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PION SINGLE- AND DOUBLE-CHARGE-EXCHANGE
REACTIONS AT LOW ENERGIES}

Helmut W. Baer

Los Alamos National Laboratory

ABSTRACT

The general features of pion charge-exchange reactions at energies of
20 to 80 MeV leading to nuclear isobaric-analog states (IAS) and double-
isobaric-analog statzs (DIAS) are reviewed. The recent progress achieved in
understanding the role of short-range N-N correlations in the double-charge-
exchange reactions is presented.

. INTRODUCTION

Low-energy pion-nucleus interactions are distinct from the
higher-energy (T« > 80 MeV) reactions in that there is considerable penetration into
the nuclear interior due to the relatively weak pion-nucleon coupling and the relatively
small pion-absorption cross sections. Second, only the s- and p-partial waves are signif-
icant in the # — N interaction. In the chaige-exchange reaction, these two partial-wave
amplitudes interfere destructively at forward scattering angles, causing a near-vanishing of
the cross section at 50 MeV. These foatures of the single-charge-exchange reaction have
some interesting consequences for forward-angle double charge exchange. Speciﬁcnlly,
they appear to enhance the role of short-range N-N components in nuclear wave functions
in forward-angle DCX reactions. We discuss the recent work supporting this conclusion
in this article.

Nf all the states produced in pion charge-exchange reactions, two play a special role:
the isobaric-analog state (1AS) and the double-isobaric-analog state (DIAS). The.: stetes
are in the same isospin multiplet as the iarget ground state and are reached in pion single-
and double-clurge-e;clunge reactions. In transitions to these states nuclear structure
uncertainties are reduced to an sbsolute minimum. Also, in the charge-exchange reactions,
Coulomb eflects play only & minor role, even at low energies, which renders the cross

sections directly gensitive to the hadronic interactions. This is unlike elastic scattering,

t Invited talk given at the Internationa! Symposium on Medium Energy Physics, June
23-27, Beijing, The People’s Republic of China



where Coiomb effects are often quite large. The IAS transitions allow for study of
medium modifications on the elementary #* n — x°p process and the distorted-wave effects
in the # — A interaction. This leaves the double-scattering mechanism as the primary
phenomenon to be studied in the DIAS transitions. It is these transitions that are unique
to pion scattering and that we wish to utilize for investigating nucieon correlations in

nuclei.
II. PION SINGLE CHARGE EXCHANGE, 20 TO 80 MeV
A. The Elementary # — N Charge-Exchange Reaction

We examine first the behavior of the elementary # "p — x%n reaction (Ref. 1). The
angular distributions for energies 50, 180, and 425 MeV are shown in Fig. 1. At 180 MeV
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Fig. 1. Angular distributions for the
#~p — 7°n reections at three energies,
as givein by & current phase-shift analysis

(Ref. 1).
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the angular distribugion is nearly symmetric at 90°, a consequence of hoving nearly pure
p—wave scattering, which gives an angular dependence of (1 + cos?8). This leature was
useful in identifying the quantum numbers of the A in the early 1950's. At 425 MeV, and at
higher energies, the angular distributions arc sharply forward-peakead. At this energy « and
f partial waves are beginning to become significant. At 50 MeV the sngular distribution
is backward peaked, and it has a nearly vanishing cross section at 0°, a consequence of the

interference in s and p partial waves.



The energy dependence of this s-p wave interference phenomenon is shown in Figs. 2

and 3. In Fig. 2, the angular distributions at energies 10, 50, and 80 MeV are shown.
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Fig. 2. Angular distributions for the #~p — x°n reactions at three low energies (Ref.

1).

We see that over the energy interval (10 to 80 MeV) pion single-charge exchange is de-
pressed at forward angles. This is also shown in Fig. 3, which shows the 0° cross section
as a function of pion energy. For energies up to 100 MeV, forward-angle single charge
exchange is quite small, with cross sections < 0.5 mb/sr.
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Fig. 3. Tue 0° cross sections as a function of incident energy for the #~p — »°n
reaction (Ref. 1).



