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THE POSITIVE-PION DOUBLE~CHARGE-EXCHANGE REACTION: EXPERIMENTS
ON THE ISOTOPIC PAIRS OXYGEN-16,18 AND MAGNESIUM-24,26

by

Steven Joseph Greene, Ph.D.
Tne University of Texas at Austin, 1981

Supervising Professor: C. Fred Moore

ABSTRACT

The (l+,w') double-charge-exchange (DCX) reaction has been
performed on targets of T=0,1 isospin (and isotopic) pairs 26r18g ang
2“’25Hg. Energy excitation functions of do/df, across the (3,3) =-N
resonance, are presented for transitions to double-isobaric analog
state (DIAS) and non-DIAS ground~state residual nuclei. Angular
distributions in the region of 5°-33° are presented for the DIAS from
the T=1 nuclei. The eimilarities and differences of DIAS and
non-DIAS distributions are discussed in relation to
reaction-mechanism and nuclear-structure eifects. Also, a simple,
two-amplitude model for the 180 excitation function, consistent with

the data, 1s presented. The wutility of DCX in nuclear mass

measurements 1s discussed, with some examples.




I. INTRODUCTION

The pi meson is the lightest of the family of hadrons, those
particles which interact via the strong nuclear force. Thelr
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 1lightest mass, and therefore
lcngest range, component of these is the pl 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 pione are
bosons (J=0) and have total isospin T=1. Having J=0 implies that
there 1is no spimspin coupling term in the force description when
scattering plons from objects possessing spin. Total 1isospin T=1
means (in analogy with the quantum-mechanical spin) that there are
three possible projections of the isospin vector, Tz-il,O. These
projections correspond to the three pion charge states ‘l+, ", 70,

Though pions are unstable, they are relatively long-lived and
may be used as scatiering 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 m mesons.

Particle T Tz JT Mass Mean Life Decay (%)
{(MeV) (sec)

n* 1% 07 139.57  2.6x1078 v ~100
elv ~1.3x10_§
wovy ~1.ZX1O_6
e vy ~2.2x10_
e“wn® ~1.0x1076

n0 1 0 07 134.96 8.3x10717 YY ~98.8
vete™  ~1.2

YYY <6x10"3
e+e'e1e° ~3.3x1073
YYY <5x10™4



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 [Ei-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 (J"), depends only on the total isospin
configuration of the »-N system. The isospin configurations |T,Tz>

of the possible n-N systems are:

ip,v> = 13/2,3/2>

ip,n0> = ¥273 13/2,1/2> - /173 11/2,1/2>

Ip,n > = ¥1/3 13/2,-1/2> - V273 11/2,-1/2>
In, o> = Y173 13/2,1/2> + ¥2/3 11/2,1/2>
In,®% = V273 13/2,-1/2> + /172 11/2,-1/2>
In,7 > = 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 m-N systems with J=3/2, the ratio of scattering cross

sections is



o(x* +p) _o(x" +n) _ 9 -1

oxt +n) o(v + P) 1

The configuration here is (J=3/2,T=3/2); it is a resonance in the
J=3/2, #=1 partial wave and 1s commonly known as the (3,3) #-N
resonance. This result indicates that a r+(:-) will preferentially
interact with a proton(neutron) at this resonance. The peak of the
resonance corresponds to an iIncident 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 w-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 potentizl [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) 1s related to the

transition matrix amplitude (T) by the equation

S¢1 = Gfi - 2!16(Ef-Ei)<f|Tli>, 1-2

where 1 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

tan = (bgtb EaoTy) + (cte Tpe T (RXK"), 1-3

where E“ and fN are pion and nucleon isospin operators, ® and K’ are
pion initial and final momenta, 3N is the nucleon spin operator, and
(b 02D 1€ g0 C ) are energy-dependent parameters for the isospin

dependent m-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 ®-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 4 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
formlations of the optical potential. Miller and Spencer [Mi-76]

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

26V 4g(r) = 6 g(N+2) (21) 3[(k/k A (r)=(k /k)CVp(F) V]

+ (27) 3(aif , T 18) [(k/k)Bp, (£)=(k /k)DVo (E)V]. 1-5

N and Z are neutron and proton numbers, k and k. are intermediate and
initial pion momenta, TN is the nucleus 1isospin operator, po(r) is
the nuclear density, and pl(r) is the difference between neutron and
proton density distributions inside the nucleus. The subscripts a,8
refer to elastic and charge-exchange reaction channels. This 1is a
first-order optical potential — it is linear in the density terms.
Multiple-scattering theory develops the ¥-nucleus t matrix as

a series, summed over individual nucleons:

T = zti+ Ztigtj"‘ . 1—6
1 1#j

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



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

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

Voah) = faln {vh2) 2R, B e o8, )
+ (al (TP 218 (B, R (R",E7) + (a1, +Tgi8)
x (to(fc',lt")tl(lf“,l?’) + tl(ﬁ,ﬁ")to(k’",ﬁl))}

x €(d 3 ) <Kk" | (E-e-k-V) " Hik">. 17

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) (n7,77) elastic scattering,

+ %,
2) (7 ,7’) 1inelastic scattering,

+
3) (= ,n% single charge exchange,

and

4) ('t"i) double charge exchange,

In the t matrix form of Eq. 1-3, the (bo,bl,co,cl) parameters all

contribute to the elastic scattering reaction. Only parameters b1

and ¢, contribute to charge exchange. The complete t matrix series

1
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 mltiple-
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 picture 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 n-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 fsospin T=0,1 isotopic pair 16,185, The
single-particle shell-model description of these nuclei is shown in
Figure 1-2. The 180 nucleus has N=Z; and the 80 nucleus, which has

N=Z+2, resembles 180 plus two valence neutrons. In 1% 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 1d level are opposite a vacant proton

5/2
level. The (1+,I-) DCX reaction (hereafter DCX will refer to (w+,w')
unless otherwise specified) on the oxygen isotopes 1is characterized

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

the final-state nucleus:

160", n7) 16Ne (g.s.) =-- (AT=2,4T,=-2)

and

18o(xt, n") 18Ne (g.s.) =~ (AT=0,AT,=-2) .

Transitions involving a change in T,, and not the total isospin T,
lead to 1isobaric-analog states. A ATZ-—I leads to the
single~isobaric-analog state (IAS)[An-62], and those of AT =-2 lead
to double-isobaric-analog states (DIAS). The transitions themselves
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 15Ne is the DIAS of the 180 ground state.

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

11
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process of the DCX reaction to the DIAS as simply changing the two
ld5/2 neutrons into ld5/2 protons. Identifying the two nucleons
involved in the reaction makes it possible to look for correlations
between them. Comparisons between 18y and 1l6p 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=0,1 pairs, of differing nuclear structure, would help
geparate 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 w-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 1sospin flip of the pion, it

should be sensitive to the isospin structure of the nucleus. DCX
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reactions may also be used as a tool for the creation and study of

protomrrich nuclei far from the line of nuclide 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 (1r+,'n_) measurements. The measurements include angular
distributions and energy excitation functions of the differential
cross section do/dSQ. Measurements were made for the two T=0,1
isotopic pairs 16»18p and 24126Mg. providing a basis for comparison
of DIAS and non-DIAS processes with various nuclear structure. Cross
sections were also determined for targets of “Be, 12313¢c, and 325 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 DIAS in the reaction 209Bi(w%, #7)209¢,

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
gystematics and comparisons of the T=0,1 pairs, and examines the
A~dependence of the data. Appendices I and II are brief descriptions

of theoretical and experimental DCX history. Appendix III reproduces



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 20931(l+,w')2°9At (DIAS) is
discussed in Appendix V. Appendix VI is a tabulation of the DCX

cross sections measured here.

15
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ITI. EXPERIMENTAL SETUP

The (n*,7”) double-charge-cxchange 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 Nationmal 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 HY of ~3.4x1015 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 may also be accelerated, with currents in
the nA runge.

The HY beam 1s 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 1is 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 5 a probe of nuclear structure. As
outlined in Appendix II it is known that the differential cross

section, do/dfl, is extremely small for this reaction — on the order
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of 1 ub/sr. Several types of accurate measurements are necessary to
understand what DCX reactions c.n tell us; its behavior as z function
of 1incident and final plon 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 coniributions from differing
nrocesses 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(ﬂ+,1r-)18Ne DIAS seemed to peak at the forward directicn, 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=0,1 pairs 16»180 and
2“’26Hg; to study the angular behavior of the DIAS transitions,
especially in light of the report of anomalous behavior observed in

the 180+18Ne DIAS [Se=79); to start investigating the A- (or N and Z)
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TABLE 2-1.

a) EPICS pion beam parameters.

CHANNEL SPECTROMETER
Solid angle 3.4 msr Solid angle ~10 msr
asp/p 2% Ap/p 14%
Beam size (horizontal) 8 cm Momentum range 100-750 MeV/c
Beam size (vertical) 20 cm Flight path ~12.5 m
Beam divergence (horizontal) <10 mrad Dispersion 4 cm/%
Beam divergence (vertical) 100 mrad
Energy range 50-300 MeV

b) EPICS pion flux at various energies.”

