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PION CHARGE-EXCHANGE REACTIONS:
THE ANALOG STATE TRANSITIONS

Helmut W. Baer
Medium-Energy Physics Division
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

ABSTRACT

The general features of pion charge-exchange reactions leading to nuclear-
isobaric-analog states (IAS) and double-isobaric-analog states (DIAS), as they
have emerged from studies over the past ten years, are reviewed. The energy
range investigated is 20 to 550 MeV for IAS transitions and 20 to 300 MeV for
DIAS transitions. These data are seen to play an important role in characterizing
the pion optical potential, in determining the A-V interaction in nuclei, and in the
study of nucleon correlations in nuclei. Recent progress ochieved in understanding
the role of such correlations in double-charge-exchange reactions is reviewed.

I. INTRODUCTION

From the title of this Spring School, “Quarks and Nuclei,” one cannot tell whether the
organizers believe that there are two separate topics to be covered, “Quarks” and “Nuclei,”
or whether they are challenging us to link these two topics and to identify phenomena which
demonstrate that there are “Quarks in Nuclei.” It is true that many nuclear physicists
today see the frontier of nuclear physics to be in identifying phenomena whose explanation
requires the use of quark degrees of freedom. While this is a goal, it cannot be said it has
been accomplished in the domain of nuclear structure physics or nuclear reactions at low-
momentum transfers. In my talk there will be one topic—pion aouble-charge-exchange
reactions—where quark degrees of freedom may be relevant. For such reactions, quark
models have been invoked to describe the short-range nucleon correlations involved.

It wasn't so long ago—about 15 years—that pion-nucleus reactions were hailed as the
new frontier of nuclear physics. Pions were seen to be the “glue” that held nuclei together.
It was thought that scattering beams of this glue on nuclei surely would be enlightening.
Since about 1975 we've been doing that at the meson factories, mainly LAMPF, SIN, and
TRIUMEF, but also some at KEK and BNL., We've learned an enormous amount about the
phenomenology of pion-nucleus interactions, viz., elastic and inelastic scattering at small
and Inrge nngles, pion “true” absorption, single and double charge exchange, & dynarmic:

in nuclei, nad more. From this work we've gotten a fairly good idea of how pions and A's
interact in nuclei.



While this work was going on, the intellectual focus of nuclear physics was gradually
changing. The discovery of the J/y' resonance in 1974, and the rapid subsequent develop-
ments in particle physics had their impact on nuclear physics. Seeing the success of quark
models in describing baryon and meson spectra, many nuclear physicists now think it im-
portant, even crucial, to find quark signatures in nuclear reactions at medium energies.
The real work and creative insights of this endeavor still lie ahead of us. Hopefully this
Spring School will provide some inspiration for this task.

A. m-A Scattering

To get an orientation to the subject Plon-Nucious Scettering
of pion charge-exchange reactions, it is
helpful to examine the generalized level-
scattering diagram shown in Fig. 1 for a
nucleus with a neutron excess (.V — Z) >
2. Pion reactions are unique in three
respects. (1) The pion is the only ele-
mentary particle used by nuclear physi-

cists that comes in three states, =%, x0,

and #~. This allows for double-charge-
exchange (DCX) reactions, which are of

interest because they inust involve at Fig. 1. Generalized level-scattering dia-
gram illustrating the types of scattering

ast t t . . .
least two nucleons (or quarks) to conserve phenomena possible with pions.

charge; in principle they provide a means
of studying nucleon-nucleon correlations. (2) The pion is a spin-0 boson. Thus, cne has
“true absorption” processes v + 4 — A* and “true creation” processes 1 + 4 — A* + 2.
These provide prime tools for studying nucleon resonances, such as the A(1232) or
~N*(1440), embedded in a nuclear environment. (3) The n-N system has a pronounced,
well-isolated resonance, the A(1232), which has spin-3/2, isospin-3/2, and exists in four
charge states, A**+, A+, A% and A~. This resonance causes =+ (r~) 1cattering between
100 and 250 MeV to occur predominantly on protons (neutrons), thereby giving n pro-
nounced differential sensitivity to neutron vs proton components in nuclear excitations. [t
also allows for direct observation of isuspin mixing in the excited states of NV = Z nuclei.
Of all the states in the spectrum of Fig. 1, two play a special role: the isobnric-
analog state (IAS) and the double-isobaric-analog state (DIAS). These states are in the
snine isospin multiplet as the target ground state and are reached in pion single- and
double-charge-exchange reactions. If the taiget isospin quantum numbers are T and



Ty = (N - 2)/Z = Tp, the IAS has quantum numbers (T, Ty — 1) and the DIAS has
(T, Ty — 2). Thesc states furnish an excellent opportunity to study single- and double-
scattering mechanisms in 7-4 interactions. In transitions to these states nuclear structure
uncertainties are reduced to an absolute minimum because the final states are simply dif-
ferent charge states of the nuclear ground state. Also, in the charge-exchange reactions.
Coulomb effects generally play only a minor role, even at low energies, which renders the
cross sections directly sensitive to the hadronic interactions. This is unlike elastic scatter-
ing, where Coulomb-nuclear interference effects are often quite large. The IAS transitions
provide characterization of the single-step scattering mechanism, which forms one part of
the double-charge-exchange process. Medium modifications on the elementary n*n — =%
process, as well as distorted-wave effects in the 7-4 interaction, can be evaluated on IAS
cross sections. This leaves the double-scattering mechanism as the primary phenomenon
to be studied in the DIAS transitions. It is these transitions which are unique to pion
scattering and which we wish to utilize for investigating nuclecn correlations in nuclei and
to probe short-range dynamical effects.

B. Examples of IAS and DIAS Transitions

Figure 2 shows the level structure for 146 14N 144
A = 14 nuclei! relevant o the discussion
of the IAS and DIAS transitions. ™C
is the lightest available target for which
there is @ DIAS transitions.* We see from
Fig. 2 that the IAS is an excited state
in 1N at 2.31 MeV, and that the DIAS
is the ground state of the mirror nucleus
0. HC has been a good nucleus for
study because of the unusually large level
spacings involved, and because of its rel-

atively simple shell structure.? Its eight
neutrons form a good closed shell and its

226 4 8
six protons are in a quite well-determined N8 7 6
(s)*(p)* configuration.
Ina henvy nucleus such os QOUPb the F"'g. 2. Level dm,grnm sho\ving the [AS
IAS and DIAS are in the continuum, as and DIAS transitions on 4C.

*In Los Alauios we have 9 g of radioactive '*C that we have fabricated into a 5- by 5-cm
target of thickness 0.3 g/em?, and have used for SCX and DCX experiments.



is shown in Fig. 3. The DIAS is expected
at an excitation energy of 32.0 MeV in
208po, based on Coulomb displacement
energies.? Its isospin is T = 22 and it sits
in a high density of T =21 and T = 20
states. Its natural line width is of consid-
erable interest and can be measured with
the DCX reaction, as we shall see below.

