s. After acceleration, the H~

is stripped of both electrons and the resulting protons are generally

used for nucleon-nucleon and nucleon-nucleus interaction experiments.

A polarized-spin H~ beam vnay also be accelerated, with currents in

the nA range.

The H beam is used primarily for the production of secondary

pion beams. This proton beam (the world's most intense medium-energy

beam) passes through several pion production targets which feed

secondary beam channels with fluxes on the order of 108-109 n/s.

This is the principal justification of the LAMPF facility, earning it

the sobriquet "meson factory". The current extent of the meson

experimental area is diagrammed in Figure 2-2.

The primary goal of the DCX program is to determine the DCX

reaction mechanism and its uses s a probe of nuclear structure. As

outlined in Appendix II it is known that the differential cross

section, do/dft, is extremely small for this reaction— on the order

16



FIGURE 2-1. Plan view of the LAMPF site.
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of 1 Mb/sr. Several types of accurate measurements are necessary to

understand what DCX reactions c m tell us; Its behavior as a function

of incident and final pion kinematics, and the dependence of the

reaction on the number and type of target nucleons.

Reaction-mechanism effects are separated from nuclear-structure

effects by comparisons of the data of similar experiments involving

targets of differing nuclear structure.

The above requires high-resolution spectroscopy of the levels

excited by the reaction, so that contributions from differing

processes may be unambiguously resolved. The count rate needs to be

high enough to allow systematic experimentation in a reasonable time,

since any such high-resolution facility is bound to be in great

demand. Fortunately, one such facility exists — the EPICS facility

at LAMPF. Knowing that the angular distribution for the reaction

18O(ir+, n~) 18Ne DIAS seemed to peak at the forward direction, in the

microbarn range, it was determined that (with a reasonable fraction

of the heavily-subscribed EPICS beam time) these experiments could be

successfully pursued.

The goals of the proposed experiments were several; to

examine the forward-angle energy dependence of the DCX reaction

across the (3,3) resonance for the two T»0,l pairs 16tlttQ an(j

2**»26}jg. t 0 study the angular behavior of the DIAS transitions,

especially In light of the report of anomalous behavior observed in

the leO+18Ne DIAS [Se-79]; to start investigating the A- (or N and 2)

19



TABLE 2-1.

a) EPICS pion beam parameters.

CHANNEL

Solid angle
Ap/p
Beam size (horizontal)
Beam size (vertical)
Beam divergence (horizontal)
Beam divergence (vertical)
Energy range

3.4 msr
2%
8 cm
20 cm
<10 mrad
100 mrad
50-300 MeV

SPECTROMETER

Solid angle
Ap/p
Momentum range
Flight path
Dispersion

~10 msr
14%

100-750 MeV/c
~12.5 m
4 cm/%

b) EPICS pion flux at various energies.*

Tn ( M e V ) (xlQ7 ,r+/

70
100
145
193
245
292

3.1
6.7
14.0
22.0
25.0
26.0

±
±
±
±
±

-

0.2
1.0
3.0
4.0
4.0
4.0

1.0
1.8
3.4
4.7
5.5
4.5

± 0.02
± 0.1
± 0.2
± 0.2
± 0.1
± 0.2

Normalized to 1mA primary proton beam current

20



FIGURE 2-3. Elevation viotf of the EPICS system. The channel is left
of the scattering chamber and the spectrometer is right.
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dependence of DCX reactions; and, to further investigate the utility

of DCX in mass measurement^.

1. The EPICS Facility

The EPICS facility consists of a pion beam channel,

scattering chamber, and high-resolution spectrometer [Th-70].

Together they form a VHV configuration: Vertical analysis/Horizontal

scattering/Vertical analysis. The relevant system parameters are

listed in Table 2-la, and an elevation view of the facility i~ '•hown

in Figure 2-3.

A. Pion Production Target

The macroscopic duty factor of the proton beam for these

experiments was ~6.0%, which at a 120-Hz repetition rate gave a pulse

length of 500 us. The H + beam in Line A is focussed to a 2-mm

(vertical) by 2-cm (horizontal) spot on the A-l pion production

target. A-l is an ATJ-graphite wheel target [Ag-79]. The proton

beam passes through the 3-cm thick wheel rim, parallel to the wheel

axis. The target rotates at 58 rpm to safely distribute the ~8-kW

heat load along the rim, giving an operating temperature of ~850°C.

The EPICS channel views this target at 35° off the forward direction.

B. Pion Channel

The EPICS channel momentum analyzes scattered particles

through four vertical bending dipole magnets of 52.5°, providing a

momentum-dispersed beam to the pion scattering target [Th-77]. The

22



basic channel design and optics are shown in Figure 2-4. In addition

to the dipoles (BM01-4), there are a variety of adjustable slits

(FJ's) and multipole trim magnets (FM's) to assist in defining the

parameters (size, dispersion, Ap) of the (mostly) pion beam. The

momentum dispersion technique correlates each particle's momentum

with its vertical position in the beam, with respect to the central

momentum axis. Momentum dispersion has the advantage of allowing

increased pion flux, by a factor of ~100, over an equivalent

monochromatic channel. The dispersion in the channel is 6p/p=±l%,

where p is the central momentum. The pion flux is related to the

proton flux at A-l which is accurately monitored. The pion flux, as

a function of kinetic energy, is listed in Table 2-lb. The pion

kinetic energy is tunable over the range of ~70 up to ~300 MeV.

C. Targets

Pion scattering targets are positioned in a scattering

chamber at the focal plane of the channel. The maximum target area

(full-size beam spot) is 20-cm vertical by 8-cm horizontal. The

momentum dispersion is in the vertical plane, forming a dispersion

across the target of 10 cm/percent. Target thickness (areal density)

to be used is determined by the resolution and count-rate

requirements of the individual experiments. The optimum thickness

for highest resolution in mass measurements occurs at a point where

the resolution loss through the target (caused by straggling) equals

the intrinsic resolution of the system. Less stringent resolution

requirements, for cross section measurements, allow thicker targets
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FIGURE 2-4. Elevation view of the EPICS pion channel, detailing the
beam optics (dashed«horizontal, solid-vertical). S is
the pion source, FP is the focal plane where scattering
targets are placed.



and therefore higher count rates. Typical EPICS target thicknesses

range from 100 up to 1000 mg/cm2.

D. Spectrometer

The vertical axis of the target plane is the pivot point of

the spectrometer. As seen in Figure 2-5, the magnetic elements

consist of a quadrupole triplet focussing element and two

momentum-analyzing dipoles. The spectrometer views the target with a

10 msr solid angle, effectively subtending 3° of scattering angle.

The symmetric quadrupole triplet focusses the scattered particles to

form a target image at the front focus of the analyzing dipoles.

Particle trajectories are projected; from the front focus back to the

target to determine the incident momenta, and from the front focus

through the 120 bending dipoles to the rear focal plane to determine

the scattered momenta.

E. Detectors

A set of delay-line-readout, multi-wire drift chambers (Fl-4)

is positioned at the front focus of the spectrometer. Two sets of x

and y planes determine the particle trajectories at this point, wnich

are projected back to the scattering target, defining the scattering

coordinates (x,y,8,<|>), x being determined to ±~1 mm. This determines

the incident momentum and scattering angles.

Scintillator SI is located directly before these chambers.

It is generally used for time-of-flight (TOF) discrimination of

particle identity (PID). This discrimination may be accomplished
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FIGURE 2-5. Schematic elevation of the EPICS spectrometer showing
relative magnet and detector placements about the
central momentum line.
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with respect to either the radio-frequency time structure of the beam

or in relation to scintillators further along the bpectrometer.

After being momentum analyzed the particles are dispersed

across ~90 cm at the rear focal plane. his focal plane is largely a

software construct, not a physical plane. The first elements' of the

detector stack are another pair of wire chambers (R5,6) and (R9.10).

The x and y coordinates here are used to ray trace the particle

trajectories, through the dipoles from the front focus, determining

the momenta of the scattered particles. Scintillator S2, following

the rear chambers, is again used for timing. This is followed by a

freon-12 gas (atmospheric pressure) Cherenkov counter, used as an

electron-veto counter. In the momentum range of the spectrometer

(<750 MeV^c), only electrons have a sufficiently large (3 (v/c) to

produce Cherenkov radiation in this gas. Tests conducted of S1-S2

TOF versus Cherenkov pulse showed that electron-rejection

efficiencies were >99.5% at all but the lowest energy (80 MeV).

Except at that energy we were able to run without SI in the beam,

eliminating it as a source of multiple scattering, which contributes

to worsening the resolution and decreasing the spectrometer

acceptance. Finally, S3 may be used for TOF in conjunction with SI

and/or S2, or as part of a muon-ranging veto counter to discriminate

against muons.

F. Data Acquisition

The configuration of the EPICS electronic and software logic

for signal processing is relatively stable. Figure 2-6 details the
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FIGURE 2-6. Diagrammatic layout of the EPICS fast electronic logic.
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electronic logic system used here. The "raw" detector signals

entering the counting house are amplified and/or discriminated «to

provide appropriate amplitude or timing signals for logical analysis.

The figure shows how various combinations of signals and relative

times are used to classify events in terms of good scatters. Fast

NIM [US-78] electronics perform this initial processing. The record

of events (number, amplitude, timing), as determined in the

electronics, is recorded in digital form in CAMAC [Eu-69] (sealers,

ADC's, TDC's, etc.).

Good scattering events (EVENT 6) generate a trigger signal to

a PDP 11/45 computer, causing it to read the CAMAC registers. The

record of CAMAC is written directly to magnetic tape for subsequent

off-line analysis. If the computer is not otherwise busy, it

analyzes the record of events, classifying them in relation to a

prescribed series of tests.

The data-acquisition and analysis software is broken down

into three subgroups: the calcuiational ANALYZER programs, the

data-testing ALLTEST routine, and the histogramming DISPLAY package.

All data-taking activities are interfaced to the hardware through

this set of software [Am-79] [Bo-79].

The ANALYZER, using the position and timing information,

calculates the trajectories and scattering coordinates of the

particles — thus determining their momenta. After this a

data-testing package, ALLTEST, processes each event through a series

of micro and macro tests; in which micro tests check each data word
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and calculation with respect to prescribed limits, and macro tests

logically combine various micro tests. A sample of the ALLTEST file,

where each test is executed sequentially, appears in Table 2-2. The

classification of events is determined here (P1D, accidentals, etc.).

The results of these calculations and tests may be displayed in the

form of histograms and scatter plots, at an on-line CRT terminal.

These displays are easily created and manipulated through the DISPLAY

routines, allowing the data to be examined with respect to the

calculated quantities of ANALYZER and the various tests of ALLTEST.

This on-line analysis occurs only if time between events is

available, reading events from CAMAC and writing them to tape having

higher priority. The same software package may be used off line to

process records from the magnetic tape, without time constraints.

G. Beam Monitoring and Normalization

The relative intensity of the incident pion beam is monitored

by placing two ion chambers directly in the unscattered beam

downstream of the target. The pion flux is also directly related to

the intensity of the proton beam at A-l, which is continuously

monitored and recorded.

Normalization to the absolute number of incident pions is

made by the comparison of experimental cross sections for if1"-1!! with

those predicted from free w+-p phase shifts [Ro-78] [Do-79]. This

measurement was performed at all energies where data were taken, and

is estimated to be good to the 10% level.
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TABLE 2-2. Sample of the data testing file ALLTEST.

K M -3ie
27-JAN-7B

3783.
3783.
3783.
37B3.

6.
6.
6.
6.
8.

2348.
315B.
37B3.

6.
2821.
1137.
3783
349B.
3521.
3564.
3549.
3148.
3153.

8.
B.

3146.
3211.
3522.
3562.
3543.
3521.
2941. <
295B. *
2EB6. '
I9B9. '
368. '

8. '

16:22:36 EVENT

• CAT.251.16686.12888.
• GAT.252.leeee.i2eee.
• GAT.253.I6BBB,I288B.
- BL.2.5.
• Bl .2 .6 .
• BI .2 .7 .
• Bl .2.6.
• BL.2.9.
• BAT.25B.18838.11418.
• BOX. 1.
• AND.2.3.4,
• AND.-1.1.
• AND.11.18.
• AND.11.-16.
- MR. . I . -1 .
• GAT,181.8888.11588.
• GAT.182.8888.11588,
• GAT.I83.BB8B.115BB.
• GAT,1B4.BBBB.I15BB,
• GAT.165,9858.1B158.
• GAT.1B6.9B58.1B150.
- GAT.187.99B8.1BIBB.
• GAT.18B.9988.16188.
- GAT.169.3858.18158.
• GAT.118.9B5B.I6I5B,
- GAT.161.8BB8.11S8B.
• GAT.I62.88B8.115BB.
• GAT.163.B8BB.I15BB.
• GAT.I64.BBBB.1I5B8.
• GAT.28B.9998.iee5S.
- GftT.289.9998.I882B.
• GAT.298.999B.18864.
• BOX 2 .
• BOX 3.
• BOX 4.