Ty (MeV) (x107 wt/s) (x107 %" /s)

70 3.1 * 0.2 1.0 * 0.02
100 6.7 £ 1.0 1.8 = 0.1
145 14.0 % 3.0 3.4 %+ 0.2
193 22.0 2 4.0 4.7 * 0.2
245 25.0 * 4.0 5.5 * 0.1
292 26.0 * 4.0 4.5 £ 0.2

*Normalized to lmA primary proton beam current



s

FIGURE 2-3. Elevation vicw” 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 measurements.

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 HY beam in Line A is focussed to a 2-mm
(vertical) by 2-cm (horizontal) spot on the A-1 pion production
target. A-1 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



basic channel design and optics are shown in Figure 2-4. In addition
to the dipoles (BMOl-4), there are a variety of adjustable slits
(FJ’s) and multipole trim magnets (FM’s) to assist in defining the
parameters (size, dispersion, 4p) 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 d&p/p=%1J%,
where p 1is the central momentum. The pion flux is related to the
proton flux at A-1 which is accurately monitored. The pion flux, as
a function of kinetic energy, is listed in Table 2-1b. 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 resoclution 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 plon 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,6,¢), x being determined to *~]1 mm. This determines
the incident momentum and scattering angles.

Scintillator S1 is located directly befcre 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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TARGET

FIGURE 2-5. Schematic elevation of the EPICS spectrometer showing

relative magnet and detector placements about the
central momentum line.



with respect to either the radio-frequency time structure of the beam
or in relation to scintillators further along the spectrometer.

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 1is folloved 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 B (v/c) to
produce Cherenkov radiation in this gas. Tests conducted of S1-S2
TOF versus Cherenkov pulse showed that electron-rejection
efficiencies were »99.57 at all but the lowest energy (80 MeV).
Except at that energy we were able to run without S!1 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 Sl
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.



electronic 1logic system used here. The "raw" detector signals
entering the counting house are amplified and/or discriminated sto
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 1in the
electronics, is recorded in digital form in CAMAC [Eu-69] (scalers,
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 1is 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 (PID, 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 1is
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 1ion 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 1s continuously

monitored and recorded.

Normalization to the absolute number of incident pions 1is
made by the comparison of experimental cross sections for nt-14 with
those predicted from free I+-p phase shifts [Ro-78] [Do-79]. This
measurement was performed at all energies where data were taken, and

ig estimated to be good to the 10% level.



TABLE 2-2. Sample of the data testing file ALLTEST.

biss 38
27-JRN-78 16:22:36 EVENT 6 FILE DKO:[.135.1821DC3.J.T5T

.4.0,.4000, 3t 351 DE/DX 3PID LOOP 1

3703, = GAT,251.10808. 12008, 32 352 DE/DX PRODUCT
3783, = GAT.252.19800. 12000. 33 $S3 DE/DX PRODUCT
3783. = GAT.253, 10008, 12808, 4 352953 DE/DX

8. = A1.2.5, -] :SPARE

e. = 8L.2.6. H SSPARE

8. = B1.2.7. : 3SPARE

8. = EL.Z,B. SSPARE

8. = HL.2,9 3SPARE
2349, = GAT, 259 12836. 11418, sGAS CEREMKOV PH Sut
3158, - .4, 3BOX
3783, = AND.2.3.4, .GUDD DE/DX

@, « AND.-1.1, sSPAR

3G00D EVENT'GGS CERENKOV

3G0O0D EVENT#NOT(GAS CERENKOV)
:LOOP1 COUNTER

1A CHECKSULM sCHAMBER LODP 2

-1,

3498. = GAT.181.8800. 11560,
3521. = GAT.102.8808.11568. 318 32R CHECKSUM
3564. = GAT.!03.6800.11568. 219 23R CHECKSUM
3549, = GAT,. 104.8608. 11508, Y] :4A CHECKSUM
3148, = GAT, 185.9850.18158. 323 15 CHECKSUH
3153, = GAT.1#6.9858, 1P1S0, 322 26 CHECKSLH
B. = GAT, 187.998@2.18.80. 123 37 CHECKSUM (QUAD CHATBER)
8. = GAT.108.9980. 18188, :24 38 CHECKSUM (OUAD CHAMBER)
3146. = GAT, 189.5850. 10150. 25 39 CHECKSUM
3211. = GAT.110.9858. 18158, 326 218 CHECKSUM
3522. = GAT,161.68880,11508. 2?7 $iC CHECKSUM
3562. = GAT.162.8880.,11508. ;28 32C CHECKSUM
3543, « GAT. 163.880P.11508. 129 :3C CHECKSUM
3521. = GAT. 164.8802.11580. :39 240 CHECKSUM
2541. = GAT.288.9950. 18055. :31 sFRONT DRF DIF PLANE A
2958. = GAT.289.9990. 180208, 332 sFRONT DRF. DIF PLANE G
2668. = GAT.299.95598, 16064, 333 3REAR DRF DIF
1989, = BOX 2. 334 :BDX 2
368. = BOX 3. :35 :BOX 3
2. = BOX 4, 136 :BOx 4
3818. = BOX 5. :37 PIONS
1779. = BOX 6. :38 :BOX 6
2326. = AND..11.31.32.33, :39 SDRF DIF. TST
2995. = AND.1i.17.18.19.20.27.28.25.30. ;40 SFRONT 0K
2999, = AND,11.27.28,25.30. 41 :FRONT C CHAMBERS DK
3016. = AND,11.17.18,19.20. ;42 1FRONT A CHAMBERS DK
271D, = AND.11,21,22.25.26. i43 sREAR C CHAMBERS 0K
2718. = AND.11.43, ;44 SREAR A CHAMBERS 0K (DUHY)
0. = AND.11,23.24. ;45 sQUAD CHAMBERS OK
P534. = AND.41.42.43.44, ;46 SALL EXCEPT QUAD OK
8. = AND.d5,46. 47 SALL INCL QUAD OX
2985, = AND.41,42. 148 sFRONT (EXCEPT GUAD) OK
2552, = AND.1B.15.20.41,43, : 45 SALLBUT 1R CHAMBER EFFICIENCY TEST
2546, = AND,17.19.20.41.43, :50 FALLBUT 2R
2555, = AND.17.18.20.41,43. :51 2ALLBUT 3R
2553, = AND,17.18.19.41.43. 352 SALLBUT @A
2565. = AMD.22.25.26.41.42. :53 2ALLBUT 5
2579. = AND.21,25,26.41.42. 354 SALLBUT 6
0. AND,24.41,.42.43. 355 3ALLBUT 7 (QUAD CHATBER)
-3 AND.23.41.42.43. 256 sALLBUT 8 (QUAD CHAMBER)
2640, AND.21.22,26.41.42. 357 2ALLBUT 9
2593 AND,21.22.25.41.42. 358 ZALLBUT 10
2559. AND.28.29,38,42.43. :59 $ALLBUT IC
2561 AND,27.,29.38.42.43. 360 3ALLBUT 2C
2553 AND, 27,28.30.42.43. 361 $ALLBUT 3C
2554. AND.27.26,29.42,43, 362 SALLBUT &C
0. = AD.-1.1. 363 :SPARE

:LO0P 2 COUNTER

o

N

w
Siseer RN B RER T ENRRNRE S

3783. 10R.1.-1.
GAT.233.6760.9658. SXTGT  :TOP HALF
3145 GAT,234.8927.11380. STHTIGT
3248 GAT.235.9808. 11608, IYTGT
3251. = GAT.236.5000. 11808, sPHITGT
2456 GRT,237.9759, 18251, STHTCHK
2625. = GAT.238.9565. 10441, SPHICHK
1781. = GAT.258.10828, 18238, + CERENKOV RION PH ...
1 GAT.266.99651. 18869, 72 sPION CTOF. .
1763. = GAT.233.9851.11846. 373 3BOTTON HALF
0. = GAT. 1. .1, 74 sSPARE
8. = GAT.1.1.1. 375 3SPARE
] GAT.1.1.1. 376 3SPARE

