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PION CHARGE-EXCHANGE REACTIONS:
THE ANALOG STATE TRANSITIONS

Helmut W. Baer
Medium-Energy Physics Division

Los Alamos National Laboratory, LOS Alarms, 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 trmsitions and 20 to 300 MeV for
DIM transitions. These data are seen to play an important role in characterizing
the pion optical potentiai, in determining the A-iv 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 front ier of nuclear physics to be in identifying phenomena whose explanat ion

requires the use of quark degrees of freedom. While this is a goal, it cannot be said it has

L)ecnnccornplished in the domain of nuclear structure physics or nuclear reactions at low-

momcnt um transfers. In my talk there will be one topic—pion aouble-charge-exch ange

reucticm —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 reactiom were hailed as the

l~ewfrontier of nuclear physic~, Pions were men to be the “glue” that held nuclei together.

It waa thought that scattering beams of this glue on nuclei surely would be enlicl’tening.

Since nbout 1975 we’ve been doing that at the meson factories, mainly LAhIPF, SIN, nnd

TRITJMF, bllt also some at KEK and BNL, We’ve learned an enormous nmount about the

phenornenology of pion-rmcleus interactions, viz,, elastic and inelastic scattering nt smnll

unci lnrgc nngles, pion “true” absorption, single and double charge exchnngc, A dynnmic,:

in nuclei, nnd more, Rom this work we’ve gotten a fairly good idea of how pions tmcl A’s

illtcrnct in nuclei.



While this work was going on, tile intellectual focus of nuclear physics was gradually

changing, The discovery of the J/VI 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 qu~k 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 tswk.

.4. 7r-.-lScattering

To get an orientation to the subject Ptos-*lwa &Dt*m
T,*1

of pion charge-exchange reactions, it is
.—ft,

helpful to examine the generalized level-

scattering diagram shown in Fig. 1 for a

nucleus with a neutron excess (.V – Z) ~
9-. 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, ~+, To,

nnd r-. Thi3 allows for double-charge-

/“
/

I “ (w”,w-I
/’ , T,

T@- I

7,-2

exchange (DC.X) reactions, which are of

interest because they must involve at Fig. 1, Generalized level-scattering din-

hmst two nucleons (or quarks) to conserve
griun illustrating the types of scattering
phenomena possible with pions,

chnrge; in principle they provide a means

of studying nuchwm-nucleon correlations, (2) The pion is a spin-O boson, Thus, one hns

“true abmrption” processes ~ + .4 ~ A“ and “true creation” processes T + .4 ~ .4” + 27,

These provide prime tools for studying nucleon rcsonanceo, such as the A( 1232) or

,V”( 1440), embedded in a nuclear environment, (3) The m-N system haa a pronounced,

well-isolnted resonance, the A( lzsz), which has spin-3/2, isospin-3/2, and exists in fo~lr

charge states, A++, A+, AO, and A‘, This resonance causes x+ (r-) mattering hetwcen

100 and 250 hIeV to occur predominantly on protonn (neutrons), thereby giving n pro-

nounced cliffercntinl sensitivity to neutron vs proton components in rmcle~r excittdions. It

nlso RIIOWSfor direct observation of iswpin mixing in the excited states of iV = Z nuch’i,

Of all the stntcs in the spectrum of Fig, 1, two plny a spccinl role: the iso!mric-

nmdog stntc ( IM ) nnd the double-isolmric-nnalog state (D IAS), These stntes nrc in tllr

wune isc~spin multiplet M t]lc tnrgct gr[~ilncl gtate rmd are rcnchcd in pion single nml

‘J



T3 = (iv - z)/z s T’O,the I.AS has quantum numbers (T, TO -1 ) and the DI.\S lms

(T, TO - 2). These states furnish an excclh-mt opportunity to st udv single- and doul>le-.
scattering mechanisms in r-.-l interactions. In transitions to these states nuclear structllre

uncertainties are reduced to an absolute minimum because the final states are simply dif-

ferent charge states of the nuclear ground state. .\lso, 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 had-ronic interactions. This is unlike elastic scatter-

ing, where Coulomb-nuclear interference effects are often quite large. The 1.4S transitions

provide characterization of the single-step scattering mechanism, which forms one part of

the double-charge-exchange process. Xfedium modifications on the elementary m+n ~ fi”p

process, M well M distorted-wave effects in the m-.4 interaction, can be evaluated on I.*S