3618. • BOX 5.
1779. •
2326. •
2905. •
2999. •
3816. •
2718. •
2718. •

6. •
?534. -

8. •
2985. -
2553. •
2546. •
2555. •
2553. -
2585. -
2579. -

8. •
8. •

2648. •
2593. •
2559. -
2561. •
2553. •
2554. -

8. -
3783. •

823. •
3145. -
3248. •
3251. •
2456. -
2625. •
1781. •

1. •
1763. •

e. -
6. -
8. -
6. -

• BOX 6.
' AKD.ll.31.32.33.
' AND.li.17.18.19.28.27
> AND.11.27.2S.29.3B.
• AND.11.17.IB.19.28.

AND.11.21.22.25.26.
AND.11.43.
AND.11.23.24.
AND.41.42.43.44.
AND.45.46.
AND.41.42.
AND.18.19.28.41.43.
AND.17.19.28.41.43.
AND.17.18.28.41.43.
AND.17.18.19.41.43.
AMD.22.25.26.4t.42.
AND.21.25.26.41.42.

AND.24.41,42.43.
AND.23.dl.42.43.
AND.21.22.26.41.42.
AND.21.22.25.41.42.
AND.28.29.38,42.43.
AND.2r.29.38.42,43,
AND.27.28.38.42.43.
AND.27.26.29.«.43.
AND...-1.1.
1OR.1.-1.
GAT.233.B76B.9B5B.
GAT.234.8927.113BB.
GAT.235.9BB8.11888.
GAT.236.9eee.11868,
GAT.237.9759,18251,
GAT.23B.9565.18441.
GAT.25B.18B7B.18238.
SAT.266.9961.:9869.
GAT.233.9B5I.11846.
GAT.1. I . I .
GAT.I.1.1.
GAT.1.1.1.
GAT.1.1.

e FILE

" Ji
;2
;3
;4
:5
:6
i?
:8
; 9
; 18
; 11
; ]2
; 13
; |4
• 15
: 16
• 17
; IB
• 19
;28
; 2 1
: 2 2
;23
:24
:25
:26
:27
:28
!29
:38

:32
;33
;34
:35
:36
i 3 7
:38
:39

.26.29.38
: 4 I
;42
;43
;44
:45
:46
:47
; 4 8
;49
:5B
:51
;52
:S3
154

;55
:5G
;57
-•58
:59
:68
;61
:62
163
.-64
;G5
166
:67
)68
sit
:78
i?\
:72
;73
;74
)75
>76
:77

DK8:C135.I823DCXLJ.TST

1S1 DE^DX I P I S LOOP 1
1S2 SE^DX PRODUCT
.•S3 BE/DX PRODUCT
)S2«S3 DE/JX
;SPARE
( SPARE
:SPORE
;SPORE
I SPARE
JGAE CERENKOV PH SUM
;B0X 1
:GOOD K./W.
:SPARE
:GOOD EVENT«GAS CERENKOV
;GOOD EVENT«*OT(GAS CERENKOV)
;UOOP1 COUNTER
:1O CHECKSUM ; CHAMBER LOOP 2
:2ft CHECKSUM
:3A CHECKSUM
:4A CHECKSUM
: 5 CHECKSUM
: 6 CHECKSUM
:7 CHECKSUM (OUAD CHAMBER)
:B CHECKSUM (OUAD CHAMBER)
:9 CHECKSUM
;16 CHECKSUM
;1C CHECKSUM
i2C CHECKSUM
;3C CHECKSUM
:4C CHECKSUM
(FRONT DRF DIF PLANE A
:FJ!ONT BRF B IF P.LANE C
jREAR DRF DIF
:B0X 2
:B0X 3
:BOX 4
;P1ONS
:B0X 6
JBRF HIF. .TST

. :d6 JFRONT OK
:FRONT C CHAMBERS OK
:FRONT A CHAMBERS OK
:REAR C CHAMSERS OK
;REAR A CHAMBERS OK (DUMMY)
iOUAD CHAMBERS OK
;ALL EXCEPT QUAD OK
:ALL INCL OUAD OK
:FRONT (EXCEPT OUAD) OK
1BLLBUT 1A CHAMBER EFFICIENCY TEST
;ALLBUT 2A
;ALLBUT 3A
:ALLBUT 4A
.•ALLBUT 5
1 ALLBUT £

1ALLBUT 7 (OUAD CHAMBER)
;ALLBUT S <OUHD CHAMBER)
.•ALLBUT 9
:ALLBUT IB
:ALLBUT 1C
:ALLBUT 2C
:ALLBUT 3C
(ALLBUT 4C
; SPARE
.-LOOP 2 COUNTER
:XTGT JTOP HALF
:THTTGT
;YTGT
iPXI fGT
;THTCHK
:PHICHK
: CERENKOV P.ION RH . . .
:P.ION CTOF..
J BOTTOM HALF
;SPARE
> SPARE
: SPARE
< SPARE
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TABLE 2-2 . continued

M X CUTS

BOX 1 . X
BOX 2 . X

8. •
8. •
a. •

97. "
353. •
459. •
428. •
124. •

8. -
a. •
e. •

2586. •
1978. -
2868. •
2264. >
1666. •
1352. •
314. •

a. •
648. •
761. -
772. .

3251. -
441. •

1552. -
me. •8. •

8. -
616. •

8. •
8. •
8. •

283. •
332. •
356. •

1352. •

971. •
65. •
68. >
77. -

314. •
222. •

1524. •
8. •
8. -

1352. •
213. -
546. -
593. •

3783. -

SAT. 1 . 1 . 1 .
ISAT.l.
ISAT.2.
CAT.233.9M6
GAT
SAT
GAT
CAT
AND
AND
AND
IOR
AND
AND
AND

.233.9492

.233.9869

:78
179
iB8

.9297. (61

.9686. (62
18868. (63

.233.18382.18462. (64

.233.16696.10987. (65

. - 1 . 1 .

.47.65.66

.69.78.87

.65.73.

.46.69.66

.46.69.78

.39.46.
AND.98.9i. 39
AND.93.37.
AND
AND

93.-37.
93.66.

(86
(7.68. (67
39. (63

:89
67.66. :98

(92
( 9 3
( 9 4
(95
:96

GAT.236.9739.9913. (97
GAT 236.9913 I88B7. (96
GAT...236.18887.18261. >99
CAT
GAT
GAT
GAT
CAT
GST
AND
AND
AND
AND.
AND
AND
AND
AND

JOR

236.9689
233.6768
233.9519

iieee. ; iee
9519. (161
16256. (162

233.18256.11646 ;163
1.1.1.
1.1.1.
71.93.
72.93.
79.94.

* 16'
:18S
; 106
M87
:ies

68.186.187. ;109
94.97.
94.98.
94.99.
94.168.

d i e
; 111
i 1 12
: U 3

118.111.112. (114
AND.S5.97.
AKD.9S.9B.
AND.
AND.
1OR.
AND.
AND.
AND.
AND.
AND.
AND.
AMD.
I0R.

FOR-EVENT

VBR-253
VAR-237

BOX 3 . X VHR-233
BOX 4 . X
BOX 5 . X
BOX 6 . X

VBR-266
VPR-266
VAR-279

BOX 7. X VAR-279
BOX 6 . X
BOX 9 . X
Boxie. x

INDIRECT
GATE 1 .
GATE 2 .

SRiSATE S.
SATE C.
SATE 7.
SATE 8.
SATE 9.
SATE 18.
SATE I I .
SATE 12.
GATE 13.

VAR-279
VAR'279
VAR-279

95.99.
95.188.

i 1 IE
d i e
(117
d i e

115.116.117. (119
93.34.
93.35.
93.36.
93.37.
113.181.
113.182.
113.183.
l . - l .

6

. Y VAR-268

. Y

. Y
VAR-236
WR-235

. Y VAR-222
Y
Y
Y
Y

WW-258
•ttR-280
/W?-2fl8
/WR-260

Y VAR-268
Y VAR-268

GATES FAR EVENT 6
INDEX-
INDEX-

iiSfS
INDEX-
INDEX-
INDEX-
INKX-
INDEX-
INDEX-
INDEX-
INDEX-
INDEX-

1 :

i;
1:
1!
l i
1:
1:
l i
l i
l :
l !

e-
e-
t
0-
t-
• -
8-
6-
8-
8-
8-
e-

(128
; 121
(122
(123
(124
(125
:126
:I27

01I6<X<16769
9657<X<18118
9778<X< 993B

I6072<X<I0226

(0 GATE I
iOCATE 2
SHOD 1
(ROD 2
(ROD 3
(ROD 4
(ROD 5
(SPARE
(TARGET TESTS UITH QUADS
(GOOD EVENT J1TH OUADS
(XTARG
(TARGET TESTS
(THTCHK AND PHICHK
;GOOD CHTBRS - - > DRF«CHKSUt1
(GOOD EVENT .
:GOOD EVENT (P.ION)
(GOOD EVENT (ELECTRON)
;XTARG GATE AND DELTA
(PHITGT - 1 DEG.
(PXITGT 8 DE.G
(RHITGT -H DEC
(RHITGT FULL ACCEPTANCE
(XTARG • ! (TOP)
(XTARG * 2 (CENTER)
(XTARG * 3 (BOTTOti)
(SPARE
(SPARE
(GOOD EVENT.PION PH..
(GOOD EVENT.PION CTOF
(P.ION IN OGATE 1
(P.ION IN BGATE 2
(FULL TGT - I DEG. .PIONS
(FULL TST C DEG. .PIONS.
(FULL TCT +1 D£G. .PI0N5.
(FJJLL TCT FULL ACCEPT .P.IONS.

(CENTER 3 DEG BINS SUn
:-10£G. ELECTRONS
: SD£G. ELECTRONS
(*1D£G. ELECTRONS
(FULL BCCEP. ELECTRONS
(3DEG SUM. ELECTRONS
(GOOD EVENT«OX 2
(GOOD EVENT>eOX 3
(GOOD EVENT«60X 4
GOOD EVENT«80X 5
(FULL ACCEP. P.IONS. TOP TCT
(FULL ACCEP. PJONS. MIJ TGT
(FilLL ACCEP. P.IBN5. BBT TCT .
(LOOP 4 COUNTER (LHOOPEE UERE DONE)

e374<Y<I]]99
9746<Y<1826:
958B<Y<1650Q
8925<Y<I1137

S860<X< 15888 186«e<Y< 18855
8923<X<189S6
8923<X<18956
8923<X<18956
S923<X<16956
8923<X<18956

(

1

9669<Y<185S9
9£69<Y< 18559
9669<Y<18559
9669<Y<18559
9669<Y<18559
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The spectrometer acceptance and detector efficiencies were

accurately mapped by positioning the peaks for w elastic scattering

from *H and i2C at various points across the focal plane.

Corrections corresponding to these effects were automatically applied

to all the data. Spectrometer resolution was determined by measuring

the width (fwhm) of the ir+ elastic-scattering peak from a 110-ng/cm2

12C target. This measure of the "intrinsic" resolution yielded a

value of 120 keV (fwhm), as shown in the histogram of Figure 2-7.

2. EPICS-DCX Modifications

Some modifications to the basic EPICS system were necessary

for these DCX experiments. These were caused by the requirement to

perform certain of the measurements at near-forward angles where the

cross sections were largest. EPICS has the problem that at angles

forward of ~18° the spectrometer starts to see an appreciable

fraction of particles from the incident beam. Chambers Fl-A ha.e a

count-rate limit of ~1 MHz which can be significantly exceeded in

this forward region. Higher rates degrade the ability of the system

to unambiguously identify each particle, with a subsequent loss in

detector efficiency and resolution. Yet the highest possible * +

incident flux was needed to maximize the count rate for the states of

interest. A method for running in the forward-angle region was

needed whereby the (relatively) few ir~ signals from Fl-4 would not be

drowned out by the large w+ induced background.
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FIGURE 2-7. Excitation spectrum from 12C(»+,ir+') 12C using a
110 mg/cm2 target. The resolution of the ground state
is -120 keV (fwhm).
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A. Sweep Magnet

The technique of magnetically separating the charge-exchanged

*~ beam and deflecting away the * beam was investigated. It would

be necessary to develop a system which would perturb the critical

EPICS ray-tracing abilities as little as possible. The simple

picture was to place a magnetic field after the target, before the

spectrometer entrance, which would cause the oppositely charged pions

to separate, as shown in Figure 2-8.