8. = GRT.1.1. 3?7 SSPARE
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TABLE 2-2,

continued

8. » GAT.1.1.1. 378 E
8. = IGAT.Y, 379 34 GATE (
0. = IGAT.2. 300 sQGATE 2
97. = GAT.233,.9080.9297. 301 ROD §
353, « GAT.233.9492.9606. :82 sROD 2
459. = (AT.233.9869. 10869, ;83 ROD 3
420. = GAT.233.10302. 10482, ;84 sROD 4
124, = GAT,233, 18696. 18997, H :ROD S
8. = AND.-1.1. 366 : SPARE
0. = AND.47.65.66.67.68. :87 sTARGET TESTS WITH DUADS
8. » AND.69,70.87.39, ;83 3G00D EVENT JITH OURDS
2586. = |DR.65.73. H 2XTARG
1978, = AND.46.89.66.67.68. H FTARGET TESTS
2068. = AND.46.69.78. 291 2THTCHK AND PHICHK
2204. = AND,35.46. 352 :GOOD CHBRS = DRFeCHKSUM
1666. = AND.98.91.39. 293 2G0DD EVENT .
1352. = AND,.93.37. ;94 :GOOD EVENT (PION)
314. = AND.93.-37. :95 :G00D EVENT (ELECTRON)
8. « AND,9).66. H :XTARG GATE AND DELTA
648. = GRT,236.9735.9913. 97 sPHITLT -1 DEG.
?81. = GAT.236.9913. 18087, 3 sPHITGT & DEG
772, = GAT.236.10087.18261. 298 3PHITGT «1 DEG
3251. = GAT.236.5089.11080. ;108 sPHITGT FULL ACCEPTANCE
44]. = GAT,233.5768.9519. 3181 sXTRRG o1 (TOP)
1552, « GAT.233.9519.18256. 3182 sXTRRG @2 (CENTER)
1118. = GAT.233.10256.11846 5183 sXTARG 3 (BOTTOMD
8. = GAT. 1. 1.1, ;104 3SPARE
8. » GAT.1.1.1, 3185 $SPARE
B816. = AND.7?)1.93. 3106 :GOOD EVENT.PIDN PH ..
8. = AHD.?2.93, 1107 :GO0D EVENT.PION C
8. = AND.?759.94. ;128 sPIOR IR OGATE 1
8. = AND.BR. 186, 187, ;1@9 sPION IN GGATE 2
283. « AND 94,97, ;118 ULL TGT -1 DEG. .PIONS
332. = AND 54.98. it TaT € DEG. .PIDNS.
356, = AND 94,99, 1112 1GT +1 DEG. .PIONS.
13%2, = AND 94,100, 113 sFULL TGT FULL ACCEPT LPIGNS.
971. = JOR 11@.111.112. 114 sCENTER 3 DEG BINS Sum
65. = AND.95.97. 1115 :-1DEG. ELECTRONS
60. » AND.9S.98, 3116 : BDEG. ELECTRONS
?7. = AMD.95.99, 117 s+IDEG. ELECTRONS
314. = AHD.9S, 100. 118 SFULL RACCEP. ELECTRONS
222, = 10R.$15.116.117. 119 :3DEG SUM. ELECTRONS
1524, « AND.93.34, 120 2G00D EVENT#BOX 2
8. = AND.93,35. 12t :GOOD EVENT#H0X 3
8. = AND.93.36. 3122 sGO0P EVENT=B0X 4
1352. = AND.93.37, 123 &O0D EVENTBDX §
213. = AND.113.101. 124 sFULL RCCEP. PIONS. TOP TGY
Sa6. = AHD,. 113,162, 125 sFULL ACCEP. PJONS. MID TBT
593. = AND..1313.103. :126 sFULL QCCEP. P.IDNS. BOT TGT
3783. = IOR.1.~i. 2127 :LDOP 4 COUNTER (UMDOPEE WERE DONE)
BOX: EUTS FOR-EVENT 6
BDX {. X WAR=253. Y WaR=268 10116<XC(10769 18374(Y(11199
BOX 2. X VAR=237, Y VAR=238 9857<XC10118 9746(Y( 18262
BOX 3. X WRe233, Y VARe235 9778(XC 9538 9589<(Y(1059D
BDX 4. X VAR=266. Y VAR=222 18072{%(10228 8925¢Y(1113?
80X 5. X VAR=266. Y WAR=258  S880(X( 15000 1809P<Y(10855
BDX 6. X VAR=279. Y VAR=288 8923(x<1B956 9669<Y(18559
BOX 7. X VAR=279. Y VAR=28D  8923<X(10956 9669(Y( 10559
BOX 8. X VARe279. Y WiR=208 8923(X<10956 9669<Y<10559
80X 9. X WAR=279. Y VARe28D  @923<X(1P956 9669<Y(1B8559
SOX18. X VARe279, Y VAR=200 @923(XC1B8956 9665(Y<10559
IMDIRECT GATES FOR EVERT 6
GATE 1. INDEX= J: - ]
INDEXe 1: o- ]
X H ]
Mok f & 8
INDEX= 3: 8- [ d
INDEX= 1: [ [
INDEX= 11 [ ®
INDEX= 1: 8- [ ]
INDEM- 1: - ]
INDEX= 13 - [}
INDEXs 1: 8- [}
INDEX= 1: [ 3 ]
13 o- [

1
H
1



The spectrometer acceptance and detector efficiencies were
accurately mapped by positioning the peaks for »t elastic scattering
from IH and !% at wvarious points across the focal plane.
Corrections corresponding to these effects were automaticully applied
to all the data. Spectrometer resolution was determined by measuring
the width (fwhm) of the »* elastic-scattering peak from a 110-ng/cm?
12 rarget. 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-4 ha.e a
count-rate limit of ~1 MHz which camn 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 wt
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 %~ signals from Fl-4 would not be

drowned out by the large xt induced background.
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FIGURE 2-7.
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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 1little 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 ats 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 exiernal fields are solved, and a

transport matrix acting on the beam parameters 1s calculated. This

matrix is modified by each type of element as the beam is propagated
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FIGURE 2-8.
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Schematic plan view of magnetic pion separation using a
circular dipole magnet between the EPICS target and the
spectrometer triplet entrance.



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 1in 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 n~ beam, creating an opening
angle of 20°-30° between the # and %'. The % 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 % and
#" 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 %' 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
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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 C2I(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 JBed4
indicated that the magnet would suffice.

The 10° deflection of the 7~ 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 1in) offset. This realigned the



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-magnet. 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 400) 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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three-scintillator 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 relztive monitor of the beam intensity in relation to the proton

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

plons was accomplished as previously described.

B. DCX Targets

The isotopic targets used in the experiment w:re 9Be, 12C,
13C, 160, 180, Z“Mg, ZEMg, 325, and 209Bi; their thickness, isotopic
purity, and composition are listed in Table 2-3. The oxygen targets
were in the form of water 1ice, 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 MeV) was
sufficiently different from DCX on oxygen (180: -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 2Mg

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

4,7 MeV.



TABLE 2-3. Targets, parameters, and differential cross sections for

(w+,w‘) at solab at 180 and 292 MeV.

Chemical Isotopic ~—=~do/df (ub/sr)---
Target (qg/cmz) composition purity(%) 180~MeV 292-MeV
9Be 296 Be 100 0.15%0.03
12¢ 227 C 99 0.40%0.05
L3¢ 356 c 90 0.10%0.03
L) 880 H,0 100 0.34%0.04 0.12#0.02
18p 1040 H,0 95 0.88%0.10  2.40%0.19
2yg 235 Mg0 100 0.1120.03 0.014%0.005
26mg 409 Mg 100 1.000.14
325' 250 S 95 0.084%0.025

209g4 534 Bi 100 0.46%0.15
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3. Data Analysis

Since data were taken with scintillator Sl both in and out of
the beam, the focal-plane mapping (acceptance scan) was done for each
case, and found to differ. Also, the pilon 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,0,¢), 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 cut 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 fronm
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 excization energy
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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,
PEKFIT {S1-76], 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 1is 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 1in
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:

CH _(ng/cn?)
dopcx Yy 278 11
= xYDCXX._______.__x_x— .
2 €
ae oy %G DCX(mg/cm*) 7

Normalization to the absolute number of incident pions is explicitly
included through the factors Yy (fitted w' scattering yield from
hydrogen), % (predicted scattering yield from phase shifts), and
G (converting center~of-mass ¢ to lab frame of Y). The difference in

the number of scattering centers between the normalization CH2
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hydrogen target and the DCX target 1s 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 1s the fractional weight of H in CHZ’ and € 1s the fraction of

DCX nuclei. The cross-section data appear in the following chapter.
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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 1is at the few percent Ilevel,
also negligible in relation to the DCX statistics. There are also
errors associated with variations in target thickness across the bean
area; micrometer measurements across the ice targets (most subject to
variation) revealed effects of 15/1000 in thickness. All error
sources, excepting the DCX statistics, are estimated to be small and

have at most a combined 107 effect on the measuremeuts 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=l1 nuclei 180 and 26Mg, and for the non-DIAS

transitions from the T=0 nuclei 160 and 2?"Mg. The final states are



all ground states of the residual nuclei, e.g.

16518 zu,zq,g(,+'ﬂ-)1s.1eNe 2452651 (g.s.) .

Also, the excitation of the 2: (1.89 MeV) first-excited state in 18Ne
was observed, though with boor statistics. The energy step size was
chosen to adequately exhibit the gross features of the excitation
functions. The varying completeness of the 160, 2“'25Mg data,
compared to 180, show the need to determine the gross behaviors in
relation to the 1limited EPICS beam time allocated for these

experiments. All excitation functions were measured at 5° laboratory

angle for maximum yield.