Another relevant aspect of IAS and
DIAS transitions is that they take place
only on the valence neutrons. The proba-
bility density distribution pvs1(r) of these
neutrons in general does not follow the nu-
clear r.atter density p = p, + p,, which is
the sum of neutron (pn) and proton (pp)
densities representing all vV and Z nu-
cleons, respectively. Figure 4 shows py,
pp, and pyy for 1*C and %°®Pb, as ob-
tained from some of the best Hartree-
Fock calculations available today.4 We see
that the valence neutrons have very dif-
ferent spatial distributions than p, and
pp- In the usual theoretical calculations
hased on optical potentials, the transition
amplitudes for IAS and DIAS transitions
are proportional to p,, and p?,,, respec-
tively. Thus, these cross sections provide
a direct meens of studying the valence-
neutron density distributions.

C. The Elementary m-N Cross Sections
It is worth taking note of the proper-
ties of cross sections of the three elemen-
tary 7-N processes ntp — n¥p, r¥tn =
#tn, and #*n — 7% involved in IAS
and DIAS transitions. (The latter two

”'pb 208, 208
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Fig. 3. TIllustration of the IAS and
DIAS transitions on 2°®Pb. Both transi-
tions have been measured in pion charge-
exchange reactions.
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Fig. 4. Dcnsity distributions for neutrons
(Pn), protons (p,), and valence neutrons
(pval) as given by Hartree-Fock calcula.
tions (Ref, 4).



are measured in their charge symmetric

On.)

channels =”p — *r"pand " p —
Figure 5 gives the total cross section for
these three reactions from 0 to 1000 MeV'.
The P33(1232) resonance is the dominant
feature and is observed in all channels.
The fact that it is quite well isolated from
the next highest resonance, the P;;(1440),
has made it possible to study A dynam-
ics, such as A propagation and decay, in
a relatively well-defined manner. In the
energy interval T, = 300 to 700 MeV,
where recent work has been concentrated,
there are the N* resonances P;;(1440),
Dy3(1520), and §,;(1535). Unlike the
A(1232), these are inelastic resonances
which decay a large fraction of the time
into Nmm, Nn, and Np channels (Refs. 7
and 8). The 5;;(1535) has a particularly
large branching ratio (~350%) for decay
into the :Nn channel, which has been of

recent interest.?

Total charge-exchange cross sections
for 7~p — 7% and pn — np reactions
are shown in Fig. 6. One sees that the
en«rgy dependence of these two cross sec-
tions is dramatically different. At low en-
ergies o(7~p — 7%n) ~ 0.01¢(pn — np).
This makes pion charge-exchange reac-
tions on nuclei more tractable in multiple-
scattering theories than the (p,n) and
(n,p) reactions. It aiso leads to lower
r-A cross sections at energies T, <
100 MeV. At T, = 180 MeV,

actly on the A(1232) resonance, the two
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Fig 5. Total cross sections fcr 7tn —
7m+p and 7*n — 7%n scattering (Ref. 6).
The charge-exchange cross section has
been excluded from the w*n total cross
section.
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Fig. 6. Compaison of pion and nucleon
induced charge-exchange cross sections on
a proton target. The np cross sections are
from Ref. 10 and the 7=p — 7% cross
sections are from Ref. 7.



processes have equal cross sections with a
value of 50 mb.

The angular distributions of the
7#~p — 7%n reaction have sone interest-
ing features relevant to IAS and DIAS
studies. They are shown for energies 50,
180, and 425 MeV in Fig. 7. At 180 MeV,
the angular distribution is nearly symmet-

do/df}. o (mb/sr)

uc about 90°, a consequence of having
nearly pure p-wave scattering, which gives
an angular dependence of (1 + cos?8§).
This feature was useful in identifying the

quantum numbers of the A in the early
1950's (Ref. 11). At 425 MeV, and
at higher energies, the angular distribu-

0 €0 120 180
Bc.m. (deq)

Fig. 7. Angular distributions for the
7~p — =n°n reactions at three different

i energies, as given by current phase shift
cable at the higher energies. At 10 MeV calculations (Ref. 6).

(not shown) the angular distribution is

tions are sharply forward peaked, a fea-
ture which makes Glauber models appli-

nearly isotropic, a consequence of having predominantly s-wave scattering. At 50 MeV
the angular distribution is backward peaked, and it has a nearly vanishing cross section at
0°, & consequence of interference in the s and p partial waves. This feature persists in the
nuclear scattering and hes interesting ramifications for double-charge-exchange scattering,
as we shall see below,

II. PION-NUCLEUS SINGLE CHARGE EXCHANGE

A. 7% Spectrometer

To measure IAS transitions one needs to detect 7%'s with an energy resolution com-
mensurate with nuclear level spacings. We have built & 7% spectrometer!? in Los Alamos
that operates in the resolution range 2 to 5 MeV (FWHM). Figure 8 shows a spectrum
measured for the "Li(r*, %) reaction at 100 MeV. Here we achieved a resolution of 2 MeV
(FWHM). Figure 9 shows a recently measured'? !4 spectrum for the #~p — 7% reaction
at 425 MeV. The resolution here is 8 MeV (FWHM) of which 6 MeV is the 7 spectrom-
cter contribution, the remaining coming from beam and target effects. The solid line in
Fig. 8 represents the Monte Carlo simulation of the be. | target, and spectrome er. The
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Fig. 8. Spectrum for the "Li(x*, %) re- Fig. 9. Spectrum for the 7=p — 7%n re-
action as measured with the LAMPF =° action measured with a CH; target. A
spectrometer. small 2C(7*, 7%) contribution lias been

subtracted (Refs. 13 and 14).

measured line shape at this energy as well as other energies is well reproduced by our
simulation code.

The spectrometer consists of two large y-ray detectors used to measure the opening
augle and photon energies in the 7% — 24 decay. Each detector measures total energy
of photons with Pb glass Cherenkov detectors and the v position coordinate with active
Pb-glass converters backed with MWPC's. Each v detector has three active converters.
The distance from the target to the front converter is typically 0.5 m for low-energy mea-
surements (50 MeV) and 2.0 m for the high-energy measurements (425 MeV). A detailed
description of the spectrometer is given in Ref. 12.

B. Overview of IAS Transitions

IAS transitions have now been measured by our group in Los Alamos at pion energies
from 20 to 550 MeV. Over this interval, the elementary »-/N cross sections change enor-
mously, as we have seen. The peak of the A resonance occurs”™® at 180 MeV incident kinetic
energy for the 7- N system and its width is 110 MeV (FWHM). In 7-A scattering, the peuk
of the A resonance is not so well defined due to binding and A-dependent (e.g., Ref. 135)

7



effects. The A dominance region is generally considered to extend from approximately 635
to 265 MeV. Over this energy region elastic and inelastic scattering angular distributions
are sharply diffractive, a feature characteristic of strong absorption. IAS cross sections

are also quite forward peaked. Above 300 MeV the 7-V total cross sections are relatively

flat and small (Fig. 5), and one expects distorted-wave impulse-approximation (DWIA)
calculations to work quite well. Below 65 MeV, the character of 7-A scattering changes.