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 Thnsitions

Figure 2 shows the level structure for

.4 = 14 nuclei 1 relevmt to the discussion

of the 1.4S snd DIAS transitions. I.lc

is the lightest available target for which

there is a DIAS transitions. ” We see from

Fig, 2 that the MS is nn excited state

ill IAN at ?.31 hleV, and that the DIM

is the ground state of the mirror nucleus

140. lJC haa been a good nucleus for

study because of the unusually large level

spacings involved, and because of its rel-

atively simple shell structure, 2 Its eight

neutrons fom~ a good closed shell and its

six protons me in a quite well-determined

(9 )2(p)4 Cnnflgurntion,

In n henvy nucleus such M ‘oBPb the

IAS nml DIAS nrc in the contimlum, as

14
c

--

14
N

-U9J!!iY—.

140

Z’6 7

N’s 7

Fig, 2, Level clingrarn showing
nnd DIAS transitions on liC,

“In LOOAlntnoa we hnve 9 g of rndioactivr 1‘~ thnt we have frhric.mted into n 5-
tnrgct of thirknms 0,3 g/rnlz, nml hnw tlml for SC.S nrd DC,S experiments.
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is shown in Fig, 3. The DI.4S is expected

at an excitation energy of 32.0 Mel’ in

20BPo, based on Coulomb displacement

energies. s 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 relemnt aspect of IAS and

DIAS transitions is that they take place

only on the valence neutrons. The proba-

bility density distribution pval(r) of these

neutrons in general does not follow the nu-

clear n .atter density p = pn + pP, which is

the sum of neutron (P.) and proton (pP)

densities representing all JV and Z nu-

cleons, respectively. Figure 4 shows pn,
14C ~d zOaPb, as Ob-Pp, and PV~I for

rained from some of the best Hart ree-

Fock crdculat ions available today.’ We see

that the valence neutrons have very dif-

ferent spatial distributions than pn and

pp. In the usual theoretical calculations

based on optical potentials, the transition

amplitudes for 1.+S and DIM transitions

nre proportional to p“al and p~.l, respec-

tively, Thus, these cross sections provide

a direct means of studying the valence-

neutron density di~tributions.

C. The Elementmy T-N Cross Sections

It is worth taking note of the proper-

ties of cross sections of the three elemen-

tary T-N proccssee r+p d IT+p, rtn 4

r+n, nnd rr+n ~ Top involved in IAS

nnd DMS trtmsitions. (The lntter two

20s
Pb ‘Bi

20s
%

(W*. ”.)~2m&m2

Z’82 83 84
N :126 125 124

Fig, 3. Illustration of the IAS and
DIM transitions on 206Pb. Both transi-
tions have been measured in pion charge-
( xchange react Ions.
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Fig. 4, Density distributions for

(~n)~ PrOtOnS (P~), ~d valence

neutrons
neutrons

(Pvd ) ~ given
tions (Ref. 4).
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are measured in their charge symmetric

channels r-p ~ ~-p and T-p - r“n. )

Figure 5 gi~.es the total cross section for

these three reactions from O to 1000 MeV.

The P33( 1232) resonance is the dominant

feature and is observed in all channels.

The f~ct that it is quite well isolated from

the next highest resonance, the F’1I( 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 Tw = 300 to 700 MeV,

where recent work has been concentrated,

there are the N* resonances PI I( 1-MO),

Dl~(1520), and S11(1535). lJnlike the

A( 1232), these are inelastic resonances

which decay a large fraction of the time

into Nmx, Ntl, and Jvp channels (Refs. 7

and 8). The S11(1535) has a particularly

large branching ratio (s50%) for decay

into the Nq channel, which has been of

recent interesting

Total charge-exchange cross sections

for ir-p ~ Ton and pn ~ np reactions

are shown in Fig. 6, One sees that the

crwrgy dependence of these two cross sec-

tions is dramatically different. At low en-

ergies a(7r-p 4 7r0n) s O,Old(pn + rip),

This makes pion charge-exchange reac-

tions on nuclei more tractable in multiple-

scat tering theories than the (p, n ) and

(n, p) reactions, It also leads to lower

m-.4 cross sections at energies T= <

100 MeV. At Tr = 1!?0 hleV, ex-

actly on the A( 1232) resonance, the two

Fig 5. Total cross sections fcr r+n +

r+p and r+n ~ non scattering (Ref. 6).
The charge-exchange cross sect ion has
been excluded from the n+n total cross
section,

Fig, 6. Comparison of pion and nucleon
induced charge-exchange cross sections on
a prot(m target, The np cross sccticms nrc
from Ref. 10 and the m-p 4 Ton crow
wctions are from Ref, i,



processes have equal cross sections with a

value of 50 mb.