Ideally, a uniform dipole field which could be adjusted to

allow the «~'s of a given scattering angle and energy to normally

enter the field boundary and normally exit toward the spectrometer,

while deflecting the if s away, was desired. The simple graphical

analysis of Figure 2-8 indicated that this might be achieved with a

circular dipole field between the target and the focussing triplet

entrance.

The charged-particle beam-transport code TRANSPORT [Br-77]

was used to model this concept. This computer program monitors the

propagation of a beam phase space through interactions with magnetic

transport elements (dipoles, quadrupoles, sextupoles, drifts, etc.).

A beam of given initial condition (extents, divergences, momentum) is

propagated through easily prescribed magnetic elements of various

multipolarity and physical dimension. Maxwell's equations governing

the motion of charged particles in external fields are solved, and a

transport matrix acting on the beam parameters is calculated. This

matrix is modified by each type of element as the beam is propagated
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FIGURE 2-8» Schematic plan view of magnetic pion separation using a
circular dipole magnet between the EPICS target and the
spectrometer triplet entrance.
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through the system. The calculation assumes ideal field structure

inside each element of a given order, though it can also treat

second-order effects associated with entrance and exit fringe fields

of the elements. The code has features which allow it to search on

element field strengths in efforts to optimize various focussing

constraints.

The standard EPICS spectrometer was modelled, calculating the

beam profile through the system, with a required target image at the

front focus. This calculation agreed well with the measured

transport matrix for both the front focus and at the rear focal

plane. A circular dipole was then added to the calculation between

the target and first quadrupole. The field strength of this magnet

was set to induce a 10°-15° bend in the IT" beam, creating an opening

angle of 20°-30° between the n~ and *+. The ir~ beam entered and

exited normal to the field boundary. The quadrupole field strengths

were allowed to vary either independently or as a symmetric triplet,

being constrained to reproduce the target image at the front focus.

In this way, it was found that a 20° opening between n~ and

if could be induced while maintaining the front focus with symmetric

triplet fields and not seriously perturbing the ray-tracing

capabilities of the spectrometer. A 20° opening angle would be

sufficient to deflect the w+ beam enough to greatly reduce the Fl-4

count rate at angles near 0°. This result rests on the assumption of

relatively simple field shapes for the central and fringe regions of

the circular dipole over the large extent of the EPICS beam, though

37



experience has shown TRANSPORT to be a fairly reliable approximation

tool. More accurate treatment would require replacing the standard

TRANSPORT field models with actual field maps of the magnetic

elements. This was deemed unnecessary for the existing EPICS

magnets, and the field mapping of a real circular dipole would

determine the acceptability of the TRANSPORT results.

A small, circular-pole C-magnet, borrowed from the University

of Chicago, was acquired to implement this scheme. Known as the

"Chicago-C", the pole-tip diameter was 53.34 cm (21 in), with the

poles separated by a gap of 40.64 cm (16 in); this configuration is

cataloged in the LAMPF magnet pool as C21(XVI)-21DIAM. The magnet

was extensively field mapped to determine the field shape through the

region the particles would traverse, from the target to the triplet

entrance aperture. Three maps, parallel to the pole faces, were

made; one map 2.54 cm (1 in) from each pole face, and one in the

midplane corresponding to the central scattering plane. Each map was

compiled from thousands of flip-coil measurements, forming a grid

referenced to the magnetic pole axis. This shape was compared with

the TRANSPORT model to determine how much confidence could be placed

in the model predictions. Hand calculations of the integral /B«di

indicated that the magnet would suffice.

The 10° deflection of the iT beam directed it off the

spectrometer optical axis. To correct for this the spectrometer

frame was cut apart directly before the triplet entrance aperture and

rejoined with a 10.16-cm (4 in) offset. This realigned the
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spectrometer to normal acceptance of the deflected beam, as shown in

Figure 2-9. Provision was also made for larger offsets in the

eventuality of using magnetic deflection techniques for the study of

large, backward-angle scattering reactions.

A vacuum scattering chamber was constructed to be inserted

between the C-magnet poles (Figure 2-10). Since the C-magnet was

rigidly attached to the rotating spectrometer arm, the scattering

chamber was directly coupled to the spectrometer vacuum line. In the

interest of maximizing the resolution (hence visibility) of the

weakly-excited DCX states, the scattering chamber was also vacuum

coupled to the channel, eliminating all air gaps and windows in the

pion flight path. This coupling was achieved through an experimental

set of large-convolution, flexible bellows. This was the first

attempt at complete vacuum coupling in the EPICS system, and so was

treated as a test of the technique for eventual vacuum coupling of

the standard EPICS scattering chamber which had been removed to

accomodate the C-raagnet. The bellows had been designed to allow an

angular range of ±20° about the centerline, making the vacuum coupled

range of scattering angles 0°-40°. However, at large deflections

(near 0 and 40 ) it was found that the large convolutions were too

stiff to safely withstand the strain. Consequently the experimental

angular range was limited to 5°-35° laboratory angle.

Since the new scattering chamber was less than the 40.64-cm

gap width it was not possible to use the in-beam ion chambers to

monitor the beam current. This was remedied by placing a
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FIGURE 2-9. Plan view of the EPICS spectrometer with the C-magnet in
place.
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FIGURE 2-10. The C-magnet scattering chamber.
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three-scintillr.tor telescope directly above the target to monitor the

90° scattering and secondary-emission particles. This was an

adequate substitute for the chambers in that all that was needed was

a relative monitor of the beam intensity in relation to the proton

current at A-l. Normalization to the absolute number of incident

pions was accomplished as previously described.

B. DCX Targets

The isotopic targets used in the experiment w»re 9Be, 1 2C,

I 3C, 1 60, 1 80, 2i*Mg, 26Mg, 3 2S, and 209Bi; their thickness, isotopic

purity, and composition are listed in Table 2-3. The oxygen targets

were in the form of water ice, highly enriched in the appropriate

oxygen isotope. The ice was sandwiched between two thin copper foils

(0.0025 cm) and surrounded by a heavy copper frame at the edges which

provided the coupling to a refrigerator [Pa-79]. The ice temperature

was held at ~-60°C. The Q value for DCX on copper (-7.8 IleV) was

sufficiently different from DCX on oxygen (I80: -5.1 MeV and 1 60:

-28.4 MeV) that any DCX transitions from the copper were removed in

energy from the states of interest. DCX from copper is also believed

to be several orders of magnitude weaker than for oxygen. The 2i*Mg

was molecular MgO, with a Q-value difference between the two of

4.7 MeV.
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TABLE 2-3. Targets, parameters, and di f ferent ia l cross sections for

( n + , O a t 5 ° l a b at 180 and 2 92 MeV.

Chemical Isotopic do/dft (ub/sr)

Target (mg/cm2) composition purlty(%) 180-MeV 292-MeV

9Be

12c

13C

160

180

2*Mg

26Mg

32S

209Bi

296

227

356

880

1040

235

409

250

534

Be

C

C

H20

H20

MgO

Mg

S

Bi

100

99

90

100

95

100

100

95

100

0.15±0.

0.40±0.

0.10±0.

0.34±0.

0.88±0.

0.11±0.

0.084+0

03

05

03

04

10

03

.025

0.

2.

0.

1.

0.

12±O.

40±0.

014±0

00±0.

46±0.

02

19

.005

14

15

43



3. Data Analysis

Since data were taken with scintillator SI both in and out of

the beam, the focal-plane mapping (acceptance scan) was done for each

case, and found to differ. Also, the plon flux varies as a function

of energy, so the normalization to absolute pion number was done at

each energy.

The pion scattering data were histogrammed as functions of

the scattering coordinates (x,y,6,<f>), and as functions of the x

position at the rear chambers, and in 1° and 3° bins each for pions

and electrons. In the ALLTEST routine, limits (gates) may be placed

on any of the scattering coordinates, along with logical AND's and

OR's, to classify particles as acceptable or unacceptable, pions or

electrons. Figure 2-11 shows a spectrum of the x distribution of

particles across the target (vertical). Notice in the ALLTEST file

of Table 2-2 that the XTARG gates (top and bottom) seem to cut out of

the acceptance a small section across the middle of the target. This

gates out particles scattering from a thin copper bar which passes

through the target for cooling purposes. To separate pions from

electrons, particles must pass gates requiring low Cherenkov pulse

and a TOF range between S2 and S3.

The pions (electron rejected) are also histogrammed as a

function of the calculated missing mass of the reaction, equivalently

as an excitation-energy spectrum of the residual nucleus, as shown in

Figure 2-12. The number of counts is summed over the central

scattering angle ±1° on either side, with excitation energy
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FIGURE 2-11. Distrit^ution of particles across the target in the
vertical (dispersion) direction.



FIGURE 2-12. Energy excitation spectrum of the residual nucleus from
the reaction 26Mg(ir , O 2 6 S i (g.s.,DIAS).



increasing toward the right. The width (fwhm) of the largest peak

(the ground state) is ~600 keV.

The number of counts (area) in the excitation-spectrum peaks

are extracted using two different peak-fitting routines. The first,

PEKF1T fSl-76], fits the peak to a Gaussian line shape, the accuracy

being determined by the x2 of the fit. The second routine, LOAF

[Sm-79], has the ability to fit to a specified line shape, including

the shape of some reference peak. A majority of the data acquired

here is in peaks of small area — on the order of 30 counts.

Background under the peaks generally presented no problems and was

easily determined by considering the apparent continuum of counts in

the vicinity of the peaks. A typical PEKFIT fit is shown in

Figure 2-13. The areas extracted by the separate routines were

uniformly similar and mostly identical.

Cross sections were determined from the fitted areas using

the following prescription:

j_ v CH (mg/cm2)
dCTDCX YH 2 1 1

= x YDcX
 x x _ x _

dft OJJXG DCX(mg/cm2) 7 e

Normalization to the absolute number of incident pions is explicitly

included through the factors Y^ (fitted u scattering yield from

hydrogen), cijj (predicted scattering yield from phase shifts), and

G (converting e.enter-of-mass a to lab frame of Y). The difference in

the number of scattering centers between the normalization CH
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FIGURE 2-13. Typical fit to a DCX spectrum using PEKFIT.
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hydrogen target and the DCX target is accounted for by the relation

of areal densities (the bracketed quantity) and the fractional weight

of the H and DCX nuclei in the target molecular structure; 1/7-2/14

which is the fractional weight of H in CH and e is the fraction of

DCX nuclei. The cross-section data appear in the following chapter.



III. EXPERIMENTAL RESULTS

The cross-section data of the various measurements (angular

distributions, energy excitation functions, A-dependence) are

presented here with a preliminary discussion of the relevant

features. The error bars of each point represent only the counting

statistics of the DCX peak fitting. The uncertainties arising from

counting statistics of the hydrogen normalizations are <1% and are

therefore negligible in comparison to the much larger statistical

errors in the DCX measurements. The relative error in the

phase-shift-predicted cross sections is at the few percent level,

also negligible in relation to the DCX statistics. There are also

errors associated with variations in target thickness across the beam

area; micrometer measurements across the ice targets (most subject to

variation) revealed effects of ±5/1000 in thickness. All error

sources, excepting the DCX statistics, are estimated to be small and

have at most a combined 10% effect on the measurements reported

below.

1. Energy Excitation Functions

The variation of cross section as a function of incident pion

energy is a necessary piece of information for understanding the

reaction mechanism. These measurements were made for the DIAS

transitions from the T-l nuclei 180 and 26Mg, and for the non-DIAS

transitions from the T«0 nuclei 160 and 21*Mg. The final states are
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all ground states of the residual nuclei, e.g.

16.18Q 21,26Mg(lr+t7I-)16,18Ne 2«i,26sl (g.s.} .

Also, the excitation of the 2* (1.89 MeV) first-excited state in 18Ne

was observed, though with poor statistics. The energy step size was

chosen to adequately exhibit the gross features of the excitation

functions. The varying completeness of the 160, 2l*'26Mg data,

compared to I80, show the need to determine the gross behaviors in

relation to the United EPICS beam time allocated for these

experiments. All excitation functions were measured at 5° laboratory

angle for maximum yield.