Pions penetrate into the nucleus and the s-p wave interference puts deep minima in the

angular distributions of elastic and charge-exchange scattering. We discuss this energy

region separately below.

The first important question an-
swered with the 7° spectrometer was:
does the IAS stand out above the back-
ground of other states? This was quite
a debated point at the time. We found
that it stands ouvt clearly at forward an-
gles. Spectra from our first set of mea-
surements at 98 MeV are shown in Fig. 10.
The peaks occurred at the expected en-
ergies and the measured cross sections
were found to follow the functional form
(N = Z)A—4/3,

Recently we measured?3:!* the for-
ward angle IAS cross sections for nuclei
from "Li to 2°°Pb at 425 MeV. Typical
spectra are shown in Fig. 11. Again one
sees that at forward scattering angles the
IAS stands out. The resolution in these
data is approximately 8 MeV (FWHM)
which makes the extraction of peak areas
more problematical. Fortunately, the IAS
angular distributions are very sharply for-
ward peaked, and the rest of the spectrum
is nearly constant at the forward angles.
An overlay of spectra at 1.3 and 5.8° for
1205n and ?°*Pb is shown in Fig. 12. The
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Fig. 10. Spectra measured for the (7 *, %)
reaction at 98 MeV on various nuclear tar-
gets, and for the (7=, 7%) reaction on a
CH, target (Ref. 16). The angular range
is 0 to 10°.
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Fig. 11. Spectra mesasured for the (', n0) Fig. 12. Overlay of spectra measured at
reaction at 425 MeV on various nuclear 1.3 and 5.8° for the (=%, x°) reaction at
targets, and for the (v, n?) reaction on 425 MeV on targets of !2°Sn and 2%®Pb
a CH; target (Refs. 13 and 14). (Ref. 14). Only the IAS cross sections are
seen to change significantly in this angular

interval.

IAS is the only feature of the data which varies significantly. One sees that the IAS peak
areas in the 1.3° spectra can be extracted quite reliably, and a good determination of the
0° cross sections can be made.

C. Systematics of IAS Cross Sections, 100 to 500 MeV

The second question addressed in our survey experiments was: do the cross sections
exhibit regular patterns with (N - Z) and A, and, if so, over what range of incident
energies? If one plots on linear scales the 0° IAS cross section vs A at any energy between
100 and 425 MeV one gets a shape similar to the one shown for 165 MeV in Fig. 13. The
function 49(V — Z)A~4/3 ub/sr, plotted with the data, represents well the overall trend
of the data. The factor (N — Z) comes from the fact that the reaction occurs only on
valence nucleons. The exponent a in 4~ reflects in a qualitative way the degree of pion
penetration. A completely transparent disk would give a U° cross section proportional to



(N — 2); a diffuse black disk leads!®1® to (N — 2)A4~%/3. In general, one expects the

scattering to be somewhere between these limiting cases, i.e., 0 < a < 1.33.

There now exist quite complete data
sets at 100, 165, 230, 300, 425, and
500 MeV. The reduced cross section
0(0°)/(N ~ Z) together with power-law
fits, are shown in Figs. 14 and 15. The
data clearly exhibit a weakening of the A-
dependence at higher pion energies, go-
ing from a = 1.34 £ 0.05 at 165 MeV
to a = 0.82 £ 0.10 at 500 MeV. The ex-
perimental values of a are compared to
Glauber model values in Table I. From
this model we understand the weakened
A-dependence to be a consequence of the
increased volume scattering at the higher
pion energies.

There was a surprising development
at T, > 300 MeV. The 0° cross sec-
tions for all measured nuclei take a
big jump between 300 and 425 MeV.
The J° excitation functions for TLi,

14C, 9Zr, and !2°Sn are shown in

4o/d0,, (0°) mbiw

3 T T T T
| Al ,#")1AS
163 MoV
a{ o*
it ]
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Fig. 13. The dependence on atomic

weight (A) of the 0° IAS cross sections at
165 MeV (Ref. 17). The dashed line repre-
sents the function 49 (N —2Z)A =4/ mb/sr.
The solid line represents calculations per-
formed wit! second-order optical poten-
tials and Hartree-Fock calculations for the
neutron and proton density distributions
(see Section III.C).

—_

Table I. Values of a obtained from the fits of the expression (N - Z)A™“
to the measured 0° IAS cross sections (Refs. 13, 14, and 17)
and to the Glauber model values (Refs. 13 and 14).

T, a
(MeV) Experiment Glauber Model

165 1.36 £ 0.04 1.29

300 1.09 £0.03 0.93

425 0.94 £ 0.04 0.84

500 0.82 +£0.10 0.83

e —— — — ————  ——— —— —— —— ———— — — —— ____—— _________________—_—___—}
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Fig. 14. The .4-dependence of 0° cross
sections between 100 and 295 MeV. The
lines represent fits of the function g;(N -
Z)A~? to the data (Ref. 17).
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energy as expected from increased volume
scattering (Ref. 14).



Figs. 16 and 17. This increase by a factor of two or more has forced us to change the way
we look at the lower energy data. We used to think that the x-A cross sections follow
the trend of the 7-V cross sections between 65 and 300 MeV. Now it looks like the r-.V
cross sections are more properly normalized to the 7-A cross sections at 500 MeV or higher
energies. When this is done, the excitation functions in 7-A scattering exhibit a huge loss
of cross section across the A region. Thus, the observed shape of do/dSljas(0) vs Ty is
largely goveined by the coupling of the A to absorption ch.annels, rather than by the direct
o(x-N) shape. This places strong constraints on theoretical calculations of A dynamics.
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Fig. 16. The energy dependence of the 0° Fig. 17. The energy dependence of the 0°
IAS cross sections for *C (Refs. 13 and IAS cross sections for 2°8Pb (Refs. 13 and
14). The solid line represents the #~p — 14). The solid line represents the ==p —
m%n cross section in the 7-N c.m. system #%n cross section in the 7-N c.m. system
vs laboratory kinetic energy. vs laboratory kinetic energy.

In an attempt to understand qualitatively the origin of the increased cross sections
above 300 MeV we carried out an analysis in the framework of the Glauber model for
a shadowed single-collision process. Details of the model calcula:ions may be found in
Ref. 14. At high pion energies we expect this model to work since the elementary r-V
cross sections are relatively weak and the differential cross sections rre forward peaked.