A. DIAS Excitation Functions

The 180(1r+,'n-)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 k3,3) 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 ub/sr at 120 MeV,
down to ~0.9 ub/sr at 180 MeV, and up again to ~2.4 ub/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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The corresponding DIAS excitation function for the 26Mg+2681
reaction is given in Figure 3-2. While less complete than that for
180+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=1 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
160+16Ne (g.s.) excitation function. In contrast to the 18
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)/0(1€0) is ~3 at 164 MeV, and nearly 20 at
292 MeV.

The behavior of the excitation of the transition
24Mg+245i (g.s.), shown in Figure 3-4, is similar to that for
160+16Ne, The maximum is again below the resonance, though the fall
off is more extreme than for 160; the ratio o(2fMg)/(2"Mg) is nearly
1 at 140 MeV and 70 at 292 MeV.

The ZT (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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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 9Be
distribution might be explainable as zua interference of £=0 and £=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 1/1C nuclear density point of a
nucleus, where the density p=p(r) and r=R is the strong-abscrption
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:

opcx = (N-2) (N=2=1)A" 1973 [J(qR)=21I4(qR)=aRT (qR)] ]2 . 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 1s 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 18y s
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 28Mg led

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

above the resonance region.

A. 180+18Ne Angular Distributions

Three angular distributions for transitions from 185 are
presented: distributicns 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 1is a
pronounced minimum near 210, in what initially appears to be a
strongly-diffractive pattern. The small-angle peak of the cross

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

rising to ~250 nb/sr at 33°.
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Figure 3-8 shows the corresponding 292-MeV distribution from
189, 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 ub/sr at 5°, falling to ~60 nb/sr near 25°,
climbing back to ~100 nb/sr at 33°.

Again, the ZT 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 £=2 transition

[Se-79].

B. Z6éMg+265i DIAS Angular Distribution

Only a 292-MeV angular distribution was obtained for the
26Mg+265i 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 ub/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 189 292-Mev distribution, differing only

in scale.

3. A-Dependence

Cross sections at 5° from targets of 9Be, 12,13c, 16,18g,

24,26Mg 325, and 299Bi have been determined at either 180 MeV or

292 MeV. The transitions from 180, 28Mg, and 299Bi are to the DIAS,
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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 (DIAS), N=Z, and
N=Z+1. The solid line through the DIAS points is the A~10/3 gcaling
of Eq. 3-1, normalized to the 18¢ 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 180, 2&Mg,
and 2098i. Tme log-log plot of Figure 3-12 shows that it is possible
to make a fair fit to the data with an A”10/3 fynction, again
normalizing to the 18g point. This 1is, 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(n%,77)20%¢ (DIAS) cross section is

given in Appendix V.
4. Mass Measurements

The DCX reaction was wused during the course of these
experiments to measure the ground-state masses of 120, 1l6Ne, 2%si,
and 32ar. The 1% and !®Ne data were re-measurements, improving the
error limit of previous work [Ke-78]. The masses of 24Si and 3%ar
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 w-nucleus interaction with its dependence on
the 7N 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 exhitbited
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=0,1 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 1€»18g and 2“’26Mg, respectively.

Besides this similarity of difference between the two pairs,
there 1is 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 1is 1In the shape of the functions. Regardless of
magnitude, the DIAS excitation functions, within the 1limit 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 ZHMg has a greater fall than the one for
16p (Figure 4-4).

The similarity of the DIAS excitations from these different
nuclel 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 Z“Mg, allows a greater degree of variability between the two
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functions, perhaps 1indicating 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 '"0
ninimum 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 stronmg-absorption radius which 1is
dependent on the kinetic energy of the incident particle [Jo-78]. A

i

+ elastic scattering from calcium isotopes

prelimirary analysis of ~
(M -B81] 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 £,
respectively. Placing the 180 minimum near 25°, and the 2®Mg minimum
near 27°, requires R-values in Eq. 3-1 of 3.1 f and 3.3 £,

respectively, which are in good agreement with the above wvalues.
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c. 18Ne (Zt, 1.89 MeV) Excited State

It 1s interesting to note that the excitation functioa of the
18Ne ZT state more closely resembles the pattern of a DIAS than that
of a non-DIAS. The I8Ne ZT is the double analog of the 189 ZT, 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
arc intermediate and final states.

The angular distribution may have the basic shape of an £=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 180 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 the A- (or N vr Z) dependence of DCX reactions.

At 180-MeV 1incident energy, the data are shown in
Figure 3~11. The target nuclei fall into three families, N=2Z+2, N=Z,
and N=Z+l. Transi-ions from the N=Z+2 nuclei are to DIAS, aid
transitions from the others are to non-DIAS. (The 2®Mg point is
interpolated from the excitation-function data)- The dotted curves
connect the members of the two non-DIAS families. The s53lid line

through the DIAS data is from Eq. 3-1, normalized to the 80 point.



Over this limited range of A, the AT10/3 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"*2"*'*"‘8Ca) would be a significant contribution to explicating
this dependence. It 1is interesting to note that, within the errors
of this limited data set, that the non-DIAS curves are roughly
pai.-lel 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, ZGMg, and 29981, The 180 and ZGMg are T=1l, and the 209g§ g
T=43/2. As shown in Figure 3-12, an A”!0/3 cyrve, normaiized to !®o,
is a falr representation of the trend in the data; the curve fits the
available data over four orders of magnitux‘ie. 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~10/3
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 1light 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
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resonance region. Are dibaryon resonances (or exotic multi-quark
states) contributing to this process [Br-80][Gr~80]?

The two valerce neutrons of 180 could be represented as a
relative 1So (T=1) configuration. The incident p-wave nt is absorbed
by this pair, creating a relative 3S1 (T=0,1,2) intermediate
configuration; which decays to a 7 and two protons in the relative
1So (T=1) configuration. Calculations of the three 3sl-state masses
indicate that they might possibly be formed at E“= 154 Mev (T=0), 270
MeV (T=1), and 497 MeV (T=2) [Ro-80]. Because of the nature of quark
calculations, and ferml wmotion and Coulomb interactions 1in the
nucleus, these energles could be expected to shift by some 10°s of
MeV. Whether this is a dibaryon resonance, a milti-quark state, or a

n-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=1 target) excitation
functions a general feature of all T=1 targets? Is it a general

shape for T > | targets?

2) Are the features of non-DIAS excitation functions always similar?



3)

4)

5)

6)

7)

8)

What is the cause of the anomalous minimum in the 180 164-MeV
angular distributlon? Is it a general feature at this energy for

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

Are the 292-MeV angular distributions basically diffractive? Are
there two, basically diffractive, amplitudes contributing to the

DIAS at 164 MeV?

Since transitions to the DIAS appear to be reaction—mechanlsm

dominated, can any nu: " 2ar-structure 1information be extracted?

Does the same apply to the non-DIAS?

Is the A-dependence of the DIAS really (N-Z)(N-Z-1)A"10/32 yhat is

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

that of the DIAS?

What are we seeing 1in excited-state DCX transitions, such as to

the 27 in 18Ne? Does it actually have an £=2 transition shape?
- + + -
Are (7w ,m") reactions related to the non-DIAS (w ,7 ) 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=1 DIAS excitation functions
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are similar for 180 and 2%Mg. Probably all T=1 DIAS excitation
functions exhibit a similar shape. The similarity 1in the two
observed DIAS excitation functions seens to imply that
reactionmechanism 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=0,1 pairs observed here. If the
reaction mechanism does dominate in transitions to the DIAS it may be
that excitation functic.s for DIAS from T?] nucleil 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 1indication 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 1s to be learned. This is the region where the non-DIAS
and DIAS cross sectlons become similar in magnitude. It 1is also
where the anomalous minimum occurs in the angular distribution of the
DIAS from 180. The cause of this anomaly is currently undetermined.
It can certainly not be accounted for within the context of current
phenomenological trestment, in turn making it difficult to relate
theory to the physical measurements. It 1is possible that various
processes contribute to the DIAS, and are interfering destructively

in this energy region. The effect might also be attributed to



Coulomb-nuclear interference and/or the presence of higher-order
processes. Analyses in terms of the latter two will be shortly

forthcoming [Li-81] [Jo~81].
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APPENDIX I

Some DCX Theories

Three different approaches to DCX are pointed out 1in 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 180(11+,11")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 (d20/dSdE) were of the order

1 - 10 wb/sr near the (3,3) m-N resonance,

2) it should be possible to probe short-range correlations of
nucleons in the nucleus.

The reaction is described as

+ ¥
o+ A(Z) +» {n0 4+ A(221)} + 1T + A(Z%2).

The Chew-Low theory [Ch~56] is used to describe the propagation of
the intermediate (virtual) no, extrapolating its scattering amplitude
off the mass shell. Specifically, calculations were performed for
the reactions:

1) 1~ + 3e » vt + 3n,

2) nt+ 180 » 77 + L6pe.