A. DIAS Excitation Functions

The 18O(ir+,7r") 18Ne (g.s., DIAS) transition has been the most

widely investigated, both experimentally (Appendix II) and

theoretically (Appendix I), of the DCX reactions. The excitation

function of the reaction is shown in Figure 3-1. Three important

features are apparent in the 80 to 310-MeV excitation range: there is

a maximum in the cross section near 120 MeV, the cross section falls

into a wide dip across the peak of the (3,3) resonance centered at

180 MeV, and there is a continuous smooth rise in cross section above

the resonance region. The cross section is ~1.8 yb/sr at 120 MeV,

down to ~0.9 pb/sr at 180 MeV, and up again to ~2.4 yb/sr at 292 MeV.

This behavior was not anticipated by the scant amount of previous

data, nor by any preceeding theory as shown in Figure 1-3.
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FIGURE 3-1. Energy excitation function of the differential cross
section for the reaction 180(ir+,iT)18Ne (g-s., DIAS) at
a laboratory scattering angle of 5°.



The corresponding DIAS excitation function for the 26Mg+26Si

reaction is given in Figure 3-2. While less complete than that for

18O+18Ne, it is very similar. The cross section is in a minimum at

180 MeV, climbing toward both lower and higher energies. Within the

limit of error, the two DIAS excitation functions are nearly

identical, differing only by an energy independent scale factor.

B. Non-DIAS Excitation Functions

With the idea that the T=l nuclei above might be described as

T=0 structures plus two valence neutrons, excitation functions for

the T=0 isotopic members were also examined. Figure 3-3 shows the

16O+16Ne (g.s.) excitation function. In contrast to the 180

function, that for 160 has a maximum near 140 MeV which then falls

across the resonance region, only levelling off at higher energies.

The ratio of o( 180)/a( 160) is ~3 at 164 MeV, and nearly 20 at

292 MeV.

The behavior of the excitation of the transition

2*fMg-f2'*Si (g.s.), shown in Figure 3-4, is similar to that for

16O+16Ne. The maximum is again below the resonance, though the fall

off is more extreme than for 1 60; the ratio a(26Mg)/(2l*Mg) is nearly

1 at 140 MeV and 70 at 292 MeV.

The 2+ (1.89-MeV) first excited state of 18Ne was poorly

discerned because in most cases the runs were run-time limited to the

observation of the DIAS. Figure 3-5 shows the clearest such

observation. The data (Figure 3-6) seem to show a deep minimum

centered about 180 MeV with cross sections on the order of 20 nb/sr,
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FIGURE 3-2. Energy excitation function of the difterential cross
section for the reaction 26Mg(jr+, v~) 26Si (g.s., DIAS) at
a laboratory scattering angle of 5°.
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FIGURE 3-3. Energy excitation function of the differential cross
section for the reaction 16O(ir+,ir~) 16Ne (g.s.) at a
laboratory scattering angle of 5°.

55



10

CO
\
_Q

G
"O 0.1

0.01

I i I i I i I
24Mg(7r+.7T-)24Si(g.s.)

j I I i I i I

40 80 120 160 200 240 280 320

7T (MeV)

FIGURE 3-4. Energy excitation function of the differential cross
section for the reaction 2<*Mg(*+,n~)2'*Si (g.s.) at a
laboratory scattering angle of 5°.
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FIGURE 3-6. Energy excitation function of the differential cross
section for the reaction i8O(ir+,ir~) 18Ne (2+, 1.89 MeV)
at a laboratory scattering angle of 5°.
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climbing sharply toward lower and higher energies with cross sections

in the ~300 nb/sr range. This behavior, while not resembling in

detail either the DIAS or non-DIAS functions above, is reminiscent of

the DIAS in having a minimum across the energy peak of the (3,3)

resonance.

2. Angular Distributions

Two angular distributions for DCX reactions were known prior

to these experiments, from targets of 180 and 9Be, both at 164 MeV

(Appendix II). Neither distribution could be explained in terms of

the diffractive scattering of a strongly-absorbed probe; the minima

of the distributions were at too small an angle. The ^Be

distribution might be explainable as E.II interference of £-0 and 1=2

transitions between the initial and final states. The 180

distribution cannot be so explained.

It has been found that elastic pion scattering near this

energy region may be well described as the diffractive scattering of

the strongly absorbed pion from the 1/10 nuclear density point of a

nucleus, where the density p»p(r) and r=R is the strong-absorption

radius. The semiclassical model of Johnson [Jo-79] for DCX reactions

yields a prescription for the angular scattering pattern, based on a

strong-absorption nuclear radius:

aDCX - (N-Z)(N-Z-l)A"
10/3[Jo(qR)-i[Jo(qR)-qRJ1(qR)]J2 . 3-1
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Here, N and Z are the neutron and proton numbers, A-N+Z is the

nucleon number, R is the characteristic strong-absorption radius, and

q is the momentum transfer.

The value of R in this expression which places the minimum at

the correct location (~21°) is ~5.7 fm, whereas it is known from

electron scattering [Si-70] that the 1/10 density point of I80 is

about 3.7 fm. The electron scattering value of ~3.7 fm in the above

expression yields a minimum near 34° which is clearly in disagreement

with the data.

The 180 164-MeV angular distribution had been puzzling, so

the present experiment verified the observation. The relatively

large 5° cross sections observed at 292 MeV for both 180 and 26Mg led

us to examine the angular distribution of each at this energy well

above the resonance region.

A. 18O-»-18Ne Angular Distributions

Three angular distributions for transitions from 180 are

presented: distributions of the DIAS transitions at 164 and 292 MeV,

and a 164-MeV distribution of the 2+ state.

The 164-MeV distribution of the DIAS, shown in Figure 3-7,

covers the range 5°-33° in the laboratory frame. There is a

pronounced minimum near 21°, in what initially appears to be a

strongly-diffractive pattern. The small-angle peak of the cross

section is about 1 Mb/sr, falling to ~40 nb/sr near 21°, and then

rising to ~250 nb/sr at 33°.
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FIGURE 3-7. Angular distribution of the differential cross section
for the reaction 18O(TT+, JT~) 18Ne (g.s., DIAS) at an
incident laboratory pion energy of 164 MeV.
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Figure 3-8 shows the corresponding 292-MeV distribution from

1 80. The angle of the minimum, while less distinct, appears to be at

nearly the same or slightly larger (~25°) value- Its small-angle

peak cross section is ~2 pb/sr at 5°, falling to ~60 nb/sr near 25°,

climbing back to ~100 nb/sr at 33°.

Again, the 2 state was sufficiently visible, at times larger

than the ground state, to determine its 164-MeV angular distribution.

As shown in Figure 3-9, it seems to peak near 25°. It has been

claimed that the shape resembles that expected for an 1=2 transition

[Se-79].

B. 26Mg-»-26Si DIAS Angular Distribution

Only a 292-MeV angular distribution was obtained for the

26Mg-»-26Si transition, due to time constraints. The distribution of

this DIAS transition appears in Figure 3-10. The location of the

minimum is indistinct but appears to be in the range of 25°-27°. At

small angles the peak cross section is ~1 Mb/sr, falling off to

~10 nb/sr at the minimum, and rising to ~100 nb/sr at 33°. Within

the limit of the errors, this 292-MeV distribution is of identical

shape to the corresponding 180 292-MeV distribution, differing only

*n scale.

3. A-Dependence

Cross sections at 5° from targets of 9Be, 12>13C, 1 6 > 1 8 0 ,

2S 2 6Mg, 3 2S, and 209Bi have been determined at either 180 MeV or

292 MeV. The transitions from 1 80, 26Mg, and 209Bi are to the DIAS,
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FIGURE 3-8. Angular distribution of the differential cross section
for the reaction 18O(ir+,iT) 18Ne (g.s., DIAS) at an
incident laboratory pion energy of 292 meV.
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FIGURE 3-9. Angular distribution of the differential cross section
for the reaction 18O(TT+,TI") 18Ne (2* 1.89 MeV) at an
incident laboratory pion energy of 164 MeV.
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FIGURE 3-10. Angular distribution of the differential cross section
for the reaction 26Mg(ir+,O26Si (g«s., DIAS) at an
incident laboratory pion energy of 292 MeV.
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the others are non-DIAS ground-state transitions. The cross sections

are tabulated in Table 2-3 (see p.43).

A plot of the 180-MeV cross sections is shown in Figure 3-11.

Preliminary indications over this limited A-range seem to separate

the data into three classes, identified as N=Z+2 (D1AS), N=Z, and

N=Z+1. The solid line through the DIAS points is the A~ l o / 3 scaling

of Eq. 3-1, normalized to the *80 point. The other curves are

roughly parallel to the solid curve and lower in magnitude.

Only DIAS data exist at 292 MeV, from targets of 1 80, 26Mg,

and 209Bi. The log-log plot of Figure 3-12 shows that it is possible

to make a fair fit to the data with an A~*0/3 function, again

normalizing to the 0 point. This is, of course, insufficient data

from which to draw compelling conclusions; there is a notable gap in

the data set, consisting of the entire medium-mass section of nuclei.

A discussion of the 209Bi(Tt+,Tr~)209At (DIAS) cross section is

given in Appendix V.

4. Mass Measurements

The DCX reaction was used during the course of these

experiments to measure the ground-state masses of 1 20, 16Ne, 2**Si,

and 32Ar. The 120 and 16Ne data were re-measurements, improving the

error limit of previous work [Ke-78]. The masses of 21*Si and 32Ar

are the first reported measurements of these nuclei. These

measurements are discussed in detail in Appendix III.
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IV. DISCUSSION

We now have a small basis for the discussion of DCX

reactions. We know something of their energy dependence, angular

behavior, and A-dependence. It is possible to draw some general,

simple conclusions from the patterns observed in the data. The need

for detailed calculations is also apparent; explanations of the data

must be related to the ir-nucleus interaction with its dependence on

the TT-N interaction and nuclear structure. For instance, any model

or description seeking to explain the DCX data should also be capable

of explaining the elastic-scattering data as well. Current

optical-model-type calculations [Co-80] are capable of dealing very

well with a wide range of elastic-scattering data, yet are either

inappropriate for, or unsuccessful in, explaining the features of

DCX.

The following is a discussion of the basic features exhibited

in the data. At this point it is a qualitative interpretation of the

data, providing more questions than answers. The solutions to these

questions are not readily apparent. Part of the solution is in the

acquisition and comparison of additional data. Another part is in

the development of a phenomenology capable of dealing with a large

body of DCX data, simultaneously encompassing a description of other

pion-scattering reactions. Additional data needed to complement the

existing data set will be pointed out in this chapter.
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1. General Observations

A. Energy Excitation Functions

The excitation functions of the two T=0,l Isospin (and

isotopic) pairs present a definite pattern. The DIAS and non-DIAS

functions of each pair are nearly equal in magnitude at some point

below the resonance, and the DIAS rapidly becomes greater than the

non-DIAS with increasing energy above the resonance. Figures 4-1 and

4-2 show the paired functions for 16>18o and 21<>26Mg, respectively.

Besides this similarity of difference between the two pairs,

there is the high degree of similarity between the two DIAS

excitation functions, and the somewhat lesser degree of similarity

between the two non-DIAS, ground-state excitation functions. This

similarity is in the shape of the functions. Regardless of

magnitude, the DIAS excitation functions, within the limit of the

error bars, are very similar across the range of energy for both T=l

nuclei (Figure 4-3). The non-DIAS excitations, while showing

generally similar behavior, exhibit a greater difference in detail

between the two; that for 2i(Mg has a greater fall than the one for

160 (Figure 4-4).

The similarity of the DIAS excitations from these different

nuclei indicates that the reaction mechanism effects dominate,

through the interaction with the valence neutrons, over nuclear

structure effects. The lack of valence neutrons, as in the case of

160 and 21fMg, allows a greater degree of variability between the two
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FIGURE 4-1. Comparison of energy excitation functions of the
differential cross section for the reactions
16» 18O(n+,ir~)16> 18Ne (g.s.) at a laboratory scattering
angle of 5°.
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FIGURE A-2. Comparison of energy excitation functions of the
differential cross section for the reactions
24,26Mg(1[+>1I-)2'»,26Si (g.s.) at a laboratory scattering
angle of 5°.
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functions, perhaps indicating an increased role for nuclear

structure.