Some representative calculations for *Zr,
1205n, and 2°®Pb are shown in Fig. 18.
These calculations do indeed predict
rising cross sections between 100 and
500 MeV. The data show a step-like in-
crease in cross section between 300 and
425 MeV which the calculations do not re-
produce well. The data over the A region
are not well described by this model.
Our calculations required the use
of a phenomenological term to represent
higher-order processes such as pion-true
absorption. This term has the effect of
increasing the attenuation of the pion
waves. Without its inclusion, the calcula-
tions overestimate the 425-MeV data by
a factor of three. As a check on this re-
sult, the total reaction cross sections or
were calculated and compared to the ex-
perimental values at 315 MeV from Ash-
ery et al.,?° which are the highest energy
data available. The model reproduces the
data nuite well, as is seen in Fig, 19. The
data and model values may be represented
by or = aA® with values a = 68 £ 4 mb
and & = 0.612 £ 0.002 for the data, and
a = 49 mb and b = 0.69 for the model.
The high-energy measurements have
yielded two significant results: first they
showed that there is a large jump in
cross section above 300 MeV, a feature
which places importaut new restrictions
on theoretical calculations. If indeed this
rise is due to incrensed volume scattering,
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Fig. 18. Comparison of Glauber model
calculations (Ref. 14) with measured 0°
IAS cross sections for "°Zr, '?°Sn, and
208p}, (Refs. 13 and 14). The modecl caleu-
lations included a phenomenological term
to represent higher-order processes, such
as pion absorption.



it may be expected to be present in many
other -4 cross sections. Second, the
analysis of the data indicates a sizable
role of higher-order effects, such as pion
absorption. Thus, it looks like first-
order DWIA calculations will not be ad-
equate to describe 7-A4 cross sections at
the higher energies, as had been hoped.

D. IAS Transitions, 20 to 80 MeV

At low pion energies the black-disk
diffraction scattering picture of 7-A scat-
tering must be abandoned. A plane-wave
impulse-approximation picture describes
the trends of the data much better. The
net effect of distortion and pion absorp-
tion on the incident and emerging waves
seems to be a restoretion of the plane-
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Fig. 19. Total reaction cross sections for
m-A scattering at 315 MeV. The data are
from Ashery et 2l2° 7T .e solid line rep-
resents Glauber model calculations which

wave picture. The IAS cross section in were t to IAS cross sections (Refs. 13 and
13! is given by (fixed 14).
scatterer approximation)

a plane-wave mode

do - do * sinqr .k
s =N = 20 () 4"/0 o P dr!

where do/dQ (7-) and do/d2 (7-N) are the m-nucleus and 7-nucleon laboratory cross
sections for charge exchange, p = pyu is the valence neutron density, and q is the momen-
tum transfer in the laboratory system. At 0° the quantity in brackets on the right-hand
side reduces 1, and we expect the 7-A cross section to track directly the 7-.V cross section.
Indeed, this is the case. Figure 20 shows the 0° cross sections for !4C. The 4C data follow
closely in shape and magnitude the values of 2do/dQ (*N) between 34 and 80 MeV. A
more detailed analysis reveals that the minimum in the 0° excitation function shifts up-
ward by 4 £ 2 MeV in 'C relative to the free -V cross section, a result consistent with
binding and Pauli blocking effects.

The deep minimum in the IAS excitation function was observed?? for many nuclei
from "Li to '?°Sn. The data are shown in Fig. 21. The curves represent polynomial func-
tions that were fit to the data to locate the position of the minima. The persistence
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calculations of Kaufmann et al. as dis-
cussed in Ref. 21.

of the sharp dip structure in nuclear scatterings puts strong constraints on any proposed
medium effects. Certainly this deep dip could have been substantially wiped out if multiple
scattering and absorption effects were appreciable. This important result obtained from
the low-energy IAS measurements allows one to proceed with greater confidence in the
analysis of low-energy DCX scattering.

We note here that the measurements?? at 20 MeV for IAS transitions in "Li, 1C,
13N, and '3°Sn were recently completed. When these new lowest-cnergy data nre ndded
to the 0° excitation functions, one sees that they continue to follow the trend of the free
charge-exchange cross sections. Also, an evaluntion of Coulomb effects showed them to he
small, even at this low energy.



III. PION DOUBLE-CHARGE-EXCHANGE REACTIONS IN THE
A-RESONANCE REGION

4A. Overview

It again makes sense to discuss the 100 to 300 MeV region separately because strong
absorption and A dynamics play such a large role at these energies, whereas at low energies
other effects dominate. The low-energy results are discussed in Section IV.

There are some experimental aspects of measuring IAS and DIAS transitions worth
noting. Forward-angle IAS cross sections are of order mb/sr, whereas forward-angle DIAS
cross sections are of order ub/sr. The actual data accumulation rates per measured cross
section have been not so different because (7%, 7%) cross sections were measurel with a
solid angle typically 10~ sr and with an incident flux of 5 x 10® =t /sec, whereas (rt,7 ")
cross sections are measured with a solid angle of order 102 sr and incident flux of 5 x 10®
n+ /sec. There are significant differences in the signal-to-background. The IAS dominates
the forward-angle 7% spectra at all energies except in a 10-MeV band near 50 MeV. The
DIAS is quite difficult to observe in heavy nuclei due to the background on nonanalog state
transitions. Attempts to measure DIAS cross sections at 164 MeV on heavy nuclei have
failed. At 292 MeV, it was porsible, quite recently, to observe the DIAS in 2°®Pb. Thus,
at this energy the data now extend from A = 14 to 209. For energies below 100 MeV the
data are limited to nuclei with A < 56.

Representative spectra for (7%, n~) reactions are shown fcr *C, ®%Sr, 9°Zr, and
“%8Pb in Figs. 22 to 24. For 'C, the DIAS cross sections have been measured from 20

w L L4 ' LA g ' L | ) T "ﬁ v
>
z I oIS Mcir*,x )40
a } 0° TO 80°
i g 164 MeV A
a0
8 P h
7. 4
 } 0* ‘
§ 20 MV j
" -
o 5 t A n - A

MISSING MASS (Mev)

Fig. 22. Mensured spectrum?? for the "C(n+, #~) reaction at 164 MeV,
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to 295 MeV, giving a rather complete picture of the behavior of forward-angle cross sec-
tions. For the medium-mass nuclei #Sr and %°Zr, the DIAS is easily observed at 292
MeV, but has been difficult to observe at resonance energies. For heavy nuclei, such as
2098; and 2°°Pb, the DIAS is difficult to observe, even at 295 MeV. The spectrum for
the 298Pb(r+, ) reaction shown in Fig. 24 took?® about 3 days running at EPICS. The
observation of the DIAS signal is beyond question.