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) =n-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:

a3q w 3
T(K,Ky) = 2f k! )

[E' (g’a)g'(apz )]’ I-1
(2m3(q=kZ-ie) iF1 T °

J

3

where q represents the i1ntermediate pion momentum and gi is the
scattering matrix for the pion with the i-th nucleon. Using the
antisymmecry of the initial- and final-state wave functions under the

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

may be written as
3IE R, DT,k + TR, DET,E,K) 1. I-2

Now, the operator g(s,a) is actually the product of a
displacement operator times the operator t(#,J) of Chew and Low.
Using the following coordinate definitions:

+ + + _ + 1 > 1,2 . »
=71 p rlﬂi(F2+r3) , and B = 3-(i'l+r

>
32 tr.);

2
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the product of the t matrices may be written as

TR, DT (J,K,) = expl iR -R) +(R-3/3) Jexpli(Rg*R) +(£/2))

x exp[(-ia'?)tz(ﬁ,a)t3(5,§o)]- I-3
For the (3,3) channel the Chew-Low t matrices are given by:
t(3,3) = ‘Zﬂ(wqu)—llz P33(5,a)p—3eid(p)sin6(p). I-4

The individual =#-N phase shifts are evaluated through the

parameterization:
q—3ei6(q)sin6(q) = q 3[cotd(q)-i]~! = (atbqXcq*-ig3) 1. I-5

Integration over the intermediate momentum is then accomplished by

expanding the projection and displacement operators in spherical
harmonics to yield:

2q"*3,(qr)
Jdq n , n=0,2. I-6

(q2—k§—ie)(a+bq2+cq“—iq3)

The phase-shift term in the denominator peaks sharply about q=q,, for
a giver set of the coefficients, and so jn(qr) was replaced at that
point by jn(qrr). Defining the width of the resonance as I, the

remainder. of the integral is evaluated for abs(k—qr) both much



greater and much less than I', 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 momen tum range of interest,
(1.1 < k, € 2.0 mnc) 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 180(n* 17)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

lnlll,nzlz,ku>
may be expressed in relative coordinates of the two valence nucleons

as:

) In1,NL, A><n1,NL,Aln 1 ,n0,1,,2>. 1-7
nlNL

Here the qgan&um numbers n and 1 are associated with the coordinate
'f=f%r_%i= (r.6,0) ,
and the quintum numbers N and L are associated with the corvrdinate
+
R‘=(_r_%r_21= (R,9,¢) .

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

in terms of single-particle harmonic-oscillator wave functions:
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In 1 ,n 1 ,aw> =} <11 _,mm {Aw> ¥y o (8 ,¢)Y (6,,9.)
U m%mz 122 Lim 2 P70l om0 ¥
x Ry (xR, (1) 1-8

n 1,17 el 20

and

Inl,NL, \w> = § <1L,mMj A
oM

x Y M(©, 9)Y] (6, 9IRy (RIR, (1) =9

The R,y(r) are normalized harmonic-oscillator wave functions given by

2n 172 1 -p2/2,141/2, 2
Rn1(0) = bmrrrgry) ¢ e ) - 10

The harmonic-oscillator parameter was assumed the same for both 18g
and 18Ne ground states.

These wave functions are then used to generate the zero-
degree differential cross section (do/dR) over a range of incident-
pion momenta (0.5< m.c £2.0). The results are displayed in

Figure 1-3 (see p.l13).

A fixed-scatterer approximation was used by Kaufmann et al.,
{Ka~74] 1in calculations of single and double charge exchange on light
nuclei (A<20) for incident~pion energies near 200 MeV. Multiple
scattering to all orders 1is treated through Gibbs® formulation
[6Gi-71]) of Watson’s multiple-scattering equations. Target nuclei

included in this study were 9Be, 11B, 13C, and l8p.



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 nucizens at

fixed ?1 is then given by

£k i
G (R, E7) = £ (ke VT + 1K) Jaa £ (3,8
2"j¢1 p1

x Ol +(F - )16 (K,B) . I-11

The f, are free pion-nucleon scattering amplitudes. The pion-nucleus

scattering amplitude is then

F(R,K') =Je ' G R,k . I-12

It is assumed here that the initial- and final~state nuclear wave
functions are identical, the reactions are elastic or lead only to

anzlog states.

Charge exchange is introduced in the following manner. For
an incident =¥ beam, define GT as the elastic amplitude, and G?, G:
as the production amplitudes for 70 and 7~ respectively. Also define
the elastic free plon-nucleon amplitudes as ft+ s f:', and f?o, with
free pion-nucleon single-~charge-exchange amplitudes as ft°, f?+, f:o,

and f?’. The coupled integral equations describing pion-nucleus

scattering can then be written as
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- f+++ fH‘ G+ + f+° GO
G 1 lj;l 3 ljzl j

4

-~

G% = £%4 £9°7 6% + £y ¢t + £9°V G I-13
1 IjZl ] ljzl 3 1j21 i’

-~

G =0+£"YcT+ £7°) 9.
ljzl j lj21gJ

Here, terms like ft+EG§ represent a at being scattered out of the

nucleus from the 1-th nucleon. Terms like f:°£G§ represent a W

scattering out of the nucleus, having been charge exchanged from a 0
at the 1~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 »-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 180. The 0° cross section (do/dQ) 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 ub/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. <er
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



calculational 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=77]. Their efforts included many of the effects being
considered for pion elastic scattering, among them:

1) varying the #-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(E,h ) =a+ cKek’ + (b + dKeR*)(T-D) 1-14
and
local Laplacian: tL(’,"\ =3 + c(kz-q2/2)

+ (b + d(k%>q2/2))(T-P). 1-15

Here, T and t are isospin operators for the pion and nucleon
respectively, ﬁiﬁ;f', and a, b, c, and d are energy-dependent s~, and
p-wave coefficients depending on the ®=N phase shifts.

First-order potentials are then constructed with cthe
following considerations. An impulse approximation is made, which

consigts of the use of a first-order »-N t matrix and neglect of the
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momentum distribution of the struck aucleon. This means that the

energy at which the »-N T-matrix 1is evaluated ignores the kinetic
energy of the nucleon, and also ignores the momentum of the nucleon
in the expression of the relative 7-N momentum. This leads to an

optical potential, in coordinate space, of the form:

26VRg(r) = 8,g(N2) (2M) 3[(k/k DApg(r) = (k /k)CUo(F)T]

+ (2m3(ait, Ty 8) [(k/k B (r) = (k /K)DVp (F)V]  I-16

for the Kisslinger form, and

26V5g(r) = 8,g(H2) (2M)3[((k/Kk DA + Kk CIpg(r) + (k /k)CTZp(r)]
+ (2%) 3(atEy - T18) [((k/k DB +kk D)o, (r)

+ (ko/K)DV%p (1)) I-17

for the Laplacian form.
These potentials are then used in a coupled-channels

Klein-Gordon equation:

O _ k2y = i~
(=92 + 22V - kDy, 2m£ Vag¥a: i-18

The neutron and proton form factors for the nucle» are explicitly

included through the p’s from the following definitions:



N, Z,> —i’o.{-
+ _ NF'(q) + 2F°(q) _ q
F (d) = o fe po(Fladr 1-19

and

2l

Ns > - Z, > —i’o
NFI() - ZF7(d) fe 1 pl(?)dsr. I-20

F.(3) =
1@ N - Z

Here the fﬂ and TN are pion and nucleus 1isospin operators
respectively, kc is the pion momentum, Vg is the nuclear-Coulomb
potential 1in the channel a, and a« and B represent elastic and

charge~exchange channels.

The t matrices for the various processes may be written:

+
Telastic =<¢ﬂ+|v0|w$-)>

Tsex = <V, 1> 1-21

- (+)
Tpex = <¥h v ov v,

Here V5 and Vl 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
T= )t; + ) tygty + °°° I-22
;1 123 1854

where the sums 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

reactlions.