The r~p — =°

n cross sections at low energies were recently measured? with the
n® spectrometer in Los Alamos and at TRIUMF with Nal detectors. A report of this
work and the consequences for phase-shift snalyses may be found in the talk given at this

Symposium by Professor Measday®.
B. Nuclear IAS Transitions

Using the n° spectrometer* ut LAMPF we have made extensive measurements of 1AS
cross sections at energies in the 20 to 80 MeV interval. What we have learned from
these data is that many features of the elementary #N charge-exchange cross sections are
quite closely reflected in the nuclear IAS croas sections. The sharpest feature is Lhe near-
vanishing of the 0° cross section around 50 MeV. This is nicely observed in the set of
spectra shown i Fig. 4 for the ' C(x ¥, #%) reaction at energies 35 to 100 MeV®. The
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*° Fig. 4. Spectra for the *C(x*,r°) re-
%0 action measured® at forward angles (0 to

10°) at different energies. The 1AS is seen
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IAS disappears at 50 MeV, whereas it stands out prominently at the other energies. The

measured 0° cross sections are shown in Fig. 5, where they are compared to
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resents the multipl> scattering theory cal-
culations of Kaufinann et al. as discussed
in Ref. 5.
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2 x do/dQ(r~p — ®%n). They closely track this curve for energies up to 80 MeV. At
higlier energies, pion absorption plays a much larger role, and the nuclear cross se:tions
fall weil below the free cross section.

The sharp dip in the 0° excitation function was seen® in the nuclei from "Li to '3°Sn.
The data are shown in Fig. 8. The curves represent polynomial functions fit to the data to
locate the positions of the minima. The persistence of the sharp-dip structure in the IAS
transition shows thak the dispersive-medium effects are small at low pion energles. In a
disturted-wave Born-approximation deacription, ithe IAS scattering amplitude is expressed
as a transition between incoming and outgoing dietorted waves. Siuce the distortions



arise primarily from the isvscalar part of the optical potential, which is not atrongly energy
dependent at low pion energies, the mensured 0° cross sections should reflect the energy
dependence of the medium-modified charge-excliange transition operator. Thus the ob-
served siinilarity between the free-charge-exchange and the nuclear-IAS-transition cross
sections indicaies that the energy dependence of the isovector pion-nucleon interaction is
not strongly modified by the nuclear medium. This important result obtained in the low-

energy IAS meesurements allows one to pioceed with greater confidence in the analyses of
low-energy DCX scattering.
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Fig. 6. The measured 0° excitation func-
tions for the IAS transition at low pion
energics.® The solid lines represent poly-
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Further similarity of nuclear IAS transition with the #“p — #%n reaction is seen in
the angular distribution shapes.®*~* At forward angles these hiave quite aimilar shapes.
Some representative data on the '*N [AS transition at §5.5, 48.2, and 33.4 MeV are shown
in Fig. 7. Data at 20 MeV are shown in Fig. 8 for 'Li and '*C. The general shapes of



these angular distributions follow plane-wave model calculations as shown explicitly in

Ref. 5 for '*C, and as can be seen from the #=p — 7%n cross sections shown in Fig. 2.
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Fig. 7. Angular distributions for the IAS
transition on 15 N at three low energies.®"’
The curves represent the polynominal

N N S Y Y e function fits to the data used Lo delermine
0° cross sections.
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Data at 20 MeV now exist® for "Li, 1*C, !®N, *°Ni, and !2°Sn at forward scattering
angles. For "Li we were able to measure cross aections near 180° as shown in Fig. 8. These
demonstrate the near isoiropy of the angular distributions. A second point investigated

in this study® was the role of Coulomb distortions in the incoming #* wave in modifying

F.g. 8. Angular distributions at 20 MeV
for the IAS transitions on "Li and C
(Ref. 8). The solid curves are DWIA cal-
culations including the Coulomb force on
the incident pion. The dotted curve is [or

the same calculations with the Coulomb
force turned off.




IAS cross sections. We gee in Fig. 8 that even at 20 MeV, this effect is quite small.
‘This contrasts with inelastic #* and 7~ scattering at low pion energies where Coulomb
distortions play a major role.

The conclusions we draw from the low-energy IAS data are: (1) the net inedium effects
are small in IAS transitions; (2) DWIA calculations give a good overall representation of

the data; (3) the role of Coulomb distortion is small.
I1I. PION DOUBLE CHARGE EXCHANGE, 20 TO 80 MeV

A. The '*C Pussle

We have seen that for '*C and for other nuclei the IAS cross sections have a minimum
near 50 MeV. In view of the behaviour of IAS cross sections at 50 MeV, it ceme as a
considerable surprise when Miller® predicted a large 0° cross section of 12 ub/sr for the
1 DIAS transition at 50 MeV. At higher energies the DIAS cross sections are typically
<pubfsr.