The measurement of the DIAS signal in heavy nuclei makes possible the further study
of the isobaric-mass-multiplet equation and of isospin mixing in nuclear states. The
measured?® DIAS excitation energy and width of this state are 32.47 £ 0.17 MeV and
0.85 £ 0.40 MeV (FWHM), respectively. On the assumption that the widths of IAS and
DIAS states are due to Coulomb mixing of Ty — 1 background states, one expects I' (DIAS)
= 2" (IAS). The width of the 2°*Pb IAS state has the measured value 0.231 £ 0.006 MeV.
Twice this value is consistent with the measured DIAS width. These first measurements
establish that the (=%, 7~) reaction can be used to study these narrow states high in the
continuum of heavy nuclei. With modest 2.ditional effort much more accurate values of
I’ (DIAS) could be obtained.

At the low-pion-energy end of the experimental work, we found?? in the *Ca(r+,7™)
measurements that the DIAS could not be observed at 50 MeV due to the large background
on nonanalog states, whereas at 35 MeV it stood out quite clearly. Our attempt to measure
the DIAS transition on *°Zr at 50 and 35 MeV failed. Thus, it looks liie low-energy DIAS
measurements in the next few years will be limited to nuclei with A < 60.

B. Systematics of DIAS Cross Sections

The extensive measurements over the past 10 years have determined quite well the
shapes of the forward-angle excitation functions. The cross sections for !4C, 120, 26Mg,
and 42Ca are exhibited in Fig. 25. They exhibit a characteristic shape which has a deep
minimum near 180 MeV. The cross sections are largest near 50 MeV where they have a
value of about 4 ub/sr.

The 5° cross sections vs 4 at 292 MeV are shown in Fig. 26. The dashed line,
representing the function

do

hoidl °) — _ N --10/3
g (8) = 19N = Z)(N - Z - )4 mb/ar

reproduces the data trends and gives the characteristic shape of forward-angle DIAS cross
section. The largest cross sections are obtained for the light nuclei, and the smallest
for medium-mass nuclei near A = 50. For A > 70, a nearly constant value of 0.8 ub/sr
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Fig. 25. Forward-angle DIAS cross sec-

tions for T = 1 nuclei. Data are taken )
from Refs. 28 through 33. The lines are that for s.able heavy nuclei (N - 2) ~

drawn to guide the eye. A8/,
The 5° cross sections divided by

(N = Z)(N -~ Z - 1) nre plotted against 4 on logarithmic scales in Fig. 27. At
202 MeV all the data points except **Cu fall closely to the line given by 4-19/3, At

section for A > 70 results from the fact

lower energies the data do not cluster so nicely along the 4='"/? line, although this
power law still describes the genernl trends. In a recent analysis of all available 5°
data between 100 and 300 MeV, Gilinan et al.?® found that a fit of A® to the datn
nt ench energy yields a value of « quite close to —10/3. Their results are shown in
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Fig. 28. This global trend reflects the sur- -0

——— T

face nature of the reaction over this en- gI.AS

ergy range. o 2.0} N
‘The angular distribution shapes have <

been quite revealing. At 292 MeV the g -0 } —

shapes measured for !*C, 180, and **Mg 3 [——'{-I_{_!'T—Lf_——‘—__‘"

were found? to have first minima at 40 |- -

the expected position for simple diffrac-

tion scattering. However, at 164 MeV, '5‘050 : |J5° . Z;O 30

the angular distrib+*ions have first min- T, (MeV)

ima at angics maller than ex- .

pected from a sin. fraction picture,?? Fig. 28. Values of a determined by

Gilman et al.®* in fits of the functions
(N =2)(N ~2Z —-1)A“ to 5° DIAS cross

sections.

An interference of two amnpl:‘udes would
seem to be required to explain these
data. Theoreticrl efforts to understand
these angular distribution shap~s have pointed to a significant role of short-range phenom-
ena in one of the amplitudes. We discuss such an analysis next.

C. Optical Potential Analyses

The puzzling angular distribution shapes at 164 MeV prompted Johnson and
Siciliano®® to investigate the role of higher-order terms in the 7- A optical potential. To
achieve a unified analysis of elestic scattering, [AS transitions, and DIAS transitions, they
cast the optical potential in a form that explicitly incorporates isospin invariance. The
general form they employed is

U=Up+Ui(Tw-Ta)+Us(tw -Ta) .

Here T,.. is the isospin of the pion and CFA is the isospin of the nuclear target. Uy, U,
and U/, are referred to as the isoscalar, isovector, and isotensor components of the optical
potential. The separation of the optical potentiul into these three terms has the advantage
that each term is particularly sensitive to one of the scattering processes: U is determined
primarily by elastic scattering; U; is most directly sensitive to IAS cross sections; and U; is
most directly sensitive to DIAS cross sections. Dynamical processes associated with each
term for scattering near resonance energies are illustrated in Fig. 20. With this form of the
potential there are two amplitudes for the DIAS. One, obtained by the iterated . peration
of the U; term, goes through the IAS. The other, given by U3, gives transitions through
other intermediate states or through new short-range mechanismy. One type of interaction
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term that contributes to U is the A-N
interaction (DINT) term such as is illus-
trated in Fig. 29.

In the model of Johnson and Sicil-
iano, Uy, Uy, and U, are expressed as se-
ries expansions in p and Ap, where p =
pn + pp and Ap = pn — pp. In a first-
order calculation only p and Ap terms are
retained for Uy and U;; U; is dropped,
since its lowest-order terms are quadratic
in Ap. In sccond-order calculations, terms
p?, pAp, and Ap? are retained in Uy, Uj,
and U 2-

First Order, At this level, DIAS tran-
sitions are calculated as sequential single-
charge-exchange scattering through the
IAS intermediate state. Such calcula-
tions, with some parameter adjustments,
account for many of the general features
of IAS and DIAS transitions, such as the
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Fig. 29. The form of the 7-A optical po-
tential as used in the analysis of Johnson
and Siciliano.?® The [AS transition is in-
duced by the U; term. The DIAS transi-
tion is induced by sequential operation of
U, and by the U, term. The latter allows
for transitions through nonanalog inter-
mediate states.

trends of 0° cross sections with (N — Z)
and A, and the general shapes of elastic and IAS angular distributions at forward angles.
The most notable failures of the first-order calculations occurs in the absolute magnitudes
of IAS and DIAS cross sections and the shapes of DIAS angular distributions. On a fun-
damental level, first-order calculations are known to leave out important dynamical effects
associated with pion absorption, A propagation, N-A interactions, and N-N correlations.
Second-Order Unified Analysis. Using an optical potential of the form given above,
Greene et al.%® performed a unified analysis of 164-MeV data for elastic, IAS, and DIAS
scattering. This gave an excellent quantitative description of elastic scattering for nuclei
from '2C to *°Ca, forward-angle IAS cross sections for nuciei from "Li to 2°®Pb, and DIAS
cross sections at 5° for nuclei from 4C to %Fe. The theoretical DIAS cross sections are
compared with the data in Fig. 30. In addition, the DIAS angular distributions between 0
and 60° for '4C, %0, and ?*Mg were quite well described, as is shown in Fig. 31. The last
result could be obtained only with the inclusion of a large U; term. Since this term can
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Fig. 30. Comparison of experimental 5°
DIAS cross sections with the second-order
optical potential calculation of Greene et
al.®® (shown as solid squares).

have its origin in A-N interacticn terms
such as the one shown in Fig. 29, Greene
et al. concluded that DIAS transitions at
164 MeV are quite sensitive to short-range
correlations.