The angular distributions of the

~ p + r“n reaction have some interest-

ing features relevant to 1.4S and DI.4S

studies. They are shown for energies 50,

1S0, and 425 MeV in Fig. 7. At 1S0 MeV,

the angular distribution is nearly syrnmet-

Lic about 90°, a consequence of having

nearly pure pwave scattering, which gives

an angular dependence of (1 + COS28).

This feat ure 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-

tions are sharply forward peaked, a fea-

ture which makes Glauber models appli-

cable at the higher energies. At 10 MeV

(not shown) the angular distribution is

t
w-p~TrOn

1
eJl- +

Fig. i. Angular distributions for the
T-p + m“n reactions at three different
energies, as given by current phase shift
calculations (Ref. 6).

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°, a consequence of interference in the s and p partial waves. This feature persists in the

l~uclear sc~t tering and he.s interesting rarnificat ions for double-charge-exchange scat tering,

<aswe shall see below,

II. PION-NUCLEUS SINGLE CHARGE EXCHANGE

.4. To Spectrometer

To measure IAS transitions one needs to detect To’s with an energy resolution com-

mensurate with nuclear level spacings. We have built a To spectrometeri2 in Los Alamos

that operates in the resolution range 2 to 5 MeV ( FWHM), Figure 8 shows a spectrum

meaaured for the 7Li( r+, tr”) reaction at 100 MeV. Here we achieved a resolution of 2 MeV

(FIVHhI). Figure 9 shows a recently measuredi3’14 spectrum for the r-p + m“n renction

at 425 MeV. The resolution here is 8 kfeV ( FWHM) of which 6 MeV is the To spectrom-

eter contribution, the remaining coming from beam And target effects, The solid ]irw ill

Fig. 8 represents the N[onte Cdo simulation of the I)c ‘, target, and spcctrome cr. TINS

Ij
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Fig. 8. Spectrum for the 7Li(n+, fro)
action as measured with the LAMPF
spectrometer.

re-
lro

measured line shape at this energy as well ss

I70

I4(3

110

80

50

20

-10

W-pawon

425 MeV
2.5°

al

i

350 390 430 470

~“ Kinetic Energy (MeV)

Fig. 9. Spectrum for the m-p 4 Ton re-
action measured with a CH2 target. A
small 12C(r+, To) contribution has been
subtracted (Refs. 13 and 14),

other energies is well reproduced by our

simulation code,

The spectrometer consists of two large ~-ray detectors used to me~ure the opening

augle and photon energies in the To a 27 decay, Each detector me~ures total energy

of photons with Pb glass Cherenkov detectors and the ~ position coordinate with active

Pb-glass converters backed with MWPC’s, Each ~ detector haa three active converters.

The distance from the target to the front converter i~ 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,

D. Overview of IAS Zhnsitions

IAS transitions have now been measured by our group in Loa Alamos at pion energies

from 20 to 550 MeV, Over this interval, the elementary r,I-N cross sections change enor-

mously, as we have seen. The peak of the A resonance OCCUrSTIEat 180 MeV incident kinetic

mcrgy for the T-N system and its width is 110 MeV ( FWHM). In r-A scattering, the pmk

of the A rcsonrmcc is not so well defietl due to binding and A-dependent (e.g., Ref. 15)

7



effects, The A dominance region is gene~ly considered to extend from approximately 65
to 265 MeV. over this energy region elastic and inelastic scattering angular distributions

are sharply diffractive, a feature characteristic of strong absorption. 1.4S cross sections

we ~sO quite forward peaked. .4bove 300 MeV the 7r-N total cross sections are relatively

flat ~d small (Fig. 5), and one expects distorted-wave impulse-approximation (DWIA)

calculations to work quite well” Below 65 ~fev, the character of 7-A scattering changes.