B. Angular Distributions

The angular distributions present an interesting puzzle. At

292 MeV, the minima of the two DIAS distributions appear to be at

nearly the same angle — an angle which is larger than that of the IH0

minimum at 164 MeV. At 292 MeV, both of the DIAS angular

distributions exhibit shallow, indistinct minima. The form of

Eq. 3-1 (page 59) was not designed to be valid in this energy region

[Jo-80], but it predicts the first minima of the diffractive pattern

to be near the observed angles, when given appropriate nuclear radii

R.

Diffractive patterns for the scattering of strongly-absorbed

probes are characterized by a strong-absorption radius which is

dependent on the kinetic energy of the incident particle [Jo-78]. A

preliminary analysis of » elastic scattering from calcium isotopes

[M-i-81] has shown that this radius near 164 MeV corresponds roughly

to the 1/10 nuclear density point, and at 292 MeV is nearly the 3/10

nuclear density point. The 3/10 density-point radii of 180 and 26Mg,

determined by electron scattering [Si-70], are about 3.2 f and 3.5 f,

respectively. Placing the 180 minimum near 25°, and the 26Mg minimum

near 27°, requires R-values in Eq. 3-1 of 3.1 f and 3.3 f,

respectively, which are in good agreement with the above values.
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C. 18Ne (2*. 1.89 MeV) Excited State

It is interesting to note that the excitation function of the

18Ne 2 state more closely resembles the pattern of a DIAS than that

of a non-DIAS. The 18Ne 2+ is the double analog of the 180 2*, but,

using the concepts developed in Appendix IV, it is a non-DIAT because

it is not the initial and final states which are analogs, rather they

art intermediate and final states.

The angular distribution may have the basic shape of an i=2

transition, though the data are not sufficiently precise to be sure.

This angular distribution is at the same energy (164 MeV) as the DIAS

from *80 which was found to have an anomalous minimum. Possible

interference effects, as discussed in Appendix IV, may also be

contributing to the shape of this distribution.

D. A-Dependence

The scant amount of data collected at two energies for 5°

scattering from various nuclei allow us to draw only tentative

conclusions as to uhe A- (or N or Z) dependence of OCX reactions.

At 180-MeV incident energy, the data are shown in

Figure 3-11. The target nuclei fall into three families, N=Z+2, N=Z,

and N»Z+1. Transitions from the N=Z+2 nuclei are to DIAS, and

transitions from the others are to non-DIAS. (The 26Mg point is

interpolated from the excitation-function data). The dotted curves

connect the members of the two non-DIAS families. The solid line

through the DIAS data is from Eq. 3-1, normalized to the 180 point.
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Over this limited range of A, the A~ 1 0 / 3 dependence of DCX

reactions to the DIAS appears to be a good description. With such a

small range, and N-Z»2, it is not yet possible to extract separate N

and Z dependencies. A similar study over an isotopic chain (e.g.

'•0,"42,'»'»,<.8Ca) w o u i d be a significant contribution to explicating

this dependence. It is interesting to note that, within the errors

of this limited data set, that the non-DIAS curves are roughly

pait. lei to the DIAS curve. We do not yet know whether this is

fortuitous or caused by something more fundamental.

Three DIAS points exist at 292 MeV, from DCX on targets of

180, 26Mg, and 209Bi. The 180 and 26Mg are T-l, and the 209Bi is

T-A3/2. As shown in Figure 3-12, an A~ 1 0 / 3 curve, normalized to 180,

is a fair representation of the trend in the data; the curve fits the

available data over four orders of magnitude. Note, however, the

current data represent only the extremes of the periodic table, and

the entire center span of this bridge between those extremes is

unsupported by data. It is highly likely that variations from A~ 1 0 / 3

will be seen in this region, creating a need for some type of

correction factor (perhaps based on N and Z) in the expression of

Eq. 3-1.

E. Exotica

An exotic speculation has been raised in light of the DCX

data. The 180 excitation function shows several enhancements, a peak

near 120-MeV incident pion energy, and a gradual rise above the

77



resonance region. Are dibaryon resonances (or exotic multi-quark.

states) contributing to this process [Br-80]lGr-80]?

The two valence neutrons of 180 could be represented as a

relative *S (T-l) configuration. The incident p-wave n+ is absorbed

by this pair, creating a relative 3S (T-0,1,2) intermediate

configuration; which decays to a n~ and two protons in the relative

*S (T-l) configuration. Calculations of the three 3S -state masses

indicate that they might possibly be formed at E = 154 Mev (T=0), 270

MeV (T-l), and 497 MeV (T-2) [Ro-80], Because of the nature of quark,

calculations, and fermi motion and Coulomb interactions in the

nucleus, these energies could be expected to shift by some 10's of

MeV. Whether this is a dibaryon resonance, a multi-quark state, or a

B-NN resonance argument is not clear — hence this line is pursued no

further, here.

2. Questions

A general picture of the DCX reaction is beginning to emerge;

enough to bring a number of questions to mind, to wit:

1) Is the shape observed in the two DIAS (T=l target) excitation

functions a general feature of all T=l targets? Is it a general

shape for T > 1 targets?

2) Are the features of non-DIAS excitation functions always similar?
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3) What is the cause of the anomalous minimum in the 180 164-MeV

angular distribution? Is it a general feature at this energy for

the DIAS? What does a non-DIAS angular distribution look like?

4) Are the 292-MeV angular distributions basically diffractive? Are

there two, basically diffractive, amplitudes contributing to the

DIAS at 164 MeV?

5) Since transitions to the DIAS appear to be reaction-mechanism

dominated, can any nu; ?.ar—structure information be extracted?

Does the same apply to the non-DIAS?

6) Is the A-dependence of the DIAS really (N-Z)(N-Z-1)A~10/3? What is

the dependence on H-Z? Is the non-DIAS A-dependence similar to

that of the DIAS?

7) What are we seeing in excited-state DCX transitions, such as to

the 2+ in laNe? Does it actually have an i=2 transition shape?

8) Are (ir~,n ) reactions related to the non-DIAS (n ,TI~) reactions?

3. Conclusions

Many answers will be found only through additional

experimental data and theoretical calculations. The indications from

what has been seen are several. The T=l DIAS excitation functions
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are similar for 180 and 26Mg. Probably all T«l DIAS excitation

functions exhibit a similar shape. The similarity in the two

observed DIAS excitation functions seems to Imply that

reaction-mechanism effects dominate the DCX reaction to DIAS. This

is further reinforced by the similarity of the differences between

the two members of the two T»0,l pairs observed here. If the

reaction mechanism does dominate in transitions to the DIAS it may be

that excitation functit ,s for DIAS from T>1 nuclei are all similar.

Non-DIAS (g.s.) excitation functions are generally similar in

shape, but, in fine detail, seem to show more variation of shape than

the corresponding DIAS. This may be an indication of effects

attributable to differences in the nuclear structure between the

targets. If DIAS transitions are dominated by reaction-mechanism

effects, then DCX as a probe of nuclear structure may be limited to

the lower cross section non-DIAS transitions.

On the low-energy side of the (3,3) resonance it is not now

clear what is to be learned. This is the region where the non-DIAS

and DIAS cross sections become similar in magnitude. It is also

where the anomalous minimum occurs in the angular distribution of the

DIAS from *®0. The cause of this anomaly is currently undetermined.

It can certainly not be accounted for within the context of current

phenomenological treatment, in turn making it difficult to relate

theory to the physical measurements. It is possible that various

processes contribute to the DIAS, and are interfering destructively

in this energy region. The effect might also be attributed to
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Coulomb-nuclear interference and/or the presence of higher-order

processes. Analyses in terms of the latter two will be shortly

forthcoming [L1-81J [Jo-81].
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APPENDIX I

Some DCX Theories

Three different approaches to DCX are pointed out in this

section. They are chosen not so much for their accuracy, but rather

to demonstrate the wide variety of methods employed, and because they

all treat the excitation function for the reaction 18O(ir+,ir~) 18Ne

(DIAS).

One of the earliest calculations of DCX was performed by

Parsons et al., [Pa-65]. Their work was aimed at stimulating

experimental studies by showing that:

1) differential cross sections (d2a/dftdE) were of the order

1 - 1 0 pb/sr near the (3,3) ir-N resonance,

2) it should be possible to probe short-range correlations of

nucleons in the nucleus.

The reaction is described as

w* + A(Z) -»• {n° + A(Z±1)} + TI+ + A(Z±2).

The Chew-Low theory [Ch-56] is used to describe the propagation of

tha intermediate (virtual) it0, extrapolating its scattering amplitude

off the mass shell. Specifically, calculations were performed for

the reactions:

1) ir~ + 3He + TT+ + 3n,

2 ) ir+ + 1 8 0 •»• ir~ + i 8 N e .
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These calculations were of a qualitative nature, as follows

from the assumptions and constraints listed below. For simplicity

the calculation is limited to the region of the (3,3) it-N resonance,

where the (3,3) channel dominates, and all others are ignored.

Multiple scattering of order greater than three, as well as

distortions of the pion waves, are ignored. An impulse approximation

is made for the scattering of plane-wave pions.

The scattering matrix may then be written as:

d3q w 3
T(ie,*o) = 2/ 1 I [

3 2 2 i*J

where q represents the intermediate pion momentum and t^ is the

scattering matrix for the pion with the i-th nucleon. Using the

antisymmetry of the initial- and final-state wave functions under the

interchange of any two nucleons, the scattering matrices of eqn. 1-1

may be written as

1-2

Now, the operator t(p,q) is actually the product of a

displacement operator times the operator t(p*,q) of Chew and Low.

Using the following coordinate definitions:

and
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the product of the t matrices may be written as

t2d?,q)t3(q,ico) - exp[i(ito-*).<a-2/3)]exp[i(ito+*)-(r/2)J

x exP[(-iq-r)t2(lc,q)t3(q,ico)]. 1-3

For the (3,3) channel the Chew-Low t matrices are given by:

t(p\q) = -2ir(u»qupr
1/2 P33(p,q)p-

3ei6(P)sin6(p). 1-4

The individual n-N phase shifts are evaluated through the

parameterization:

q-3ei<5(q)sin(5(q) = q-3[cot(S(q)_1j-l = (a+bq^cq^-iq3)"1. 1-5

Integration over the intermediate momentum is then accomplished by

expanding the projection and displacement operators in spherical

harmonics to yield:

2q\fn(qr)
/dq " , n=0,2. 1-6

(q2-kg-ie)(a+bq ̂ tcq^-iq3)

The phase-shift term in the denominator peaks sharply about q=qr, for

a given set of the coefficients, and so Jn(qr) was replaced at that

point by Jn(qrr). Defining the width of the resonance as V, the

remainder, of the integral is evaluated for abs(k-q ) both much
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greater and much less than T, while for intermediate values of q a

graphical interpolation is made.

The above calculations were repeated for triple scattering,

the results being expressed as a correction to the double-scattering

calculation. Over the momentum range of interest,

(1.1 < ko < 2.0 m^c) this correction added from ~1 to ~8 percent to

the double-scattering cross section.

Of particular interest with respect to the present work is

the calculation of the DCX reaction 18O(n+,7r~)18Ne resulting in the

transition to the DIAS. A simple shell-model potential with a

nuclear wave function separable into relative coordinates is used to

describe the initial and final nuclear states. Using an harmonic-

oscillator potential, a nuclear wave function of the form

|n1l1,n2l2, X\)>

may be expressed in relative coordinates of the two valence nucleons

as:

I |nl,NL,Au><nl,NL,X|n1i1,n2l2,X>. 1-7
nlNL

Here the quantum numbers n and 1 are associated with the coordinate

and the quantum numbers N and L are associated with the coordinate

* (?l+?2>
* - # m (R,©,*> •

The initial- and final-state nuclear wave functions are then written

in terms of single-particle harmonic-oscillator wave functions:
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| nl 1l' n2 12 > A U >

1 2

R_ , (r.)Rn , (r )
"ri J n2 2 ^

and

In l .NL, \v> = "i <lL,mM|Au>
mM

x YLM(G,*)Ylm(e^)RNL(R)Rnl(r) . 1-9

The Rni(r) are normalized harmonic-oscillator wave functions given by

The harmonic-oscillator parameter was assumed the same for both 180

and *°Ne ground states.

These wave functions are then used to generate the zero-

degree differential cross section (do/dft) over a range of incident-

pion momenta (0.5< m^c <2.0). The results are displayed in

Figure 1-3 (see p.13).