We see that availability of extensive
IAS and DIAS data at resonance energies,
together with a theoretical model incorpo-
rating isospin invariance, gives a quantita-
tive basis for investigating the short-range
dynamics involved.
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Fig. 31. First-order (dotted line) and
second-order (solid line) optical poten-
tial calculations of Greene et al.?® for the
DIAS transitions at 164 MeV on !C, 180
and 2°Mg.
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IV, USING DCX AT LOW PION ENERGIES TO STUDY

N-N CORRELATIONS
A. The 'C Puzzle

If one examines the forward-angle spectra of the 4C(r+, 7°) reaction as a function of
incident beam energy between 20 and 100 MeV, one feature stands out. This can be seen
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in Fig. 32. The IAS completely disap-
pears at 50 MeV, whereas it stands out
prominently at other energies. The mea-
sured 0° cross sections as a function of
energy are shown in Fig. 20. In view of
the small IAS cross sections at 50 MeV,
it came as a surprise when Miller’” pre-
dicted a large 0° cross section of 12 ub/sr
for the DIAS transition at 50 MeV. At
higher energies the DIAS cross sections
are typically <1 ub/sr.

Miller's prediction was based on a hy-
brid quark-nucleon model designed to deal
with short-range N-N components found
in ordinary nuclear wave functions. In
this model, two nucleons lose their sep-
arate identities when they come close to-
gether, forming a six-quark cluster. The
probability for this is governed by rq, the
two-nucleon separation distance. Miller
used the value r; = 0.95 fm, which gives
a six-quark cluster probability of 6% for
14C. To calculate the scattering ampli-
tude the pions are coupled directly to the
quarks inside the bag via an axial-vector
operator of the form

—_— brud
geNOTj* kets

where F;- is the quark spin operator, k,
is the pion momentum, 7, is the charge-
changing a down
quark to an up quark, and g,y is the

changing operator,

experimentally determined pion-nucleon
coupling constant.
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The results of Miller's predictions®? ——— |
are compared with the LAMPF data?® '°’:" ' (r* )
in Fig. 33. The pronounced forward [ gcl,‘f“v
peak is certainly seen in the data, al- t )
though the measured 0° cross section of |ty j
3.9 + 0.4 ub/sr is less than predicted. - §
Miller subsequently?® corrected his orig- i §
inal plane-wave calculation by including a = i
pion absorption factor of exp(¢/}), which aﬁ l.o;- ; -
lowered the 0° cross section to 4 ub/sr. o " €-Quark 17
Optical potential calculations based E [ (Miller,1984) i ....... f J
on sequential scattering through the ana- - 4
log intermediate state considerably under- - ot 1
estimate the forward-angle cross section. r"”. "=~ Nucieans Onty ]
A representative calculation is shown in
Fig. 33. ol —l 1,
This situation prompted Gibbs, 0 40 80 120
Kaufmann, and Siegel®? to calculate both 8om

IAS and DIAS cross sections for 14C us-

ing their multiple scattering theory. With Fig. 33. Dit.crential cross sections for the

DIAS transition on !4C. The data and the
dotted curve are from Ref. 28. The solid
curve is from Ref. 37.

their model they could give detailed in-
formation on the range and angles in-
volved for the intermediate pion propa-
gation. They gave a geometrical answer as to how SCX could be small at 0° and DCX
could be large. It was two 90° SCX scatterings that gave a large 0° DIAS cross section.
The distance traveled by the intermediate 7#° was also calculated, and they obtained the
result that approximately 50% of the scattering amplitude arose from scatterings where
the two nucleons were within 1 fm of each other. Thus, their calculations lent support to
Miller’s contention that large DIAS cross sections at 0° signified a large role of short-range
N-N components.

Higher-order optical potential treatments by Siciliano et al.4%4! and Liu4? were nlso
able to reproduce the IAS and DIAS cross sections. The higher-order terms are thought
to represent short-range effects.

A different conclusion was reached by Karapiperis and Kobayashi,®® who used the
A-hole model to calculate the IAS and DIAS cross sections for MC. They claimed that

I
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the DIAS transition does not involve appreciable contributions from short-range .V-N
correlations.
Considerable effort has gone into resolving this question. We will review these results.

They suggest a tentative answer to the above question.

B. DCX Mechanisms
The classification of DCX mechanisms is less than straightforward because different

theoretical formulations are used to describe the same phenomena. There are at least six
distinct approaches:

1. Optical potential phenomenology (e.g., Refs. 35, 41, 42, and 44).
Multiple scattering treatments (e.g., Ref. 39).
Glauber model (e.g., Ref. 46).
A-hole model (e.g., Refs. 43 and 48).
Meson exchange currents (e.g., Ref. 47).

8. Six-quark bags (e.g., Refs. 37 and 49).
Since we are interested in determining what the range of double scattering is, and par-
ticularly we would like to see if the short-range N-N dynamics of DCX reactions can
be isolated, the problem is to determine whether the various approaches reach the same
answer on this point.

A ol

A basic distinction in the approaches is whether they assume sequential scattering
or some specialized short-range DCX mechanism. By sequential scattering, we mean that
the 7+ of the beam charge exchanges on a neutron to produce a 7%, which propagates to
another neutron where it charge exchanges to produce a 7=, which then leaves the nucleus
and is detected. This process can be broken into two contributions, depending on whether
the intermediate nuclear state is the IAS or whether it is a set of other states. This picture
for sequential scattering is illustrated in Fig. 34.

Some explicitly short-range DCX mechanisms are illustrated in Fig. 35. These give
a quite different picture of DCX. In the six-quark bag piciure, two neutrons momentnrily
form a six-quark bag. While in this condition, a 7#* is absorbed and a 7~ is cmitted,
converting two down quarks to two up quarks. In the A-interaction (DINT) diagram n
neutron accepts the 7+ and later, after brushing off a #*, radiates a #~. This resembles
elnstic scattering on a single nucleon. In the meson exchange process, the 7+ beam double-
charge exchanges on a virtual pion in transit between two nuclecons. All three of these
processes are manifestly short-range processes.
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Fig. 34. Ilustration of the two types of sequential scattering involved in
DIAS transitions.
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Fig. 38. lllustration of short-range DCX mechanisms discussed in the text.