The basic, second-order coupled-channel optical potential is
then written:

= y(1) . y(1) 1 (1) -
Vag = Vog' + 2 Van'E:E;:E:V;;VnB , I-23

where Vg%) is the first-order potential, and the sum 1s over all
intermediate states 1in the transition to the DIAS. 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 (en) and
elastic-scattering potential for the excited state (Vnn) are replaced

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

performed:

1 V(B BV (R, = [(42) 2 o(R, B Lo (R, R 80 + <al (EeTy) 218>
x £, (R,R"e @,K) + <alf, T8>
x {to®, KM (R, K7) + ¢ (&, B (R, R)}]

« 3@ .8 - F@pFE ] I-24

Here, al-ﬁ"_gr and Eztﬁ’-ﬁ". The quantity 3(2) is the nuclear-

structure part of the wave function |¥>, and is given by:



~ -iq,ry ~iq,r
FO@ Y = gyz <M Lt 2D, 1-25

which can be rewritten [Fe-71]:

-iq.r, —iq,r
o(2) I <tie Ure, "2 m gy | 1-26

(-> > ) = 1
99 " mEny D &

The second-order, coupled-channel optical potential may then

be written as

VDR, 87) = [alm{(w2) 2t (R, R o (R, E7) + (al (Z Ty 218)
xt (@8 (@, 8) + (a1, Tyi8)
x (o, &M (B, R7) + £ (B, R (R",E) )}

x C(F |, 8 )K" | (E=e-k-V) 7L ik"> . I-27

This is the same as Eq. '-7, and C<31’32) = D<2)(31,32) - F(al)F(az).
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
18O(f",'u')laNe, 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. Synchrceyeclotron (SC) proton
beams were used to generate secondary pion beams with fluxes in the
region 104-10% «/s. Various experiments employing emulsions and
electronic counters were reported from the Soviet Union, United
States, France, a2nd 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 (v*,#7) experiments involved the observation of
"star" formation from 7 capture by nuclei in emulsions exposed to a
7t beam at the JINR (USSR) SC [Ba-66]. The ionization traces were
backtracked to the origin layers (DCX converter), separately composed
of 12C, 1"N, 150, 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 (7¥,7") from 7Li, 9Be, and 23Na [Gi-64]. The



incident pion beam energy was Ty=195 MeV, with a width of 30 MeV and
a flux of ~5x10° #/s. A double mass spectrometer identified outgolng
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 7~ 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:

Li¢xt, 77 )78 = 90 £ 10 wb/sr

Q

[

9e(nt,n )9 =~ 10 £ 3 ub/sr

238a(xt,77) 2341 = 1.4 (41.0, =-0.7) ub/sr .

Also in 1964, a measurement of do/dQ for (n‘,w+) on copper at
90° was reported ([Da-64]. All the data was yet too sparse to
explicate the reaction mochanism 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, 9°Zr. and’Li were
bombarded with a 7" 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 ~6x10 x/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 discrimin.te against
electrons. No DIAS transitions were observed at the experimental
level of sensitivity.

Another experiment, involving (ﬂ+,ﬂ_) from 5lv and 7L1, was
reported in the same journal volume [Co=-68]. The University of
Rochester 140-in SC was used to produce a 31-MeV i beam, with a
width of 3.5 MeV and a flux of ~1.5x10" n/s. A magnet instrumented
with spark chambers, to ray trace particles, identified scattered
particles at a laboratory angle of 29°, Two 7 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 3lv.

The decade of the 60°s closed with 1little 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



running time very long with the return of only statistically marginal
data (at Rochester they saw ~! DCX event/week). Any significanc
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 n/s.

In 1977, the first reports on DCX at LAMPF and SIN appeared.
The LAMPF experiment consisted of a survey of 0° cross sections for
('n+,1r-) 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
~2x107 n/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 161180 and 24»26yg,
A three-point energy excitation function was acquired from 180, 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 180('1!'*',1;')1814e 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 ~3x10% n/s. The cross sections

determined were:

147 MeV: < 70 nb/sr,
and

187 MeV: =120 nb/sr.

The LEP O°, 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 ZT,
first excited state.

The last experiments before those reported here were
performed with the EPICS facility at LAMPF [Se-79]). Angular
distributions from 13° to ~45° were examined for (n+,n—) from 180 and
9Be at 164 MeV. The DIAS and ZT states were seen in 18Ne. Both the
18ye {(g.s.) and %Be distributions appear to be non-simply

diffractive, though the ZT in 18Ne was believed to match well an £=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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Isospin guintets in the 1 and 5o shells

Q. R. Burisson, G. S. Blanpied, G. H. Daw, and A. J. Viescas®
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C. L. Morris sad H. A. Thisssen
Las Alomes Sciensific Laborsrery. Les Alomes. Now Mexico 87543

3. J. Gremme, W. J. Draithwaite, W. B. Cottingame, D. B. Holtkamp, 1. B. Moore, and C. F. Moore
Unisevaicy of Texas, Ausiin, Texas 78712
(Recsived 19 February 1980)
The pion dovbie-charge eachange rasction (7 °,# ") hat besn wsed 10 mensurr the ground-siste masses of ‘%0,
“Ne. "Si, and YAs The mass eacomes were found to be 12.059%(48), 24 031(45), 10.682(52), and — 2.181(50) McV.
respectively. These are the et raporied menserements of the massss of i and At and the values for "0 and "*Ne
are improved over previeus results. Good sgresment with the isobanc multipict mass squation M =& + 0T, +¢7 7

s obiained for the known hers of all four quintets

B, 7-110, O e, 7 )iINe, Mpgere, -5y, Hs(ee

RUCLEAR REACTIONS Pioadowbie-charge exchange,
sured ¢ and g0 /di? (5°).

To first order the masses of jsobaric multiplets
of suclear states can be described by the isodaric
multiplet mass squation (IMME):

MA,T,T,)2a(A, T)+ (A, TIT, + (A, TIT] .
1 }]

This form resilts from assuming oaly two -body
charge-dependent forces. The cosfficients of M
are related to the diagonal reduced matrix ele-
mants of the charge-dependent part of the auclear
Hamiltonian. Devistions from this simple quadra-
tic form are -poctoa o there are llnlncul
three-body charg pendent forces invalved in
the Hamiltonlan,' Second-order effects mach as
isospin mixing of the lower T, members of the
asiitiplet may also result in higher-order terms
o the IMME. These additional terms, 47+ ¢T,",
are related to the off -diagonal matrix slements.
Accurate measurements of the masees of 7 = }
quartets have shown that the quadratic form of the
IMME worke very well fer 21 of 22 complate
quartets, the enly enceplion being the ground -state
A =9 guartet.’

For T =2 quintets, saly two*"* (A =8, 30) kave
had all mewmbers measured with sufficient accur-
acy to test the IMME. For A =8, siguificant terms
of 4T,%+ ¢7,' are required to fit the data. These
terms probadly arise from shifte in the swergy
levels of two quintet members dee to 1aospin-
allowsd particle-decay widths. Measured valuer
for the A= 30 quintet, which is bownd to {sospin-
allowed particie decay, show agreement with the

Ppete®, v=)0C, HC(v e, w )10,
*PlAr, E=180 MeV, mea-

quadratic IMME. The present measurements of
the grouad-state masses of *S§ and Ar complete
the A = 24, 32 quintets allowing further tests of
the IMME for cases of no isospin-allowed particle
decay channels open.

‘The pion double 4 hange reaction (»°,57)
recently studied by Seth’ using the EPICS spectro-
wmaeter fact''ty st LAMPF,® provides an excellent
method for measuring the masses of 7,= - 2 suclei.
The spectrometer waes a set of mulliwire propor-
tional drift chambers at a focus before the dipole
magnets (o allow software momentum matching of
the spect: to the dispersed
beam. We have modified the EPICS system by
placing an additional dipole bending magnet after
the plon ucattering target on the rolating arm of
the spectrometer and before the spectrometer en-
trance (Fig. 1). This allowsd a twanty degree sep-
arstion angie between the outgoing «* beam and the
scattersd =~ heam from 0° dowbie charge exchange
DCX), which led to a considerable coum rate re-
duction In the chambers (F, - F,} and enabled the
first systemalic measurements of angular distri-
butions for DCX at forward angies.

Energy excitation functions of do/did (5°) and

FIG. 1. Schematic view of the EPICS sysiem a3 modi-
fisd for DCX.
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ISOSPIN QUINTETS IN TNE 1p AND 5.4 BNELLS

-4
TABIE I. Targsie, farget thicle , ond diffec ! eress far &°,7°) ot 100
MeV aad §° lob angle.

Thidla Cress sacts [ 1 Lovtep Q vl

mg/cm’) “w/or) compositien  purity (B OdeV)
e e 018 0.8 Be 100 =17564 « 0043
e n? 0 0. c ”» ~35.066 4 9.048
uc E ] 019 «0.0 c ”» ~19.906 ¢+ §.080
*o 187 o34 0t MgO 1% ~29.708 & 9.043
Npg -1 011 20.08 g0 R «34.610 4 0.062
ng 280 0.004 4 0.028 s ”» ~23457 « 0.088

TABLE I1. Properties of T'=2 levels of (seapia quintete (s this study.

A J° T, Nuclows 5, (V) Mase excess keV) Rel.