Miller’s prediction was based on a hybrid quark-nucleon maodel designed to deal with
short-range N — N compounents found in ordinary nuclear wave functions. In this model,
two nucleons lose their separate identities when they come close together, forming a six-
quark cluster. The probability for this is governed by rq, the two-nucleon separation
distance. Miller used the value ro = 0.95 fm, which gives a six-quark cluster probabilit /
of 8% for ' C. To calculate the scattering amplitude the pions are coupled directly to the

quarks inside the bag via an axial-vector operator of the form
ng;} ' F,.-T+

where o; is the quark spin operator, k, is the pion momentum, 7 is the charge-changing
operator, changing a down quark to an up quark, and g.n is the experimentally determined
pion-nucleon coupling constant.

The results of Miller’s predictions® are compared with the LAMPF data!® in Fig. 9.
The pronounced forward peak is certainly seen in the data, although the measured 0° cross
section of 3.9+0.4 ub/er is less than predicted. Miller subsequently!! corrected his original
plane-wave calculation by including a pion absorption factor of exp(€/A), which lowered

the 0° cross section to 4 ub/sr.



Optical-potential calculations based
on sequentinl scattering through the ana-
log intermediate state considerably under-
estimate the forward-angle cross sectiou.
A representative calculation is shown in
Fig. 9.

This Gibbs,
Kaufmann, and Siegel'? to calculate both
1AS and DIAS cross sections for '*C us-

ing their multiple scatteri.g theory. With

situation prompted

their model they could give detailed in-
formation on the range and angles in-
volved for the intermediate pion propa-
gation. They gave a geowetrical 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 interinediate »°

was also calculated,
and they obtained the result that approx-
imately 50% of the scattering amplitude
arose [rom scatterings where the two nu-
cleons were within 1 fiu of each other.
Thus, their calculations lent support to
Miller’s contention that large DIAS cross
sectious at 0° signified a large role of

short-range N-N components.
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Fig. 9. Differential cross sections for the
DIAS transition on **C. The data and the
dotted curve are from Ref. 10. The solid
curve is from Rel. 9.

Higher-order optical-potentiel treatments by Siciliano et al.*''* and Liu!® were also

able to reproduce the IAS and DIAS cross sections. The higher-order terms are thought

to tepresent 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 '*C. They claimed that

the DIAS transition does :iot involve appreciable contributions from short-range N-N

correlations.

Considerable effurt has gone into resolving this question. We will review these results.

They suggest a tentative answer.



B. DCX Mechanisms

The classification of DCX mechanisms is less than straightforward because different
theoretical forsnulations are used to describe the same phenomena. 7There are ai feast six
distinct approaches:

1. Optical-potential phenomenology (e.g., Refs. 14, 15, 17, and 18).

Multiple-scattering treatments (e.g., Ref. 12).
. Glauber model (e.g., Ref. 19).
A-hole model (e.g., Refs. 16 and 20).
Meson-exchange currents (e.g., Ref. 21).
6. Six-quark bags (e.g., Refs. 9 and 22).

Sinice we are iuterested in determining what! the range of double scattering is, and par-

oW N

ticularly we would like to see if the short-range N-N dynanics of DCX reactions can
be isolated, the problem is to determine whether the various approaches reach the same
answer on this point.

A basic distinction in the approaches is whether they assume sequential scattering or
some specialized short-range DCX mecharism. By sequential scattering, we mean that
the #* of the beam charge exchanges on a neutron to produce a »°, which propagates to
another neutron wiere it charge exchanges to produce a #~, which then {eaves 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 ie illustrated in Fig. 10.

Sonie explicitly short-range DCX mechanisms are illustrated in Fig. 11. These give
a quite differeat picture of DCX. In the six-quark bag picture, two neutrons momentarily
forin a six-quark bag. While in this condition, a % is abscrbed and a =~ is emitted,
converting two down quarks to two up quarks. In the A-interaction (DINT) diagram a
neutron accepts the »* and later, after brushing off a #*, radiates a #~. This resembles
elastic scattering on a single nucleon. In the meson-exchange procese, the »* beam
double-charge exchanges on a virtual pion in transit between two nucleons. All three of
these processes are manifestly short-range processes.

L 3
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Sequential DCX
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Fig. 10. Tlustration of the two typer of sequential scattering involved in
DIAS transitions.