Pions penetrate into the nucleus =d the g-p wave intefierence puh deep minima in the

angular distributions of elastic and charge-exchange

region separately below.

The first important question an-

swered with the r“ spectrometer W:

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 o~’t 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 measured13~14 the for-

ward angle IAS cross sections for nuclei

from 7Li to 20aPb 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

anguhr 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

120Sn and 20BPb is shown in Fig. 12. The

scattering. We discuss this energy

# KIN~Tlc fNE~Gy (M,v)

Fig, 10. Spectra measured for the (r+, To)
reaction at 98 MeV on various nuclear tar-
gets, and for the (r-, Z“) reaction on a
CH2 target (Ref. 16). The angular range
is O to 10°.

8



600 L ‘20Sn n

1-
$ 800

b 600
N
--u

400

200

0

L 200Pb

350 390 430

T+ (MeV)
Fig. 11. Spectra measured for the (x+, no) Fig. 12. Overlay of spectra measured at
reaction at 425 MeV on various nuclear 1.3 and 5.8° for the (z+, ~“) reaction at
targets, and for the (~-, r“) reaction on 425 MeV on targets of I*”Sn and 208Pb
a CHZ 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

O“ cross sections can be made,

C. Systematic 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 onc plots on linear scales the O“ 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(N - 2).4 ‘AJ3 pb/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 A-a reflects in a qualitative way the degree of pion

penetration. A completely transparent disk would give a 0° cross section proportional to

9



(N - Z); a diffuse black disk leads18’19 to (N – 2).4-4/3. I.ngener~, one expects the

scattering to be somewhere between these ~miting c-es, ~.e., O < a ~ 1.33.

There now exist quite complete data

sets at 100, 165, 230, 3007 4~5t ad

500 MeV. The reduced cross section

a(O”)/(JV - 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 horn a = 1.34 + 0.05 at 165 MeV

tea= 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 scat tering at the higher

pion energies.

There was a surprising development

at Tw > 300 MeV. The 0° cross sec-

tions for all measured nuclei take a

big jump betw~n 300 and 425 MeV.

The Jo excitation functions for 7Li,
14C ‘OZr, and 120Sn are shown in*

II
A(w*,#)IAS
la Mv

4 0“

o 1 I I I I
m ma Aa

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 (iV-Z)A-4/3 mb/sr.
The solid line represents calculations per-
formed witl second-order optical poten-
tials and Hartree-Fock calculations for the
neutron and proton density distributions
(see Section IIIiC). ,

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

a a

(::V) Experiment Glauber Model

165 1.36 + 0.04 1.29

300 1.09 + 0.03 9.93
425 0.94 + 0.04 0.84

500 082 + Omlo 0.83

10
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:~’ k’ I I I , rnrl I 1 r I I 111 I “-

1-

E

1
10-51’”I , I 1 11111 1 1 I 1 11111 1 1 # 1 1

1 10 100
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Fig, J4. The .4-dependence of 0° crow

sections between 100 and 296 MeV, The
lines represent fits of the function gl (N -

z).~-a to the data (Ref. 17),

. ..>

1+

t

Fig. 15. The A-dependence of 0° cross sec-
tions at energies 300, 425, and 500 MCL’
(Refs, 13 and 14) and at 165 MeV
(Ref. 17). The e::ponent a (defined in
Fig, 14)’s seen to decrease with increasing
energy aa expected from increased vohlme
scattering (Ref. 14).
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Figs. 16 and 17. This incre=e 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 7-.4 cross sections follow

the trend of the mlV cross sections between 65 and 300 MeV. Now it looks like the m.V

cross sections are more properly normalized to the T-A cross sections at 500 MeV or higher

energies. When this is done, the excitation functions in T-A scattering eyhibit a huge loss

of cross section across the A region. Thus, the observed shape of d~/dftlAs(0) vs Z’mis

largely gove~ned by the coupling of the A to absorption channels, rather than by the direct

a( T-N) shape, This places strong constraints on t heretical calculations of A dynamics,

L

b

ii :

s
I

! ;Id

,
m
1’

Fig.
IAS
14).
Ton

o m a m

% W

16, The energy dependence of the 0°
cross sect ions for 14C (Refs. 13 and
The solid line represents the T ‘p +

cross section in the 7-N cm, system
vs laboratory kinetic energy.

o m 400 MO

TmW)
Fig, 17, The energy dependence of the 0°
IAS cross sections for ‘OePb (Refs. 13 and
14). The solid line represents the n ‘p +
#n cross section in the mN c,m. system
vs laboratory kinetic energy.

h an attempt t~~ 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-N

cross sect ions me relatively weak and the differential cross sections r.re forward pcnked,



Some representative calculations for ‘OZr,

120Sn, and 20sPb are shown in Fig. 18.