A fixed-scatterer approximation was used by Kaufmann et al.,

[Ka-74] in calculations of single and double charge exchange on light

nuclei (A<20) for incident-pion energies near 200 MeV. Multiple

scattering to all orders is treated through Gibbs' formulation

[Gi-71] of Watson's multiple-scattering equations. Target nuclei

included in this study were 9Be, U B , 13C, and 1 80.
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The pion-nucleus scattering amplitude is described using a

simple, analytic form, the assumption of which eliminates off-shell

effects. The elastic scattering of pions off a set of 1 nucieons at

fixed t is then given by

* e[p>.(r\-r\)]Gj((t,p) . 1-11

The ft are free pion-nucleon scattering amplitudes. The pion-nucleus

scattering amplitude is then

F(k,k') = I e Gt(k,k') . 1-12
1=1

It is assumed here that the initial- and final-state nuclear wave

functions are identical, the reactions are elastic or lead only to

analog states.

Charge exchange is introduced in the following manner. For

an incident TT+ beam, define G* as the elastic amplitude, and G°, G~

as the production amplitudes for it0 and ir~ respectively. Also define

the elastic free pion-nucleon amplitudes as f"y . f", and f°°, with

free pion-nucleon single-charge-exchange amplitudes as f*°» f̂ "» ^°>

and f?~> The coupled integral equations describing pion-nucleus

scattering can then be written as
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G+ - f+++ C l Gt + ft°I

1-13

Here, terms like f^ZGt represent a IT being scattered out of the

nucleus from the i-th nucleon. Terms like f~°ZGj represent a v~

scattering out of the nucleus, having been charge exchanged from a *°

at the i-th (last) scatter. Appropriate combinations of these

amplitudes may then be formed to yield single and double charge

exchange. The calculations were performed assuming that only the

valence nucleon(s) outside the core were charge exchanged upon. The

effect of spin-flip in the elementary ir-N amplitude was explicitly

included for single charge exchange, but not for DCX.

Of particular interest to the current work is the calculation

of the DIAS transition from 1 80. The 0° cross section (da/dfl) as a

function of energy is shown in Figure 1-3. The angular distribution

of the DIAS was calculated and reported as 6 ub/sr at 0° and 180 MeV,

falling to ~0.3 nb/sr at 30°.

The authors pointed out the following weaknesses in their

approach. An inadequate transformation of the w-N amplitudes to the

lab frame, the use of unsophisticated wave functions with e. ar

Wood-Saxon or harmonic-oscillator densities, and the neglect of

Coulomb corrections for small-angle scattering. They conclude with

the observation that "charge-exchange data rigidly constrain
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calculatlonal models and will be sure to provide stimulation and

embarrassment for theorists for some time to come."

Over a period of years, a detailed optical-model approach has

been developed by G. A. Miller and J. E. Spencer [Mi-74] [Mi-75]

[Mi-76][Sp-77J. Their efforts included many of the effects being

considered for pion elastic scattering, among them:

1) varying the w-N off-shell t-matrix,

2) including two-nucleon, short-range correlations,

3) different density distributions for neutrons and protons,

4) considerations of the angle transformation.

Two potential forms were used, Kisslinger and local Laplacian. The

t matrices used in each case were;

Kisslinger: tK(ic,.v / - a + c£»ic' + (b + dic«lc')(T«t) 1-14

and

local Laplacian: tL(**.'*"- - a + cCk^q
2/^)

+ (b + d(k2-q2/2))(T«?). 1-15

Here, T and t are isospin operators for the pion and nucleon

respectively, $«£-£', and a, b, c, and d are energy-dependent s-, and

p-wave coefficients depending on the n-N phase shifts.

First-order potentials are then constructed with the

following considerations. An impulse approximation is made, which

consists of the use of a first-order n-N t matrix and neglect of the
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momentum distribution of the struck nucleon. This means that the

energy at which the ir-N T-matrix is evaluated ignores the kinetic

energy of the nucleon, and also ignores the momentum of the nucleon

in the expression of the relative ir-N momentum. This leads to an

optical potential, in coordinate space, of the form:

6a3(N+Z)(2ir)
3[(k/kc)Ap0(r) - (kc/

(2ir)3(a|tw'fNl6)[(k/kc)BPl(r) - (kc/k)DtfPl<r)V] 1-16

for the Kisslinger form, and

6ae(N+Z)(2ir)3[((k/kc)A+ kkcOp0(r) + ( c o

(2»)3(a|t1I-fNie)[((k/kc)B +kkcD)Pl(r)

(kc/k)DV
2
Pi(r)J 1-17

for the Laplacian form.

These potentials are then used in a coupled-channels

Klein-Gordon equation:

(-72 + 2u>Vc
a - k £ ) * a - 2<uJ Vaf5*e. 1-18

The neutron and proton form factors for the nucle>- are explicitly

included through the p's from the following definitions:
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«f) , NF«f) + Z*<f) , / e ^ - p o ( ? ) d 3 r
N T L

and

N — « ^

Here the ?„ and t^ are plon and nucleus isospin operators

respectively, kc is the pion momentum, V* is the nuclear-Coulomb

potential in the channel a, and a and 6 represent elastic and

charge-exchange channels.

The t matrices for the various processes may be written:

Elastic

Here V o and V, are the potentials which produce the elastic- and

charge-exchange reactions. Since double-charge-exchange reactions

involve at least two nucleons, a second-order potential is developed.

The t matrix is redefined in terms of the multiple-scattering series

where the suns are over the individual target nucleons, and the
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second term on the right is the lowest-order contribution to the DCX

reactions.

The basic, second-order coupled-channel optical potential is

then written:

^ + V y O ) 1 y(D T-23
a6 + I Van e-en-k-Vnn

Vn6 •

where V^a is the first-order potential, and the sum is over all

intermediate states in the transition to the D1AS. Several

simplifying assumptions are made; the differences between the neutron

and proton densities in both the first-order and excited-state

potentials are neglected, the excited-state energy (e ) and

elastic-scattering potential for the excited state (V ) are replaced

by the average quantities ~e and V. this allows the sum over n to be

performed:

c",^') +

1-24

Here, q1-lc"-lt' and q̂ ic'-it11. The quantity p ( 2 ) is the nuclear-

structure part of the wave function I*>, and is given by:
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1-25

which can be rewritten [Fe-71]:

The second-order, coupled-channel optical potential may then

be written as

' /dl?"{(N+Z)2to(Jf,lt")to(lt'
I,lt') + (o!(?T«fN)2|6)

x tjfl?,*")^*",*') + (a|?w.fNl3)

x (todf.C'HjC^'.t') + t^tt.S'OtoCJt11^')]}

x C(q11^2)<k
lt|(E-e-k-V)"1|kII> . 1-27

This is the same as Eq. >-7, and C(qlfq2) - p
(2)(qx,q2) - FCq^

The C term allows the specification of spatial correlations between

nucleons. Approximations are used to solve the integral over the

Intermediate momentum k".

As before, this has been used for the treatment of

1 80(* +,O 1 8Ne, results for which appear in Figure 1-3, and in

Appendix IV Figure 1, with different sets of assumptions.
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APPENDIX II

Brief History of DCX Experiments

Experimental studies of pion double charge exchange were

first undertaken in the mid-1960's. Synchrocyclotron (SC) proton

beams were used to generate secondary pion beams with fluxes in the

region lO^-lO5 ir/s. Various experiments employing emulsions and

electronic counters were reported from the Soviet Union, United

States, France, and Switzerland. The accelerators were operating in

the realm of High Energy, and the useful pion beams were typically

several hundred MeV in energy with a spread on the order of 10 MeV.

The initial (ir+, IT") experiments involved the observation of

"star" formation from ir~ capture by nuclei in emulsions exposed to a

rc+ beam at the JINR (USSR) SC [Ba-66]. The ionization traces were

backtracked to the origin layers (DCX converter), separately composed

of *^C, ^N, 1 60, Br, and Ag. Total reaction cross sections were

examined as a function of pion energy over the range of ~40 to

140 MeV. While showing that DCX occurred, these experiments could

provide no information on the relationship of DCX to nuclear

structure because no observation of final states were possible. No

reaction routes could be determined, leaving open the question of the

nature of the reaction mecharism.

The second experiment was the first to employ electronic

counter techniques. The CERN SC was used for the measurement of 0°

cross sections for (*+,w~) from 7Li, 9Be, and 23Na [Gi-64]. The
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incident pion beam energy was Tn«195 MeV, with a width of 30 MeV and

a flux of ~5xl05 n/s. A double mass spectrometer identified outgoing

particles with the aid of several DISC Cerenkov counters. Because of

poor energy resolution it was not possible to observe discrete final

states, but since the energy spread of the n~ beam was similar to

that of the incident *+ beam, shifted by the Q value of the reaction,

it was assumed that a two-body final state was involved. The

resultant cross sections were:

7Li(it+,u~)7B * 90 ± 10 iib/sr

9Be(ir+,w~)9C = 10 ± 3 pb/sr

23Na(5r+,iT)23Al « 1.4 (+1.0, -0.7) ub/sr .

Also in 1964, a measurement of da/dfi for (ir~,ir ) on copper at

90° was reported [Da-64]. All the data was yet too sparse to

explicate the reaction mechanism or the reaction dependence on

nuclear properties, save that the cross section decreased with

increasing A. It is now known that the CERN cross sections are at

least an order of magnitude high for any discrete state.

In 1968 several attempts were made to observe transitions

leading to a discrete DIAS. Targets of 51V, 90Zr, and7Li were

bombarded with a ir+ beam at the University of California LRL 184-in

SC [Bo-68]. The incident pion energy was varied from 110 to 210 MeV,

with a width of 10 MeV and a flux of -^xlO*1 w/s. A C-magnet

spectrometer was constructed and instrumented with entrance and exit
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spark chambers and scintillators. A propane (gas) Cherenkov counter

was positioned before the spectrometer to discriminate against

electrons. No DIAS transitions were observed at the experimental

level of sensitivity.

Another experiment, involving (if+,ir~) from 51V and 7Li, was

reported in the same journal volume [Co-68]. The University of

Rochester 140-in SC was used to produce a 31-MeV rr beam, with a

width of 3.5 MeV and a flux of "-LSxlO1* ir/s. A magnet instrumented

with spark chambers, to ray trace particles, identified scattered

particles at a laboratory angle of 29°. Two ir~ events were

identified from each target, though at Q values different than those

predicted. Again, no DIAS was observed, and the differential cross

sections were lower than predicted [Ko-65] by a factor of —100.

Most of the electronic detection experiments (except at

Rochester) suffered from the inability to unambiguously identify

outgoing DCX pions. Particle trajectories (as measured at Rochester)

were needed for these very low-count-rate experiments. A later

reexamination of the Rochester results [Bu-80] indicates that the

several events actually did occur with about the correct Q value, and

that a DIAS transition was probably seen in 51V.

The decade of the 60's closed with little reliable

information on DCX. The possibilities mentioned by Ericson in 1963

[Er-63] remained only possibilities. One of the great obstacles to

all the experiments was the very low incident pion flux. That,

combined with low cross sections, conspired to make experimental
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running time very long with the return of only statistically marginal

data (at Rochester they saw ~J DCX event/week). Any significant

studies would require beam intensities several orders of magnitude

greater than those produced so far. Further work awaited the

development of the dedicated meson facilities of LAMPF and SIN.

These new accelerators would provide secondary meson beams with

flux_s ~108 ir/s.

In 1977, the first reports on OCX at LAMPF and SIN appeared.

The LAMPF experiment consisted of a survey of 0° cross sections for

(TT+,IT) from various nuclei [Ma-77] [Ho-77] [Bu-78] [Co-79]. The Low

Energy Pion channel (LEP) at LAMPF was tuned for pion beams in the

range of 95-145 MeV, with a 1% (momentum dispersed) width and flux of

~2xlO7 ir/s. Since LEP consists of four bending dipoles for momentum

analysis, targets were placed in the middle so that the first two

bends could be used to focus a beam on target and the second two

bends could act as a 0° spectrometer. The final-state resolving

ability was -0..5 MeV. Discrete two-body final states were observed,

both DIAS and non-DIAS. Among the targets were 16»180 and 2**'26Mg.

A three-point energy excitation function was acquired from i 80, and

is in good agreement with the latest results, though too incomplete

to indicate the nature of the function as currently observed.