The sequentinl scattering processes discussed above may also contain short-range com-
ponents. In fact, we have already noted that the sequential scattering caleulations of Gibbs
et al. ¥ explicitly show short-range components. Fruitful investigations of sequentinl sent-

tering have oceurred in the past year, and we now turn to a discussion of these results.
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C. Sequential Scattering Treatments
Bleszynski and Glauber3® have just
completed a detailed analysis of the IAS
and DIAS transitions in }C using a se-
quential scattering picture. Their study
is particularly instructive regarding the
role played by the spatial correlations in
the valence nucleons. As a general result,
they find that the correlations contained
within proven shell model wave functions
are adequate to give a satisfactory ac-
count of both the IAS and DTAS transi-
tions at 50 MeV. Their calculations are
compared with the data in Fig. 36. For
these calculations the Cohen and Kurath
wave functions®! for the 4C ground state
were employed. The role of distortions
was found to be minimal. The two sets
of curves represent plane-wave impulse
approximation calculations and distorted-
wave impulse approximation calculations.
The Cohen-Kurath wave functions
evidently contain the correct spatial cor-
relations. In an LS coupling scheme, as
used in Ref. 50, there are only two com-
ponents in the 4C wave function,

l “Cn 8-9-)=0| ISO)"';BI 3-P0> '
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Fig. 36. Comparison of the calculations
of Bleszynski and Glauber®® with the
4C data on the IAS and DIAS transi-
tions (Refs. 21 and 28). The dashed and
solid curves corr:spond to plane-wave and
distorted-wave calculations, respectively.

assuming that only p-shell nucleons are active. The calculations shown in Fig. 36 used
values | a | = 0.85 and | @ | = 0.52 corresponding to the Cohen-Kurath values. The DIAS
angular distribution would have looked quite different for o = 1 or for # = 1 as is shown
in Fig. 37. The forward peaking of the angular distribution is due to the ! Sy component.
In this state of relative motion the nucleons can move on top of each other (¥ & 73),

whereas in the P, state, which is spatinlly antisymmetric, the wave function vanishes



for 7y = T5. Thus, pronounced forward peaking is seen to be a signature of short-range
spatial correlations.

Bleszynski and Glauber investigated this point more quantitatively by expressing the
double-scattering amplitude in terms of the relative coordinate ¥'= 7} — 73 and centroid
coordinate R = ;}(7’1 + 72). The factor which contains the dependence on the relative
coordinate is Q(T".I—Z: A). The averaged and weighted value of this function, so as to reflect
appropriately the dependence on internucleon distance r, is displayed in Fig. 38. This
curve shows that most of the DCX occurs at distances smaller than 2 fm and that the
most probable distance of separation is 1.2 fm. These results are quite consistent with
the earlier results of Gibbs et al.®® In view of the fact that the rms charge radius of the
proton is 0.7 fm, one would have to conclude that there is considerable overlap of the two
nucleons as they are converted from neutrons to protons.
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Fig. 37. Comparison of the C data with Fig. 38. The function | Q(7.Q = 0;A) |
calculations3? using different model wave rip(r) as defined in Ref. 50, with A =
functions, as discussed in the text. 3.5 fm~!, and averaged over orientations

of 7 (see text).

A further result given by Bleszynski and Glauber is an evaluation of the role of the
IAS intermedinte state. For the full DIAS amplitude, they summed over all accessible
intermediate states (closure). When only the IAS intermedinte state is included, they
obtain o flat ungnlar distribution, s is shown in Fig. 30. They point out that restricting
the intermedinte state to the IAS corresponds to omitting N-N correlations.
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: _ o]
The large role of nonanalog inter pe e g 2

mediate states at 50 MeV for the "C 30MeV
DIAS transitions was noted earlier in

Refs. 39 and 43. Calculations with op- a5

tical potentials*!'*? also point to a large ;'-é SR W

role of nonanalog intermediate states.

Thus, three points emerge from anal- Oﬂolo.q';?:l;:\';d e _ f '
yses of the !*C data: (1) forward-angle ot 'T,:',’:,“'m
DIAS cross sections at 50 MeV arise ‘
predominantly from scatterings through 'o_o ~ '5'3 = $° ' 1;0
nonanalog intermediate states; (2) N-V Bem!*)
correlations are responsible for the tran- Fig. 39. Comparison of the 4C DIAS
sitions through the nonanalog interme- data with calculations of Ref. 50. The

dashed curve results when only the IAS
intermediate state is included; the solid

curve results from a sum over all interme-
with r < 2 fm. diate states.

diate states; and (3) most DIAS transi-
tion strength involves nucleon correlations

D. DIAS Transitions on 434448 Ca

The Ca isotopes offer an attractive opportunity to study further the effects of nucleon
correlations, To this end we measured?’?? the isotopes Ca-42,44,48, which have 2, 4, and
8 valence neutrons in the 1f7/; shell, respectively. Our initial, naive expectation, hefore
we fully appreciated the large role played by V-N correlations, was that the cross sections
would increase with the addition of valence neutrous. This was based on the apparent
success of the low-energy plane-wave model of Koltun and Reitan,’® which predicts a
(¥ = 2Z)N -2 -1) dependenre and a very weak A-dependence. This model explained
the near-constancy of the measured 50-MeV cross sections for the T' = 1 nuclei '4C, 120,
and *Mg. In our first run on **Ca we were quite surprised to leacn that the **Cn cross
section has about the same value as that of !*C. Since the factor (N = Z)}(N =2 - 1)
is 28 times larger for **Ca than for '*C, this result was quite puzzling. It looked like n
significant A-clependence had developed at A > 26. In our second run we measured 244 Ca
and found "Ca to have about one-half the cross section of *Ca. The spectra are showr
in Fig. 40 and the cross sections are given in Table II. This result showed convincingly
that A-dependence was not the dominant effect. It was highly suggestive of an interference
effect having its origin in shell-model correlations.
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Fig. 40. Measured spectra®”?? for the 4344 Ca(x*, =) reactions at 35 MeV and 40°.

Table II. The measured laboratory cross sections for the calcium iso-
topes at a laboratory scattering angle of 40° (Refs. 27 and 29).

Relative
Te® de /d Uncertainties®
Isotope (MeV) (ub/sr) (ub/sr)
42Cy 33.06 20+0.5 (£0.3)
HCn 32.0 1.1+£03 (£0.15)
490y 34.2 2.4 +0.7 (£0.6)

*Kinetic energy at the center of the target.
bRelative uncertainties appropriate for the isotopic comparison.




By this time E. Bleszynski, M. Bleszynski, and Glauber had begun calculations which
showed that there were large differences in the two-body correlation densities in (f; )"
configurations for different values of n. A comparison of **Ca and **Ca is shown in F ig. 41
(Ref. 53). What is plotted is the “separation density” which is defined by

pep(T) = / SRR+ 72, R - 7/2)

with
p (71, 72) = V(TN AV(TL + C(T1, T2)] .