Short Range DCX Mechanisms
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Fig. 11. lllustcation of short-range DCX mechanisms discussed in the text.

The sequential scattering processes dic. ussed above 1 ay also conlain short-range com-
ponents. In fact, we have already noted that the sequential scattering -alculations of Gibhs
et al.'? explicitly show short-range components. Fruitful investigations of sequential scat-

tering have occurred in the past year, and we now turn to a discussion of these results.
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C. Sequential Scattering Treatments
Bleszynski and Glauber?® have jusi
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 plaved 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 adequale tc give a satisfactory ac-
count of Lboth the IAS and DIAS transi-
tions at 50 MeV. Their calculations are
compared with the data in Fig. 12. For
these caiculatio~s the Cohen and Kurath
wave functions?* for the '*C 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 scheine, as
used in Ref. 23, there are only two com-

ponents in the '*C wave {unction,

| C, gs.)=a|'Se)+0|2R) ,

a&(S)
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Fig. 12. Comparison of the calculations
of Blessynski and Glauber?® with the
14C data on the IAS and DIAS transi-
tions (Refs. 5 and 10). The dnshed and
solid curves correapond to piane-wave and
distorted-wave calculations, recpectively.

assuning that only _p-shell nucleons are active. The calculations shown in Fig. 12 used
values | a | = 0.85 and | # | = 0.52 corresponding to the Cohen-Kurath values. The L1AS
angular distribution would have looked quite different for a = 1 or for § = 1 as is shown

in Fig. 13. The forward peaking of the angular distribution is due to the ' §; component.

In this state of relative motion the nucleons can move on top of each other (7 =~ 73),

wlhereas in the * P, state, which is spatielly antisyminetric, the wave function vanishes



for ¥1 = T3. 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 .he
double-scattering amplitude in teris of the relalive coordinate ¥ = 7y — 13 and centroid
coordinate R = %(_r", + 73). The factor which contains the dependence on the relative
coordinate is ﬂ(?’,l_'l', A). The averaged aud weighted value of this function, so as to reflect
appropriately the dependence on internucleon distance r, is displayed in Fig. 14. This
curve shows that most of the DCX occurs at distances smaller than 2 fin and that the
most probable distance of separation is 1.2 fm. These results are quite consisient with
the earlier results of Gibbs et al.!? In view of the fact that the rms charge radius of the
proton is 0.84 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. 13. Comparison of the '*C data with Fig. 14. The functicn | ﬂ(?,(f: 0;A) |
calculations? using diflerent model wave rip(r) as defined in Rel. 23, with A =
[unctions, as discussed in the text. 3.5 fm~!, and averaged over crientations

of T (see text).

A further result given by Blesgynski and Glauber is an evaluation of the role of the
[AS intermediate state. For the full DIAS wmiplitude, they suinmed over all accessible
intermedinte states (closure). When ouly the IAS intermediate state is included, they
obtain a fat angular distribution, as is shown in Fig. 16. They point out that rescricting

the intermediate state to the [AS corresponds to omitting ¥-N correlations.
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The large role of nonanalog inter- or 2t M- gt g
mediate states at 50 MeV for the !*C S0Mev
DIAS transitions was noted zarlier in
Refs. 12 and 16. Calculations with op- 4
tical potentials’*''® alsc point to a large ;rg | SR ET R VT
role of nonanalog intermediate states. ondlog Intemegiets '

Thus, three points emerge from anal- Mets oaly ol intermediete
yses of the *C data: (1) forward-angle tetes
DIAS cross sections at 50 MeV arise o L , R , N
predominantly from scatterings through 0 %0 .u‘.)'oo 130

nonanalog intermediale states; (2) N-N =
correlations are responsible for the tran- Fig. 15. Comparison of the '*C DIAS
data with calculations of Ref. 23. The
dashed curve results when only the 1AS
intermediate state is included; the solid
curve results from a su» over all internie-
diate states.

sitions through the nonanalog intermne-
diate states; and (3) most DIAS transi-
tion strength involves nucleon correlations
with r < 2 fn.