At about the same time as the LEP experiment, the

ground-state DIAS in the reaction 18O(ir+,ir~)18Ne was observed at SIN

[Pe-77]. The SUSI spectrometer was used to identify scattered

particles at 18°. Two incident pion energies were used, 148 and
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187 MeV, with fluxes on the order of ~3xlO6 if/s. The cross sections

determined were:

147 MeV: < 70 nb/sr,

and

187 MeV: =120 nb/sr.

The LEP 0°, 139-MeV point was ~2.0 pb/sr, indicating a strong angular

dependence for the reaction. The final state resolution, however,

was not sufficient to resolve possible contributions from the 2*

first excited state.

The last experiments before those reported here were

performed with the EPICS facility at LAMPF [Se-79J. Angular

distributions from 13° to ~45° were examined for (IT ,n~) from 180 and

9Be at 164 MeV. The DIAS and 2+ states were seen in 18Ne. Both the

*8Ne (g.s.) and 9Be distributions appear to be non-simply

diffractive, though the 2+ in 18Ne was believed to match well an 1=2

shape.

By this time, we knew the magnitude of problems to be faced.

The sometimes conflicting results could be attributed to known

experimental difficulties, and the high-resolution data indicated

that the explanations would not be simply arrived at. Careful,

systematic investigation was called for.
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APPENDIX III

Isospin Quintets in the lp and s-d Shells
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ire related to the off-dlagoaal aatrii eleBwaU.
Accurate »ea—reaat a of the aiaeeee of T ' j
•jwrteU hare (how* that the quadratic fora of the
DIME worka rery ««U far 11 of 12 coapleu
awrteU, the ealy aacefUw h*Mg the (rowd-*tal«

» '

ror T-Iaaaitete, ealy two'"' (A - • , » ) kan
Ui aU awahers aeaeared with wltlclaat acnir-
•ejr to teat tke O(ME. FerA'l, rtfaiftcMt tin—
afdr. '««r/arenaairedtof)tthea«a. Theee
taraa prehaMy artoe tnm akUta la the aaergy
lerela of two aatatet a a a a e n due to laoaplM-
aliomd partlel»-dee»» width*. Mea«ared valtwt
fortheA-lOaaMet, which U koaad to IioepUi-
•Uowed particle decay, *how agreeaeat with the

quadratic IMME. The preeent ncaaurementt of
the grouad-atate m u n i of "St and "Ar complete
the A • 24, 32 quintet! allowing further leate of
the IMME for cues of no ieospin-allowed particle
decay enamels open.

The plon douUe-chargr exchange reaction (•', >')
recently etadled by Seth asing the EPICS spectro-
aeter facivty at LAMPF,' provide* an exceUent
method for aeaeurinf the aaaae* of T,' -1 nuclei.
The epectroaieter uses a set of aultiwire propor-
tional drift cluunber* at a foe** before the diaole
augnets to allow software momentum matchinf of
the apecti ometer to the rooaenUm-dispersed
bean. We hare modified the EPICS syateni by
placing an addttioaal dlpole bending magnet after
the pfon iicatterlag target on the routing arm of
the spectrometer and before the spectrometer en-
trance (Fig. 1). ThU allowed a twanty degree *ep-
antion angle between the outgoing •* beam and the
scattered • ' beam from 0' double charge exchange
(DCX), which lad to a considerable count rate re-
duction la the chambers (F, -F.) aad enabled the
Brat systematic aeasureaeau of angular distri-
butioas for OCX at forward angles.

Caergy excitation faaeUons of da/dB (SI and

FKS. 1. acseaatic Ties ct tke CMCf syeteai • • modi-
fied (or DCX.

Cll«*9 TWA
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C. « . •URLESON tt ml.

"NciGS.)

•O(G.S)

3
(M*v»FIG. 2. 4 -Ml» stactn fraa arctu of •*», "C, »S.

"MgO. wd "C. lor DCX IMdlaf la tk> flsal M M u

aa«ulardl*trib*tioaafortheBoaaaalog, aaalogtraas-
W O H '••••Od', • ' ) ""Neaaa" "• I i»aj<»\ »")»••"«
have been n u n n l ' For tht aoMaalOf traasi-
tlon* the large*! count rat** (a product or pion
flu. croM sectloa, aid awvtval fraction)
w i n M m at 1M IseV aad 5', the anoat for-
ward anflt maasursd. By awssurlag mlssiag
• M M (« valuss) tor the DCX reaction (V , i"),
at thU « w r n and aadt, «a Urgste of "C, "M|O,
andXStotlwirawdatatMof "O, "H; *m, aad
MAr, w* have d f n a t a l tht mam t r i a a i a of
H M H rwldaal meUt ralatin to thoa* of th* tar-
awtaocM.

Tkt l lMUirf ottlM Biaatat M M calcnUtloM
• u UUrmim* ay wriac ptoa acaturlac to th*
f roMd Mat*, 4.4M aad 7.tM M*V atataa ar "C.
Two attlaga at tfca aatctraaiaCtr wart aMd ta
•rdar to c o m th* *atir* local ftaa* n 0 e a aaai

in the ausa DMaaunaMota. The niiaalnt maa*
calculation (ths vp^rtra sbtaiaad are (horn in Fig.
1) wiM l laur to 10 keV o**r the focal plaiw ration
wad in th**« > « N r w M l . Abaolatc calibration
waa done by mcaavriiif the crouad-atate macaea
of "C ami "O.10 Ming 'Be and "C targeta. The
•jratcmatic error Introduced b*caut« of «nc«ruin-
Uea in the calibration waa t i l keV. Since the
macnet* were aot chaafad for any of the maa*
BMaaureaMnta, there were no ayatematic erron
iairoducad dae to mafMt Mtting raproducibiltty.

Target thickneaa corractiona to ateaaured d
Talue* were made by Being roeaaurenwata of the
energy low in each target for pton alaatic and in-
•laatic acallenng at 15°, again wing th* tame
nisgMt aattiag*'»r all targeta. Relative energy
loaa*a between th* target* were determined to
better than *10keV for all target*. Both the
channel aad epectrometer atagntic H*ld* were
monitored periodically throughout the run. Fluc-
tuation* In the apntroautcr field* contribatwi the
largeat eyatematic error* of »JO keV.

The targets ueed were 10x20 en with UilekMli-
M from 157 to lit aag/cm'. Thew thicknaaacs
with the Intrinsic apectroauter r**olation of
-200 keV coaibined for w overall resolution of
- M 0 keV (tall width at hall auurimvm). With 10
to 30 count* in the groand-atate peaks the ataticti-
cal errora obtained for all the (I value* were lesa
than « k*V (»). Although »ot important to th»
mas* meaauremeata the differential croa* aections
for these reaction* are presented in Table I be-
C U H ot their gaacral Interact.

The resulting man •«:«* • * * aad error*, includ-
ing mil ayatemaMc contribution* di*cu*a*d in the
text for "O, '•Ne, >^1, and "Ar. are 32059(41)
3405H4S), 10U2IS2), aad-21S1 (50keV, respect-
ively. The Talu** of "O and "Ne may be com-
pared with those ot Kskelia et « l . " of 32100(120)
aad23S20(t0)keV. mpectively. OurrcMltcplu*
these for the other known quintet amaber* are
summarized in Table D.

These • *»* *» ware used to determine the co-
sfflcisnts of the IMME. The value* w*re fitted to
all order* in T. with a least-squares program aad
the fitted coefficients are listed In Table M. The
rsaucsd x1 value* show that there U no evidence
for higher-order ter»>*; i.e.. whs* such terms
arc aatractcd they are consistent with zero. This
cuastitst** farther evidence for a aadear force
which give* a cpadratic MME.

Th* aathora grattfully aduwwtedge the excellent
ischaical support of the LAMPFMP-10 staff aad.
a particular, Noay Taaaiia. This work was sap-
fsrtsa' by the Msdiaai Energr Division of the
U.SJ>.O.E. aad the Robert A- Welch FouadaUon.
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Interference Effects in Pion Double Charge Exchange
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and
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ABSTRACT

Pion double charge exchange (ir+, w~) has

been measured using targets of 160 and 18O from 80

to 292 MeV at a laboratory angle of 5°. The cross

section for the double-analog transition is

explained in terms of a direct double-analog

amplitude and a two-step non-analog amplitude.

PACS numbers: 21.10.Hw, 25.80.+

[NUCLEAR REACTIONS: 16O(w+,7r~) 16Ne(gs) and 18O(ir+,ir") 18Ne(gs);
6 - 5°, E H - 80 to 292 MeV, deduced two amplitude explanation
for cross-section variation]
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Perhaps the most perplexing result to emerge from double-

charge-exchange (DCX) measurements with the (ir+,w~) reaction is the

observation1*2 near the (3,3) pion-nucleon resonance that cross

sections for the T » 0 targets ( 160 and 2l|Mg) are almost as large as

those for T - 1 targets (180 and 2 6Mg). Of course, only the latter

can proceed by the usual DCX mechanism3'"* connecting the double

isobaric analog state (D1AS) to the ground state (i. e., parent

state) in the target. It would thus appear that some additional

process is contributing to DCX and that it is not negligible compared

with the DIAS transition.

An additional puzzling feature of the data is the structure

in the excitation function5 for 180(ir+,ir") 18Ne(gs), which has been

measured for pion kinetic energies from 80 to 292 MeV. At a

laboratory angle of 5°, this cross section possesses a peak near

130 MeV, a dip near 170 MeV, and then a slow monotonic increase above

that energy. This contrasts with calculations'*'6»7 for the DIAS

transition alone, which predict a monotonic increase over the (3,3)

resonance and beyond.

We report here on a measurement of an excitation function for

*^0(n ,ir~)^Ne(gs) and a very simple model that appears to account

for the data. The 180(K+,IT)18Ne(gs) data have been published

previously.5

Data were collected on the Energetic Pion Channel and

Spectrometer (EPICS) facility. A system for investigating DCX

reactions, from 5° to 35° in the laboratory, has been incorporated5
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into the EPICS system* A circular bending magnet (in the horizontal

plane) was positioned after the pion scattering target. This allowed

the charge-exchanged pions of one polarity to be separated from the

outgoing beam of the opposite polarity. Eliminating the unwanted

pions significantly reduced the counting rate of the spectrometer

entrance drift chambers. Targets chosen for the study were the

isotopic pair 160 and 180 in the form of isotopically enriched ice of

a 1.0 gm/cm2 thick. The 16>180 pair was chosen because of the many

calculations performed for DCX on 1 80. Further experimental details

are contained in Ref. 8.

The experimental excitation functions for

16»18O(ir+,iT)16»18Ne(gs) are displayed in Fig. 1, along with the

calculation of Miller and Spencer7 for the 180(w+,w")18Ne(gs) DIAS

transition. A number of observations are in order:

1) The calculated curve appears to agree with the 180 data,

in both shape and magnitude, at the higher energies.

2) The 160 cross section is small at those higher energies.

3) The *60 cross section has a resonance-like structure with

a peak near 160 MeV.

4) The peak in the 160 data roughly coincides with the dip in

the 180 data.

We believe the 180(ir+, ir~) 18Ne(gs) amplitude is a sum of two

terms: One is the usual double-isobaric-analog-transition (DIAT)

amplitude, which leaves unchanged all quantum numbers (except t ) of
z

all nucleons, and has been referred to in the literature as a
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quasi-elastic amplitude^; the other, which we call non-DIAT, is the

sum of all processes that can (without violating the Pauli principle)

change any two neutrons into any two protons, e. g.

V(ld5/2)o+ * ir(2sl/2)Q+ • ° r v(1Pl/2>o+ * ir(ld5/2)o+ • e t c < F o r t h e

present, we need only the forward-angle amplitudes as a function of

energy. Let B(E) represent DIAT and A(E) non-DIAT. Then for B(E) we

can use the calculation of Miller and Spencer.7 We propose to take

A(E) from experiment for 160(u+,if")16Ne(gs). Because the pertinent

non-DIAT routes for 160 and 180 are so similar, A(E) for

18O(ir+, ir~)18Ne(gs) is approximately equal to A(E) for

160(ir+,O 16Ne(gs). Rough estimates give a ratio between 0.7 and

1.5, with reasonable assumptions about the relevant wave functions.

In the simple model presented herein, we merely use a ratio of unity.