In these expressions p(*)(7}, T2) is the two-particle density, p()(7) is the single-particle
density, and C('?;, T3) is the shell-model correlation function. To »mit N-N correlations
corresponds to setting C' = 0.

For the two valence nucleons of 42Ca
(as well as !4C), there is a large amount
of spatial overlap in the two-particle wave
function, giving an increased value of p,p
for small r (Fig. 41). For **Ca, which
has eight valence neutrons in a closed f7/;
shell, the Pauli exclusion principle enor-

mously reduces p,ep at small r. For #4Ca,
Psep(r) is intermediate to ‘?Ca and *®Ca. ¢ (fm)

If indeed the DIAS ttmsitions are most Fig. 41. Sep&ration den5itie! for (fT/z)"

sensitive to the small r behavior of pyep(r), configurations as given in Ref. 53.
one can see a qualitative explanation for

the behnvior of the 43:4448Ca cross sections. We discuss this below. Full calculations of the
Ca cross sections taking into account the shell model correlations and the #-N interaction
are now in progress 33:34

E. Two-Amplitude Shell Model

\ useful forinulation of the DIAS scattering amplitude in terms of analog and nonana-
log components was given recently by Auerbach, Gibbs, and Piasetzky.?® If there are n
neutrons in shell j and they are all coupled pairwise to J = 0 (seniority = 0 configuration),
the (%, =) DIAS cross section can be written as

do _(N=2)N-Z-1) 2
dQ Dmsw) B 2 |4(8) +wB(8)|
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where the amplitude 4 represents the L = 0 multipolarity of the two-body transition
operator and the amplitude B represents a sum over all L # 0 even multipoles. The
weighting factor w for the B amplitude depends on NV and Z according to

_ (2j+3=2n)
T (r-1)2-1)

where n = N — Z. We note that w has values 1, 1/9, -1/7 for Ca-42,44,48, respectively.
We see that if | B | > | A | there can be dramatic deviations from (N - Z)}(N - Z - 1)
scaling across the Ca isotopes.

Since the 4 amplitude represents the L = 0 transition multipole, it represents predom-
inantly the IAS intermediate state. (There may be small L = 0 components in nonanalog
states.) The B-term represents the sum over all nonanalog intermediate states. As we saw
from the C analyses, there is considerable evidence that the forward-angle DIAS cross
sections at 50 MeV derive most of their strength from nonanalog intermediate states. Thus
we might expect | B |>| A |.

The data on the three Ca isotopes allow us to determine empirically | A |, | B |, and
the relative phase between A and B. The values determined from the data are given in
Table III. The value | B|/ | 4 | = 3.5 is obtained. This implies that for 4Ca, where w = 1,
the DIAS amplitude at 40° arises primarily from nonanelog intermediate states. For *4Ca
and 48Ca the DIAS amplitudes arise predominantly from the IAS intermediate state, since
the weighting factors of 1/9 and —1/7 greatly suppress the nonanalog amplitude. In terms
of the N-V correlations, we have seen from the calculations of Ref. 53 that p,ep(r) for
2Ca is large at small r and relatively flat for 444°Ca. Thus, the Ca cross sections at low
cnergy are quite naturally explained as a consequence of the N-.V correlations in (1fr/7)"
wave functions and the short-1ange nature of the double-scattering process.

e —— e —————— . " —_———— -y — o ————

Table III. The deduced magnitudes of A, B, and ¢ (relative phase angle)
from the data In Table II. The units for 4 and B are (;:b)!/3,

|4 | B | ¢ | B|/]4]
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Preliminary results from Kaufmann )
and Gibbs®® indicate that the largest val-

ues of | B | / | A | at forward angles 6~ DIAS
o.
it r,' shell

occur near 50 MeV. Values of this ra-
tio at 0° as a function of beam energy
for the DIAS transition in (f7,2)" con-
figurations are shown in Fig. 42. There

is a pronounced peak near 50 MeV. By ——
maximizing the | B/A | ratio one gains
maximum sensitivity to short-range N- 2

N correlations. This is shown explicitly / a = 600 Mev/c
:

in Fig. 43, which shows the internucleon \

-
™

L —
0 100 200 300
flat with r, whereas B is sharply peaked Ty (MeV)

at small r,

range r involved for both the A and B G = 300 M.\M:f
1

amplitudes. It is seen that A is relatively o

rig. 42. Theoretical values®¥ of the ra-

From these results, we would con- tios of the two-body transition amplitudes

clude that measuring 0° DIAS cross sec- | A 'and | B | as defined in the text.
tions near 50 MeV is an optimum way to These were calculated using the theoreti-
study short-range nucleon correlations. cal formulation of Ref. 39.

V. SUMMARY AND CONCLUSIONS
We have followed in this article the progress in the measurement and analysis of
the IAS and DIAS transitions of pion-charge exchange reactions. I believe we have the
following results.
(1) IAS transitjons: The measurements now determine quite well the patterns of the
forward-angle cross sections in the energy range 20 to 500 McV for nuclei from
'H to °%Pb. Empirical relations have heen found to systematize the resonance
energy data. These serve to characterize the isovector part of the n-4 optical
potential, Between 300 and 425 MeV the IAS cross sections increase by factors
of 2 to 3, a feature which has not yet been fully incorporated into theoretical
treatments. Qualitatively, this increase reflects a greater volume scattering at
high pion energies. At low pion energins the forward-angle [AS cross sections
exhibit a deep minimum near 50 MeV, « festure otiginating in the free 7—p —
7%n cross sections. Its persistence in -4 seattering places strong constraints on
dispersive medium effects.
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(2) RIAS trapsitions: There now ex-

ists an extensive body of data at T 1 T T T

1.2 -
energies 20 to 300 MeV which :9 MeV

establishes the systematics of L lf-,’. shell i

forward-angle cross sections. In-
terest in these data continues to

cm)

center on the unambiguous iden-

(10

tification of the role of short-
range N-N correlations and on
the magnitude of the A-N in-
teraction term. At resonance

energies the anomalous angu-

lar distribution shapes appear
to signify short-range effects. r{Fm)

At low pion energies, the ob- g 43 Theoretical values® of | A | and

| B | (defined in the text) as a function of
distributions seem to be signa- cutoff radius r.

served forward-peaked angular

tures of short-range effects. The
anomalous cross section ratios for 43:4448Ca can be understood as being a con-
sequence of the short-range nature of the DCX process, and indeed give strong
support to such a conclusion.
Although quark degrees of freedom have been employed to describe short-range features
of DCX reactions, to date there is no unique signature to the role of quarks. One can
hope that as more conventional analyses provide an unambiguous identification of the
short-range components in DCX reactions, the role of quark degrees of freedom may be
seen.
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