D. DIAS Transitions on 4244:44Ca

The Ca isotopes offer an attractive opportunity to study further the effects of nuclecn
correlations. To this end we meaured?®?¢ (he isotopes Cu-42,44,48, which have 2, 4, and
8 valence neutrons in the 1fy/; shell, respectively. Our initial, naive expectation, before
we fully appreciated the lary= role played by N-N correlations, was that the cross sections
would increase witl the addition of valence neutrons. This was based on the apparent
success of the low-energy plane-wave model of Koltun and Reitan,®” which predicts o
(N—-Z)(N —2Z 1) dependence and a very weak A-dependence. This imnodel explained
the near-constancy of the measured 50-MeV crous sections for the T = 1 nuclei !*C, '*0,
and 2*Mg. In our first run on **Cs we were quite surprised to learn that the **Ca cross
section has about the saine value as that of ' C. Since the factor (VN - Z)(N - Z - 1)
is 28 times larger for 4*Ca than for '*C, this result was quite pussling. It looked like a
significant A-dependence had developed at A > 26. In our second run we measured 4*44Ca
and found **Ca to have about one-half the cross section of ‘*Ca. The specira are shown
in Fig. 10 and the cross sections are given in Table 1. This result showed convincingly that
A-dependence was not the dominant effect. It was highly suggestive of an interference

elfect having ite origin in shell-model correlations.

14
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Fig. 16. Mensured 3; :tra?®? for (}e 1244Ca(n*, 77) reactions at 35 MeV and 40°.

Table I. The measured leoratory cross sections for the calcium iso-
topen at a laboratory scattering angle of 40° (Refs. 25 and 20).

Relative
T,* do/dQ} Uncertainties®
Isotope (MeV) (ub/sr) (nb/sr)
14Ca 33.6 20+0.58 (£0.3)
“Ca 32.0 1.1 +£0.3 (£0.15)
“Ca 34.2 2.4+ 0.7 (£0.0)

*Kinetic energy at the center of the target,

Relative uncertainties appropriate for the isstopic comparison.

15



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 (fy/3)"
configurations for dillerent values of n. A comparison of **Ca and **Ca is shown in Fig. 17

(Ref. 28). What is plotied is the “separation density” which is defined by
Prep( ) = /d’np<’>(}"z’+ 7/, - 7/2)

with

P71, 7)) = PV(TI(F)L + C (71, 7))

In these expressions p{?)( 7}, 73) is the two-particie density, p{*)(7') is the single-particle
density, and C(7}, 1) is the shell-inodel correlation function. To omit N-N correlations
corresponds to setting C = 0.

For the two valence nucleons of 2Ca o8
(as well as '*C), there is a large amount
of spatial overlap in the two-particle wave
function, giving an increased value of p,qp
for amall r (Fig. 17). For **Ca, which e or ¥ce

has eight valence neutrons in a closed fy/,

shell, the Pauli exclusion principle enor-

mously reduces p,p at small r. For 41Ca, 0 N p
Peep(r) is intermediate to 2Ca and **Ca. r(fm)

If indced the DIAS transitions are most Fig. 17. Separation densities for (fr/)"

sensitive (o the small r behavior of p,.p(r), configurations as given in Ref. 28.
one can see a qualitative explanation for

42.41.1.0,

the Lehavior of the 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.?®:2*

E. Two-Amplitude Shell Model

A useful formulation of the DIAS scattering smplitude in terms of analog and nonana-
lug components was given recently by Auerbach, Gibbs, and Piasetzky.?® If there are n
neutrons .n shell j and they are all coupled pairwise to J = 0 (seniority = 0 configuration),

thie (»*, 7~ ) DIAS cross section can be written as

do o (N-Z)N-2Z-

- 1)
o= . |4(8) +wB(O)P

16



where the amplitude A represents the L = 0 multipolarity of the two-body transition
operator and the amplitude B represents a aum over all L # 0 even multipoles. The

weighting factor w for the B amplitude depends on N and Z according to

_ (2] + 3 - 2n)
T (n—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 A amplitude represents the L = 0 transition multipole, it represents przadom-
inantly the IAS intermediate state. (There may be small L = 0 components in nonanalog
states.) The B-term rcpresents 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 niost of their strength from nonanalog intermediate states. Thus
we might expect | B |[>| 4.

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 I1. The value | B | /| A| = 3.5 is obtained. This implies that for **Ca, where w = 1,
the DIAS amplitude at 40° arises primarily from nonanalog intermediate etates. For **Ca
and *Ca the DIAS amplitudes arise predominantly frons the IAS intermediate staie, since
the weighting factors of 1/9 and —1/7 greatly suppress the nonanalog amplitude. In terms
of the N-N correlations, we have seen from the calculations of Ref. 28 that pep(r) for
Y3Ca is iarge at small r and relatively flat for 444*Ca. Thus, the Ca cross sections at low
energy are quite naturally explained as a consequence of the N-N correlations in (1fy/;)"

wave functions and the short-range nature ol the double-scattering process.