These calculations do indeed predict

rising cross sections bet ween 100 and

500 MeV. The data show a step-like in-

crease in cross section between 30il 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 haa 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-

sdt, the total reaction cross sections dR

were calculated and compared to the ex-

perimental values at 315 MeV from 4.sh-

ery et aLJ20 which are the highest energy

data available, The model reproduces the

data quite well, aa is seen in Fig, 19. The

data and model values may be represented

by u R = aA~ with values a = 68 + 4 mb

and 6 = 0.612 + 0.002 for the data, and

u = 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 importar~t new restrictions

on theoretical calculation, If indeed this

rise is due to incre~ecl volume scattering,

IAS
‘z? 0“

Im
%

Fig, 18, Comparison of Glauber mock]
calculations (Ref. 14) with measured O“
IAS cross sections for ‘OZr, 12”Sn, nnd
20aPb (Refs, 13 and 14). The model crdcu-
Iations included a phenomenological term
to represent higher-orclcr proccsscs, such
aa pion absorption,

&u



it may be expected to be present in many

other x-.4 cross sections, Second, the

analysis of the data indicates a sizable

role of higher-or&r effects, such as pion

absorption. Thus, it looks like first-

order DWIA calculations will not be ad-

equate to describe m-.4 cross sections at

the higher energies, as had been hoped.

D. lAS Transitions, 20 to 80 MeV

At low pion energies the black-disk

diffraction scattering picture of m-.4 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 restoration of the plane-

wave picture, The IAS cross section in

a plane-wave modelzl is given by (fixed

scatterer approximation)

m

/

Id I

5a m
A

Fig. 19, Total reaction cross sectious for
T-A scattering at 315 MeV. The data are
from Ashery et el,zo 1 ~le solid line rep-
resents Glauber model calculations which
were St to IAS cross sections (Refs, 13 and
14).

where du/dQ (r-..! j and da/cffl (T-N) are the r-nucleus and ~-nucleon laboratory cross

sect ions for charge exchange, p = m is the v~ence neut~n density, and q is the momen-
tum transfer in the laboratory bystem, At 0° the quantity in brackets on the right-hand

I side reduces 1, and we expect the T-A cross section to track directly the n-N cross section,

Indeed, this is the case, Figure 20 shows the 0° cross sections for 14C. The “C data follow

closely in shape and magnitude the valuee of 2 du/dfl (mN) 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 T.N cross section, a result consistent wit]l

binding and Pauli blocking effects.

The deep n~inimurn in the IAS excitation function WM observeclzz for many mlclci

from ‘Li to ‘20Sn, The data are shown in Fig. 21, The curves represent polynomial f[lnr-

tions that wre fitto the dnta to locntc the position of the minima, The pmsi~twm’

14
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Fig, 20, The energy dependence of 0°
IAS crosa sectionson lqC (Ref. 21). The
solid line represents two times the free
n ‘p 4 r“n cross section, The dashed line
represents the multiple scattering theory
maculations of Kaufmann et al, as dis-
cussed in Ref. 21.
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Fig, 21. The measured 0° excitation func-
tions for the IAS transition at low picm

energies, zz. The solid lineb represent poly-
nomial fits to the data used to determinwl
the energy of the minimum cross sections,

of the sharp dip structure in nuclear scattering puts strong con~traints on any proposml

medium effects, Certainly this deep dip could have been substantially wiped out if multiple

scattering and ab~orption effects were appreciable, This important result obttinecl from

the low-energy IAS meauu~mente allows one to proceed with greater confldrmcc in the

ctncdysis of low-energy DCX scattering.

We note here that the measurements aa at 20 MeV for IAS transitions in 7Li, lJC’,

lSN, nnd 1aosn were recently completed, When these ncw Iowcst-energy dato mre ntl[lwl

to the 0° excit~tion functions, one sees thnt they continue to follow the trend of thr frw

charge-exchange cross sections, Also, nn cvnltmtion of C’olkmh M’ccts Nhowwl thml to Iw

snmll, even nt this low rnrrgy,
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111. PION DOUBLE-CHARGE-EXCHANGE REACTIONS IN THE
A-RESONANCE REGION

.-i. Overview

It again makes sense to discuss the 100 to300MeV 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 Sectmn IV.