12 LY H B gs. %0708} 11

1 iy 1271009) 200000) 12
[ ¢ 27595.0024) 278588.004) 13
-1 bt iaows walmeown
-2 fio zs. 3205048) »le
1] o 2 e gs. 13008(7) 10
1 bt | 9928(7) 1581007 14
° o 22721(3) 179840) 14
-1 ny wkmwe walmown
-2 “Ne gs. 34061 48) his
i [ 2 BN gs. -$94000) 10
1 bt ) S998.009) =2440.509) 15
° Mg 15436.46) 1506.58) 1%
-1 o] 5506(10) §9038) 16
-2 My gs. 1000262) ne
22 [ 2 gy gs. -34082(7) 15
1 ”p $473.109) ~18231.6012) 18
] ity 12056(4) ~139888) 18
-1 i $033(10) 8206 008D 17
-2 Par 5. 219109 [0
TABLE M. Coefficiomts of the BAME and reduced x? frem losst-squares At.
A o loV) » MteV) e 0deV) d (deV) o (MeV) x
12 275048, -1.4TSU1S)  0.344182) 0.9¢7
27.5050(34)  =1.7628373) 0.343483)  0.0044(TD)
16 1790380290 23909 0.22I8T) (¥
17.9040(30) -2.5096(112) 0.233000)  0.000607)

24 1.5087(9)  -4.175706)  0.312201) 1180
1L30M0)  —4.17670T)  0.21MO8)  0.80E1) 0003
15000000  —4.1810075)  0.22356)  G.0000UT) -0.008107)

32 -13.9687026) -S.400605)  0.202TR3) (¥}

=13.9683(37)  -B.400201)  0.2034i1)  -0.0005(20) o
~13.905140) —SAGHOME)  C.IPNMNE) -0.0083U3)  D.0013000)
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1182 C. R. BURLESON e¢1 o!. 2

ro(s.s.')

8r(6.5.)

COUNTS /250 keV BIN

Q Vaius (MeV)

FIG. 2. Q-value spectrs from mrgets of *Be, !iC, Bg,
MugO, aad 1%, for DCX leading o the faal states 28
Labsled.

aagular distributions for the sonanalog, analog trans-
Hions ""b(l‘, '-) u.un.‘- ﬂ'-*("' '-)u.-s'
have boen messured.” For the momamalog transi-
tions the largest count rates (a product of pion
flax, cross section, aad survival fractiom)

were seen at 190 MeV and 5°, the most for-
ward angie moasured. Dy measurisg missing
masess (Q values) for the DCX reaction (v*,57),

st this energy aad angle, on targeta of ''C, ™MgO,
and ™S to the ground states of 20, "Ne, ™8I, and

in the mass measurements. The missing mase
calculation (the spesten sbtained are shown in Fig.
2) was linear to 10 keV over the focal plane region
wsad in these snts. Ab calfbration
was done by measyring the ground-state masses
of *C and 10, weing "Be and !C targets. The
systematic error introduced because of uncertain-
ties in the calibration was 218 keV. Since the
magnets were not changed for any of the mass
measurements, there were no systematic errors
intrcduced due to magnet setting reproducibility.

Target thicknesa corrections to measured Q
values were made by ueing measurements of the
energy loss in each target for pion elastic and in~
elastic scattering at 35°, again using the same
megnet settings for all targets. Relative energy
losses between the targets were determined to
better than 210 keV for all targets. Both the
channel and spectrometer magnetic fialds were
monitored periodically throwghout the run. Fluc-
tuations in the spectrometer fields contribwied the
largest systematic errors of 230 keV.

The targets used were 10%20 cm with thickness-
o¢ from 157 to 35¢ mg/cm’. These thicknesses
with the intrinsic spectrometer resalution of
~200 keV combined for an overall resolution of
=300 keV (full width st half maximum). With 10
to 30 counts in the ground -state peaks the statisti-
cal errors obtained for all the Q values were less
than 40 keV (0). Although mot important to the
mass measurements the differential cross sections
for theae reactions are presented tn Table I be-
cause of their general interest.

The resulling mass excasses and errors, includ-
ing all systematic contribwtions discussed in the
text for 10, '*Ne, ™st, and ¥Ar, are 32059(48)
24 051(45), 10682(52), and -2181 (50 keV, respect-
fraly. The values of 'O and '*Ne may be com-
pared with those of Kekelis ef al.'* of 32100(120)
and 23 920(00) keV, respectively. Our results plus
these for the other kxnown quintet members are
summarized in Table 0.

These masses were used to determine the co-
officients of the IMME. The values were fitted to
all orders in 7, with a least-squares program aad
the fitted coefficients are listed in Table II. The
reduced x* values show that there is no evidence
for higher-order terms; i.e., whem such terms
are entracted they are consistent with zero. This
[ further for a mucl force

¥Ar, we have dolormined the mass of
these reeidual nuclel relative to those of ihe tar-
got suclet.

The linearity of the migsing mass calculations
was delormined by using pion scatieriag to the
grouwnd stale, 4.430 and 7,054 MeV states of '°C,
Two settings of the spectrometer were used i
ovder to cover the entire focal plane region weed

which gives a quadratic IMME.
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Interference Effects in Pion Double Charge Exchange
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H. T. Fortune®
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ABSTRACT

Pion double charge exchange (ﬂ+,l-) has
been measured using targets of 180 and 180 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: 160(x*,77)16Ne(gs) and 180(%",»)18Ne(gs);
8 = 59, E, = 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 (w+,I_) reaction 1is the
observation!»2 npear the (3,3) pion-nucleon resonance that cross
sections for the T = 0 targets (180 and 2“Mg) are almost as large as
those for T = 1l targets (180 and 26Mg). Of course, only the latter
can proceed by the usual DCX mechanism3s 4 connecting the double
isobaric analog state (DIAS) 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 function® for 180(#*,n")18Ne(gs), which has been
measured for pion kinetic energies from 80 to 292 MeV. At a
laboratory angle of 59, <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“*®'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
160(ﬁ+,ﬂ_)15Ne(gs) and a very simple model that appears to account
for the data. The 180(a*,n7)18Ne(gs) data have been published
previously.®

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 incorporated®



into the EPICS system. A circular bending magnet (in the horizont:zl
plane) was positioned after the pion scattering target. This allowed
the charge-exchanged pions of one polarity to be separated from the
outzgoing beam of the opposite polarity. Eliminating the unwanted
plons 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
= 1.0 gm/cm? thick. The 163180 pair was chosen because of the many
calculations performed for DCX on 180. Further experimental details
are contained in Ref. 8.

The experimental excitation functions for
16'180(1!'*',1!")IG’IBNe(gs) are displayed in Fig. 1, along with the
calculation of Miller and Spencer’ for the !80(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 169 cross section is small at those higher energies.

3) The 160 cross section has a resonance-like structure with
a peak near 160 MeV.

4) The peak in the 189 data roughly coincides with the dip in
the 180 data.

We believe the 180(1r+,1l-)18Ne(gs) amplitude is a sum of two
terms: One 1is the usual double-isobaric-analog-transition (DIAT)
amplitude, which leaves unchanged all quantum numbers (except tz) of

all nucleons, and has been referred to in the literature as a
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quasi-elastic amplitudeg; the other, which we call non-DIAT, is the
sum of all processes that can (without violating the Pauli principle)
change any two neutrons 1into any two protons, e. 8.
U(1d5/2)3+ +> ﬂ(2s1/2)g+ » O v(lpl/2)§+ + ﬂ(ld5/2)§+ , etc. For the
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(ﬂ+,n_)16Ne(gs). Because the pertinent
nom-DIAT routes for 180 and 180 are so similar, A(E) for
180(ﬂ+,ﬂ-)18Ne(gs) is approximately equal to A(E) for
160(1T+,1T')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

96, (E) = 1A(E) 1

and

0,6, (E) = IAGE) + B(E)IZ,
0

where |B(E)|2 is the Miller-Spencer calculation.”’

The amplitudes A, B are complex:

i ' i
A=ae %2 nd Bebe ,

so that



o(160) = 32
and
i i
o(180) = ja e %a +be ¢b12

= a2 + b2 4+ 2 a b cos |¢a = fpl

where b2 is the Miller—Spencer7 cross section. We have obtained a
rough fit to the data with only one parameter, l¢a - ¢pl» which,
however, is energy dependent. The solid curve in Fig. 1 15 the
result, and the phase differences are listed in Table I. In general,
the interference of the two amplitudes 1s constructive below the peak
in the 160(1r+,1r")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 180(w*,n7)18Ne(gs) DCX data’
is that at 164 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 1s 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(I+,I-)19Ne(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 1s roughly the
same amplitude as that giving rise to the 160(1r+,u-)15Ne(gs) Cross
section. The smallness of the latter at 292 MeV leaves the position
of the 18Ne(#*,77)18Ne(gs) minimum unchanged at that energy. It
would be instructive to measure the ground-state angular distribution
for 180(w* n7)16Ne(gs), for which we expect a diffractive minimum.
Knowledge of that data should help immensely 1in 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 19, = ¢l
(MeV) (degrees)

101 20

141 40

182 95

211 99

231 100

292 105
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Fig. 1.

FIGURE CAPTION

Experimental points for 18O(l+,:')13Ne(gs) [closed circles]
and ‘60(l+,w_)‘5ﬂe(gs) [open circles}, measured at a
laboratory angle of 5%, as a function of at laboratory
kinetic energy. Dot~dash curve is a calculation for the
189 pIAS transition from Ref. 7. Solid curve 1is obtained

from this curve and smooth dashed curve through the

160(1r+,1r')15Ne(gs) data as outlined in the text.
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APPENDIX V

Observation of a Double Isobaric Analog State in the Reaction

209g; (xt, 57) 2094
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Pos deuble sharge eschange has hoes wsed 0 populate the double isoharic mmalog state
1 WAt with use of the nowtron-rich tasget **Bi. The data wers ohtaiesd ot s smergy of
292 MaV and st an asgle of 5, as fhe douhle-sharge-enchasge reestion mechaniom hes
bosa shown 10 be dominated by ansing tramsttions mder these ssaditions fa previsus work
on light mclel. The messwrad croes sestion is found © be fa goad agresment with yomi-

elessies! predictions by Jebmson.