Table II. The deduced magnitudes of 4, B, and ¢ (relative phase angle)
from the data in Table I. The units for 4 and B are (ub)'/2.

A | B| é |B|/|A|

0.34 1.45 59° 3.5
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Preliminary results from Kauflinann
and Gibbs?? indicate that the largest val-
ues of | B | /| A | at forward angles
occur near 50 MeV. Values of this ra-
tio at 0° as a function of beamn energy
for the DIAS transition in (fy;;)"

figurations are shown in Fig. 18. There

coin-

is a pronounced peak near 50 MeV. By
maximizing the | B/A | ratio one gains
maximum sensitivity to short-range N-
N cocrelations. ‘This is shown explicitly
in Fig. 19, which shows the internucleon
range r involved for both the A and B
amplitudes. It is seen that A ic relntively
flat with r, whereas B is sharply peaked
at smali r.

From these results, we wonld con-
clude that measuring forward-angle DIAS
cross sections near 50 MeV is an optimum
way Lo study shorti-range nucleon correla-

tions.

F. New Results on '*'* C and '*0

The DCX measureinents were ex-
tended recently to lower energies for the
DIAS transitions of '*C (Ref. 31) and '*O
(Ref. 32) and the non-analog transition
1 (nt,x7)190(g.0.) (Ref. 33). Thean-
gular distributions aear 50 MeV for these

three I, = 0 augular distributions are
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Fig. 18. Theoretical values?® of the ra-
tios of t) e two-body transition amiplitu:les
| 4 | and | B | as defined in the text.
These were calzulated using the theoreti-
cal formulation of Ref. 12.
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| B | (defined in the text) as a function of
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shown in Fig. 20. The shapes of the two DIAS angular distributions are zeen to be
nearly identical. Tle '?C angular distribution is forward peaked but the cross sectious

are smaller by a factor of approximately 5.

Y'TT ' '_'j T \J ' Ll l |

10 ™~ (Lo Iy SE L L—
: ®'"C 504 Mev - - b
- 8"C 49.2 MoV ] [ ]
I A"C 483 MV i %
el 1|
. !

j
-
M
1
R

do/dQ. . (ub/sr)
‘o
( pib/ss)

— i% -

o ] ' |

o v I - [

i } i}: a’ E

. 12 ¢

i 18 | -

= T : |

12

OI'L_;L | I T . Y Lty c -

O 20 40 60 80 100 120 ol | T

6, o (deg) 0 100 200

T (MeV)

Fig. 20. Measured angular distributions Fig. 21. Forward angle (0 or 5°) excitation

for the (n*,x ") DIAS transitions in fun<tions for the " C(»*,#~)"*O (DIAS)
'C (Ref. 10) and '*O (Ref. 32) and reaction (Ref. 10,31,34,35) and for the
for the '2C(x*, »~)'20(g.s.) BC(n*,77)'30(g.s.) reaction (Ref. 33).

transition (Ref. 33)7
The forward angle excitation functions for ths 24 C(xt, #~) transitions are shown

in Fig. 21. For "C, we recently measured?' new cross sections at 19.0, 29.1, and 64.4
MeV.
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For the latter two energies, anguiar distributions were nieam:.zed and extrapolations to 0°
could be made. At 19.0 M=V ouly the :russ section at 40° was measured and its value
is 2.0 £ 0.4 MeV. The DIAS angular distiibution at 19 MeV is expected to be nearly
isotropic, so we show the 40° value in Fig. 2i. Frow this datum, we learu that the DIAS
excitation function turns over at low energies. The i9 MeV crcas section for '*C is the first
measured at this low energy for a DCX reartion, and the '?C data are the first non-analog
cross section measured at T, < 80 MeV.

The new low-energy data are quite intereating. 'Che fact that both the '3C and '*C
transitions rise with lowering of beam energy forces one to seek an explanation common
to both types of transitions. One common factor is the increased pion penetration at
low energies, and it most probably is reaponsible for some of the increase in cross section.
A second [actor, as given by the theoreticel anclyses discussed above, is the enhaunced
scattering aimnplitude through non-aualog interimediate statee near 50 MeV (Fig. 18). Since
1200 has no IAS this is the only type of amplitude. Thus it is reassuring to see that the !?C
cross sections are relatively large near 50 Mc'/. By contrast, at high energies (T, > 230),
tne '2C (and cther T = 0 nuclei) have small cross sections.  This too supports the
theoretical predictions (e.g. Rel. 36) which inuicate that the DIAS cross sections at high
energies arise predominantly from sequentiiel scattering through the IAS.