If a specific model for non-DIAT ever becomes available, more

detailed calculations can then be done. For the present we have

a,, (E) - |A(E)|2
160

and

o (E) - |A(E) + B(E)|2 ,
180

where |B(E)|2 is the Miller-Spencer calculation.7

The amplitudes A, B are complex:

A - a e a and B - b e b

so that
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c(160) - a2

and

o(180) - la e
1** + b e ' V

a2 + b2 + 2 a b cos I<f>a -

where b is the Miller-Spencer7 cross section. We have obtained a

rough fit to the data with only one parameter, | $& - <j>bl, which,

however, is energy dependent. The solid curve in Fig. 1 is the

result, and the phase differences are listed in Table I. In general,

the interference of the two amplitudes is constructive below the peak

in the 160(ir+,n~)16Ne(gs) data and destructive above that energy.

However, for all points above the peak, the phase difference is only

slightly larger than 90°, whereas below the peak the phase difference

drops smoothly towards zero as the energy decreases. As simple as

the present model is, it gives a good account of the data throughout

the energy range.

Another puzzling feature of the 1 80(» +,O 18Ne(gs) DCX data5

is that at 16A MeV, the 18Ne(gs) angular distribution has a minimum

at a much smaller angle than would be expected from a diffractive

model, whereas at 292 MeV, the minimum is at the correct angle.

Within the present model, this effect is easily explained. At the

higher energies, the non-DIAT amplitude makes a negligible

contribution, but near 160 MeV it interferes strongly. Thus, even if

the two angular distributions represented by A and B both have minima
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near the diffractive position, it is still possible for the strong

interference to put the 180(*+,n~)18Ne(gs) minimum at a very

different angle. Of course, a variety of interference effects can

shift the angular-distribution minimum at 164 MeV. We offer a

specific choice for the interfering amplitude: it is roughly the

same amplitude as that giving rise to the 16O(TT+
JII~)

 16Ne(gs) cross

section. The smallness of the latter at 292 MeV leaves the position

of the *8Ne(if ,ir~)18Ne(gs) minimum unchanged at that energy. It

would be instructive to measure the ground-state angular distribution

for 1 60(n +,0 1 6Ne(gs), for which we expect a diffractive minimum.

Knowledge of that data should help immensely in calibrating the

nature of the non-DIAT contribution to DCX.

This work was supported in part by the United States

Department of Energy, the Robert A. Welch Foundation, and the

National Science Foundation.
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Table I. Results of phase differences from present fit.

Kinetic Energy |$ - fyj

(MeV) (degrees)

101 20

141 40

182 95

211 99

231 100

292 105
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FIGURE CAPTION

Fig. 1. Experimental points for 180(»+,»")1BNe(gs) [closed circles]

and I60(* ,*~)16Ne(gs) [open circles], measured at a

laboratory angle of 5°, as a function of * laboratory

kinetic energy. Dot-dash curve is a calculation for the

180 DIAS transition from Ref. 7. Solid curve is obtained

from this curve and smooth dashed curve through the

160dr+,it~) 16Ne(gs) data as outlined in the text.
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APPENDIX V

Observation of a Double Isobarlc Analog State in the Reaction
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Taa Urat oaaarratloa of MAS waa aaaa by Gar- Hor* raeaat raaalU,1-' vktek hara
var, Carar, aad Pakl* aaiai MM raacttoa f*,r) tormui-mglt OCX maafaraBMata to aaarclaa
oa taraata of "Mg, "Fa, aad <*n. Bjck a rtac- wall akoro tfea (3,1) raina—c* oa iaotople aaira
ttoe la aaMltabUfor obaarrlaf OIAS ta OM larga- of tariata: m'*O aw) "•"Me, bava ltd to aara-
A ratloa of tb* aniodlc table baeaaa* k* ratio ral laportaat obacrvaUou: (1) Tb* aaaloc to
ol eroaa aNttoaa for anpalatlat T • Tt*i atataa aoawalot erOM-aaettOB ratio* at S* lacraaae
•or»r t > laa( lvaaaaelaaa, la fnaal ia ta ly 1/ from aadalmum <f 3U aa! 1.21 at aacrglaa
T*.a aaar tbt 0 , S) raaraairt to SO:1 aad 70:1 at IK

Tfct oaly rcaorlad abairraMaa of a HAS la MtV for Hw ar/gea aad •aaaitlaai laotoaaa, ra-
baary aaelal by Boffaiaaa *t«/.' aaad Iht UoapiD aaacttvaty; (J) iMboatb eiaaa-aaettca aairaUr
lortMdiei raacttoa diatrlbattoaa bare aoaalaala dUfracttoa abapea

) f l * fraettoa rtipei wltt aaa of aparoailate atrowg-
* abaoratloa radU; Md (3) aaalog DCX eroaa aac-

vbert tk* two datceltatlon protaaa wbere ae- tloaa aa both "O aad "Mg yaak it 2t3 MeV aad
ateta* la eotodaaac» to arortae « —l|ai ahjaa- are aboat a factor af 3 largar lhaa at eaargiaa
tare of tbt reaettoa. Mora raeaat aWeiaati to re- aear m$ (1,») raaoaaaee. Taa* It ajpawa &at
arodaot (fee ranlta of ttta acparlBtat bara DCX at aaergtea aaor* tbt raaoaaace awy abow
failed.* the seated aaalog dotalaaact to aeaay OUS la

Allboarli tbe aotibUlty of aadttag PCA1 with baaryaaolal.
aae of ploa doaUa charge aackaafe (DCX) at aa- CoaaataaaUy, wa bara aadertakea a atody af
argiea aear aw (1,3) reaoaaace baa beta recog- Ike raacUoa •"»(«',iT*AKDIAJ). TkeaaU
•tea* far aoaw Uate,* baaati wit* aaffldaat ploa ware obtaiaad at aa lacldaat aioo aaergy of 191
Urn ml eaeetroaieter ayataaaa wllb adtaaate aa- MeV dab) aad at i ' Cab), aaiag tke EPICS facility
argy raaolattoa to aaady tali reaettoa bara aot at the CUaloa P. Aadaraoa Maaoa Phyalca Fadll-
baaa artilabU aadl rttaady.* taMUl aaadlaa of t/." Tkt addltioa of a dtpole au«aet at tb* froat
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-JO
0 VtLUC (IttV)

no. 1. Do
Tk* B i m ladle*!* tk* •nwtad toeatfea* of Ik* 1*0-
harle aaalog M k (UM awl of Ik* dMbl* laokarl* I B V
kg *«at* (MAD.

of the apectrometer to permit amaU-aafle DCX
BMM«rem*oU kaa beea deacribed prevloualy/

The fault eoaaieta of oaa DCX Q-vatae apac-
t r w d l c . » . The eaerfy wkere ft* DIASiaes-
pactod to ocoar caa be calculated by

««-*c+J(M,-*f , ) - -J5.J kleT, (1)
where * c l» «*• Coaloaib dUplactaMBt aaargy1'
mdM,-M, la the aeatroB-proioa D I M dUTer-
aae*. A peak eaa be aeaa to ocear aaar thta ea>
eriy, which la marked by a vertical arrow ia the
flfare. Aa SBalyele of 0>!a peak, located at M
±1 HeV (moat of the error la the locattoa coaaaa
from ayatemaile errora), iartJcatea it ia aboat
ataadard devlatioBB above the back|roBBd. The
wldlh of the atata la aboat 1 M*V mi the eroaa
aecttoa to tkU atate U 0.44± 0.1S Mb/ar.

iaamnlaf aaalof doodaaae* aad aalaf a a*mt-
rlBHlcal theory, Jobaaoa" baa derived a almpl*
spraaaloa Ior the A dwpeadeaee of ptoa DCX
eroae aacHoae to MAI givea by

r»W-*- l ) . U)

^ ^ * ••>>* ^ w ^ • * • » >• ^ ^ ^ jm^^rm^n QeVwaiD eUflwwC WTIWBB

• w two previoaaly reported'1' croaa aecHoaa for
DCXtoDIASatSttMaVaadt' . Fltttaf the data
wita DM above fora gtvae » , - » 0 mb/ar m* ac-
eowata for the A depaadaBee of theee ereaa aee-
Heaa raaurkaHy well.

m coactaalOB, we have obaerved the MAI at
the croaad atate of » • » ia ""At aaiaf the HOB
DCX reacttoaa. The Q valae for thU reaeHea
agreaa wltk predtcttoaa baaed oa Coaloon dU-
HaeaaaaBt eaereiaa aeaaBrad ia aarUer eMlea
eflAI. Tea croaa aactloaa for ejieidBC Ike DIA3
ia Bloa PCX are remarkably well aaecrflbad by a

1234

FIO. S. * 4trmdmmt of all of Ik* HIKM til a* e i » »
i * r PCX traartrtoai to DIM i t 2H M*V. Ik*

• I* a yradtoUoa baaad oa «u MBUelaHlMl
. ID «• fir** I* Iq. (S.

alafl* eenldaaaleal OMory of auck traaatttoaa.
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APPENDIX VI

Tabulated (w ,»") Cross Sections
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Energy Excitation Functions — do/dfl at 5

T w (MeV)

"'ouV-j
310
292
261
231
211
182
164
141
117
101
81

180(ir+,O
292
261
231
211
182
165
117
101
81

12C(*+,O
180

32S(ir+,iT)
180

da/da

(18Ne (g.

1
2
1
1
0
0
1
1
1
0
0,

.992 ±

.405 ±

.469 ±

.079 ±

.960 ±

.876 ±

.011 ±

.714 i

.765 ±

.839 ±

.925 ±

18Ne (2t
0,
0.
0.
0.
0.
0.
0.
0.
0.

12c
0.

32j

0.

.342 ±

.238 ±

.336 ±
,316 ±
,022 ±
,033 ±
,197 ±
,469 ±
243 ±

) (g.s.
400 ±

' (g.s.
084 ±

(Ub/sr)

s.

0
0,
0.
0.
0,
0,
0,
0.
0.
0.
0.

, 1
0.
0.
0.
0.
0.
0.
0.
0.
0.

,J
0.

)
0.

,DIAS)

.252

.187

.160

.120

.129

.102

.116

.203

.256

.168
,308

.89 MeV)
,086
079
069
127
034
049
112
138
365

050

025

(MeV) do/dfl (pb/sr)

26Mg(7i , O 2 6 S i (g.s.,DIAS)

310
292
260
211
141
120

292
250
180
141

0.922 ±
1.000 ±
0.450 ±
0.277 ±
0.338 ±
0.385 ±

0.192
0.143
0.098
0.060
0.074
0.010

[g.s.)
0.014 ± 0.006
0.013 ± 0.007
0.078 ± 0.018
0.290 ± 0.062

292
231
211
182
141
101

iT)16Ne (g-s.
0.119 i
0.087 i
0.113 i
0.339 i
0.348 i
0.146 i

0.022
0.018
0.041
0.068
0.070
0.073

, O (g.s.)
180 0.150 ± 0.030

(»+,w-)l3o (g .s . )
180 0.100 ± 0.030

209Bi(ir+,n")209At (-35 MeV,DIAS)
292 0.460 ± 0.150
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Angular Distributions — do/dfl at 164 MeV

©lab <De«>

180(w+,O

5
8

13
18
23
28
33

ida/dfi

18Ne (g .

1,
0,
0,
0.
0.
0.
0.

.011 ±

.720 ±

.323 ±
,068 ±
,046 ±
.178 ±
247 ±

(pb/sr)

s . ,

0 .
0 .
0 .
0 .
0 .
0 .
0 .

DIAS

116
089
049
014
014
030
049

©lab <De*

180(ir+,1T

5
8

13
18
23
28
33

) da/dil

)18Ne

0.
0 .
0 .
0 .
0 .
0 .
0 .

(2+

033
070
083
094
168
158
128

(lib/sr)

, 1 . 8 9 MeV)

± 0.049
± 0.035
± 0.035
± 0.022
± 0.028
± 0.035
± 0.043

Angular D i s t r ibu t ions — dq/dfl a t 292 MeV

Qlab <D

l*0<*+,
5*
8

13
18
23
28
33

eg) do/dfl

O18Ne (g.
2.405 ±
1.952 ±
0.593 ±
0.177 ±
0.064 ±
0.065 ±
0.103 ±

(vb/sr)

S..DIAS)
0.187
0.378
0.160
0.089
0.012
0.014
0.018

©lab <DeS

26Mg(*+,,
5
8

13
18
23
28
33

) da/dft

")2 6Si (g
1.000
0.684
0.291
0.056
0.035
0.023
0.100

(lib/sr)

.S..DIAS)
± 0.143
± 0.127
± 0.065
± 0.019
± 0.013
± 0.015
± 0.036
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