PACS mambars: 34.90.Fb, 35.00.¢1, 27.00.+w

Double iscbaric asalog sistes (DIAS), L.e.,
states with T=7, +2, nre kmown to exist in light
muclel. Because of thair high excitation essrgies,
eheerviag such staies regquires either a probe
which will selectively axcite them or some unique
sigaature of the DIAS so that they can be sepa-
rated from the backgrownd of lower-T states.
The first observatioa of DIAS was mede by Gar-
vey, Corny, sad Pehl’ using the reaction ¢,7)
on targets of ®Mg, *Fe, sad *Ti. Such a reac-
tion is wasuitable for observiag DIAS in the large-
A region of the periodic table bocause the ratio
of cross secticas for populating 7 =7;+2 states
ln1"-1',, in & given aucleus, is approximately 1/
T

The caly reported cheervatios of & DIAS Ia
hoavy suclei by Nolfmana #f «!.” weed the Lsoepin
forblddes reaction

5 +" B = “*Po(DIAS) - “Bi(IAS) +
-Mmgs)+d,

where the two descitation protons where de-
tocted in colncideace 0 provide a unigque signa-
fare of the reaction. More recent attempts 10 re-
produce the results of this experiment have
falled.*

Although the possibility of excitiag DIAS with
wse of plon double charge exchange (DCX) at on-
evgies sear the (3,3) rescnance has been recog-
nised for some time,” beams with sufficient plon
fiux and specirometer systoms with adequate ea-
ergy resclution 1o shudy this reaction have ant
boss availshle watil recently.’ Initial studies of

DCX were quite disappointing with regard to ob-
sorving DIAS {n high-A muclel since, in the low-
A region st energies below the (3,9) rescamnce,
both analog md aonanalog traasitions were ob-
served to be equally likely. Also DCX cross sec-
ﬁ?lmhlmm’-ahcuo-d

A

More recest reexits .’ * which have extended
forward-sagie DCX measurements to energies
well above the (3,3) resoamce on isotopic pairs
of targets: *°'°0 and ™-®)Mg, have led to seve-
ral importaat observations: (1) The asalog to
acsmmalog cross-section ratios at 5° iacrease
from amiaimuw of 3:1 asd 1.2°1 at energies
near the (3,9) reacnasce to 30:1 md 70:1 at 292
MeV for the oxygen and magnesium lsotopes, re-
spectively; (2) although crose-section sawular
distribetions bave sonsimple diffraction shapes
ot 164 MoV ,° anguiar distributions st 202 MeV on
both %0 aad ®)Mg are consistent with simple dif-
fraction shapes with wse of appropriste strong-
absorption radii; and (3) asalog DCX croes sec-
tions om both 0 and ®)Mg peak at 292 MeV and
are shout a factor of 3 Jarger than at saergies
aear the (3,3) resonemce. Thus it appsass tiat
DCX st snargies ahove the rescasace may show
the aseded analog dominance to study DIAS ia
hoavy amclel.

Consequently, we have madertaken 2 study of
the reaction ™*Bi(s* ,v° V" At(DIAS). The data
were cbtained at an incident pion energy of 292
MeV (lab) and at 5° (1ab), using the EPICS facility
ot the Clintoa P. Anderson Meson Physics Facili-
t7.'° The addition of a dipole magnet at the fromt
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af the spectrometer to permit smajl-angle DCX
measurements has beea described previously,’
The result consists of one DCX Q-value spec-
trum (Fig. 1). The euergy whore the DIAS i ex-
pocted to ocour can be calculated by
Qe +2(M, - M,)=~35.2 MoV, 1)

where E¢ is the Coulomb displacement saergy'*
and M, - M, is the asutron-protos mass differ-
emoe. A pesk cam be seea t0 Occur asar this en-
orgy, which is marked by a vertical arrow ia the
figure. Aa malysis of this peak, located at 35
#1 MeV (most of the error in the location comes
from systematic ervors), indicates it is about
standard devistions sbove the backgrommd. The
width of the state {s about 1 MeV and the cross
section to this state 1s 0.464 0.18 ub/er.

Assuming mnalog dominance aad using & semi-
classical theory, Johason'® has derived a simple
mpression lor the A4 depsadence of pion DCX
eroas sections to DIAS givea by

{020/ me AT PAN-ZIN-2-1). (@)

Ins Fig. 3 we show the preseat datem along with
e two previously reporied’*® cross sections for
BCX to DIAS at 203 MeV and 5°. PFiiting the data
witi the above foem gives 0,= 30 mb/sr and ac-
counts for the A dependence of these cress sec-
tions remarkably well.

Is conciusion, we have cheerved the DIAS of
the growad siate of "*Bi ia ™At using the plon
DCX reactions. The Q valwe for this reaction
agrees with predictions based on Coulomb dis-
placement snsrcies measured in sarlier studles
of IAS. The cross sections for axciting the DIAZ
ia plon DCX are remarkably well descrived by a

1234
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¥1G. 3. A dependense of all of the measured §* cress
sestions for DCX traasitions 10 DIAS ai 202 MeV. The
wolid ewrve is & prediction based on the ssmiclassice)
approximation of Johason (Ref. 12) as given in Eq. (9.

single semiciassical theory of such transitions.
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Tabulated (I+, %) Cross Sections
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Energy Excitation Functions -- do/df at 5°

T, (MeV) da/dQ (ub/sr) T (MeV) do/dR (ub/sr)
18o(w*, ™) 18Ne (g.s.,DIAS) 26pg (nT, 77) 2655 (g.s.,DIAS)
310 1.992 * 0.252 310 0.922 * 0.192
292 2.405 * 0.187 292 1.000 * 0.143
261 1,469 % 0.160 260 0.450 * 0.098
231 1.079 % 0.120 211 0.277 * 0.060
211 0.960 * 0.129 141 0.338 * 0.074
182 0.876 * 0.102 120 0.385 £ 0.010
164  1.011 * 0.116
141  1.714 % 0.203
117 1.765 * 0.256 2uyg (nt, n7) 2451 (g.s.)
101  0.839 % 0.168 292 0.014 * 0.006
81  0.925 * 0.308 250 0.013 #* 0.007
180 0.078 * 0.018
141 0.290 * 0.062

18g(n*, n™)18Ne (2%, 1.89 Mev)

292 0.342 % 0.086

261  0.238 * 0.079 169(xt, 17) L6Ne (g.s.)

231 0.336 % 0.069 292 0.119 * 0.022

211 0.316 * 0.127 231 0.087 * 0.018

182 0.022 * 0.034 211 0.113 * 0.041

165  0.033 % 0.049 182 0.339 * 0.068

117 0.197 * 0.112 141 0.248 * 0.070

101  0.469 % 0.138 101 0.146 * 0.073
+ 0.365

81 0.243

9Be(rt,77)% (g.s.)
12c(a*,77)12% (g.s.) 180 0.150 * 0.030
180  0.400 * 0.050
13¢(at,a7)130 (g.s.)
32g(a*,x")32p (g.s.) 180 0.100 * 0.030
180  0.084 % 0,025
209g; (w+, n~)209ac (~35 MeV,DIAS)
292 0.460 * 0.150
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91.p {Deg) do/dQ (ub/sr)

Angular Distributions -- do/d9l at 164 MeV

®1ap (Deg) do/df (ub/sr)

18o(n*, n") 18Ne (g.s.,DIAS)

180( %, n7) 18Ne (21, 1.89 MeV)

5

8
13
18
23
28
33

0.033
0.070
0.083
0.094%
0.168
0.158
0.128

Angular Distributions -- do/d§i at 292 MeV

H o+ 4

0.049
0.035
0.035
0.022
0.028
0.035
0.043

5 1.011 % 0.116

8  0.720 * 0.089

13 0.323 % 0.049

18 0.068 * 0.014

23 0.046 * 0.014

28 0.178 £ 0.030

33 0.247 % 0.049

01ap (Deg) do/da (ub/sr)
18O(Tf+,1r-)13Ne (g.s.,DIAS)

5 2.405 £ 0.187

8 1.952 £ 0.378

13 0.593 % 0.160

18 0.177 * 0.089

23 0.064 % 0.012

28 0.065 % 0.014

33 0.103 £ 0.018

0141 (Deg) do/dq (ub/sr)
26pg (nt, 77) 2631 (g.s.,DIAS)
5 1.000 #* 0.143
8 0.684 = 0.127
13 0.291 * 0.065
18 0.056 * 0.019
23 0.035 £ 0.013
28 0.023 % 0.015
33 0.100 £ 0.036
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