If che '2''C comparison can be taken as a guide tn thi: role of non-analog intermcdiate
states in DIAS transitions, one weuld expect a large role for non-analog intermediate states
in the '4C transition a! energies near 160 MeV . From Fig. 21 we see that the '7C transition
lias a peak at thiv energy. The origin of thie peak is not well-understood at p-esent.

At low pion energies there are Q-value cffecte that must be taken into account in
comparing DIAS and non-DIAS trausitions i neighboring N = Z nuclei. There are large

dilferences, as given below:

Target Q (MeV) Q (MeV)
DIAS Gs
11C -31.1
1C -3.0% -3.97
140 -28.8
10 -5.08 -5.08
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Thus for '2C a beam energy of 59.4 MeV produces a 7~ of energy of 18.3 MeV. For '*C,
a beam energy of 59.4 MeV gives a #~ of energy 55.4 MeV. This difference must be taken

into account in detailed comparisons of tlhie two reactions.

1V. SUMMARY AND CONCLUSIONS

We have followed in this article the progresa in the measurement and analysis of the

IAS and DIAS transitions of pion-charge exchange reactions at low energies. I believe we

have the following re~-!ts.

(1)

(2)

[AS transit: © measurements now determine quite well the patterns of the
forward-angle sections in the energy range 20 to 500 MeV for nuclei from 'l
to 3 Pb. These data seri= to characterize the isovector part of the pion-nucleus
interaction. At low vion energies the forward-angle IAS cross sections exhibit a deep
minimum near 50 MeV, a feature originating in the free # “p — 7°n cross sections. Its
peceistence in x-A scattering places strong constrrints on dispersive-medium eflects.
DIAS tryusitions: There now exists an extensive body of data at energies 20 to 300
MeV tha: establishes the systematics of forward-angle cross sections. Interest in
these data continues to center on the unambiguous identification of the role of short-
range N-N correlations. At low ion energies, the observed fonnrd-peaked angular
distributions seen to be signatures of short-range sffects. The anomalous cross section

ratjos for 434¢49Ca

can be understood as being a consequence 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 fea-
tures of DCX reactions, to date therc is no unique signature to tie 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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Fig. 2.
Fig. 3.

Fig. 4.

Ig. 9-19.
Fig. 20.

Fig. 21.

FIGURE CAPTIONS

. Angular distributions for the #“p — x°n reactions at tl ree energies, as given by a

current phase shift analysis (Ref. 1).
Angular distributions for the # "p — 7°n reactions at three low energies (Ref. 1).

The 0° cross sections as & function of incident energy for the #~p — #x°n reaction

(Ref. 1).

Spectra for the '*C(xt, x°) reaction measured® at forward angles (G to 10°) at different
energies. The IAS is seen to disappear at 50 MeV.

. The energy dependence of 0° IAS cross sections on '*C (Ref. 5). The solid line

represents two times the free ¥=p — 7°n cross section. The daslied line repiesents
the multiple scattering theory calculations of Kaufmann et al. as discussed in Ref. 5.

. The measured 0° excitation functions for the IAS transition at low pion energies.®

The solid lines represent polynoinial fits to the data used to determine the energy of
the minima in the cross sections.

. Angular distributions for the IAS transition on 15 N at three low energies.*’ The

curves represcnt the polynomial function fits to the data used to determine 0° cross
seclions,

. Aungular distributions at 20 MeV for the IAS transitions on "Li and '*C (Ref. 8).

The solid curves are DWIA calculations including the Coulomb force on the incident

pion. The dotted curve is for the same calculations with the Coulomb force turned
off.

Figure caption 9-19 are given in the text.

Measurea angular distributions for the (x*,x~) DIAS transitions in '*C (Ref. 10)
and '*0 (Ref. 32) and for the '2C(xt,x~)'?0(g.s.) transition (Ref. 33).

Forward angle (0 or 5°) excitation functions for the "*C(x*,n~)!*O(DIAS) reaction
(ltef. 10, 31, 34, 35) and for the '?C(x*,x~)120(g.s.) reaction (Rel. 33).
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