There are some experimental aspects of measuring IAS and DIAS transitions worth

noting. Forward-angle IAS cross sections are of order mb/sr, wheresa forward-angle DI.AS

cross sections are of order pb/sr. The actual data accumulation rates per meaaured cross

section have been not so diRerent because (r+, r“) cross sections were measure 1 wit h a

solid angle typically 10-3 sr and with an incident flux of 5 x 106 ~+/see, whereas (m+, r- )

cross sections are meawred with a solid angle of order 10’2 sr and incident flux of 5 x 108

rr+/sec. There are significant differences in the signal-to-background. The IAS dominates

the forward-angle r“ 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 nonarmlog state

transitions. Attempts to mesumre DIAS cross sections at 164 MeV on heavy nuclei have

failed, At 292 MeV, it was possible, quite recently, to observe the DIAS in 20ePb, Thus,

nt 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 (n+, r-) reactions are shown fcr ‘dC, ‘aSr, ‘OZr, nnd

‘08Pb in Figs, 22 to 24, For lAC, the DIAS cross sections have been measured from 20

MISSING MASS (MoV)

Fig. 22, Akumred spcctrun124 for the 14C(r+, r-) rcm-tion at 164 McV,

lG
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Fig, 23. Spectra for the (r+, r-) reaction at 292 MeV and 5° for 8aSr and
‘OZr (Ref. 25),
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Fig. 24 The meaaured m- spectrum of the DCX reaction on ‘OaPb (Ref. 26),
The DIAS is ciearly observed and its energy and width have been determined,
The solid line plotted with the dots represents r. 3-component flt aasuming
n polynomial function background and two Breit-Wigner resonance mmvcu,
ns shown, Only the DIAS is of interest here,
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to 295 MeV, giving a rather complete picture of the behavior of forward-angle cross sec-

tions. “ aasr ~d g“zr, the DIAS is easily observed at 292For the medium-mass nuclel

MeV, but has been difficult to observe at resonance energies. For heavy nuclei, such as
zOgBi and Zogpb, the DI.4 S is difficult to observe, even at 29S MeV. The spectrum for

94 took2s about 3 days running at EPICS, Thethe ‘oapb(r+, r-) reaction shown in Fig. .

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

measured2e 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 2’0- 1 background states, one expects r (DL4S)

= W (IAS), The width of the 20aPb IAS state has the measured value 0.231 + 0.006 MeV,

Twice this value is consistent with the measured DIi4S width. These iirst measurements

establish that the (~+, r-) reaction can be used to study these narrow states high in the

continuum of heavy nuclei. With modest a~ditional effort much more accurate values of

I’ (DIAS) could be obtained.

At the low-pion-energy end of the experimental work, we found27 in the 4sCa(r+, r- )

measurements that the DIAS could not be observed at 50 MeV due to the large background

on nonanalog states, whereas at 35 lMeV it stood out quite clearly. Our attempt to messure

the DI.4S transition on 90Zr at 50 and 35 MeV failed, Thus, it looks lil:e low-energy DIAS

measurements in the next few years will be limited to nuclei with A ~ 60.

B. Systematic of DIAS Cross Sections

The extensive measurements over the past 10 years have determined quite well the

shapes of the forward-angle excit at ion funct iom. The cross sections for 14C, 180, 26Mg,

nnd 42Ca me exhibited in Fig, 25. They exhibit a characteristic shape which has a deep

minimum near 1SO hIeV, The cross sections are largest near 50 MeV where they have a

value of about 4 pb/sr.

The 5° cross sections vs A at 292 MeV are shown in Fig, 26. The dashed line,

representing the function

do
~~IA~(50) = 19(N - Z)(N - Z - l) A-”lOla mb/sr

reproduces the data trends and gives the chamcterist ic shape of forward-angle DIA S cross

sect ion, 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 0.9 ph/sr

1s
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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
drawn to guide the eye.
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Fig, 26, The A-dependence of the
0° DIAS cross sections33 at 292 lvIeV,
The dashed !ine represents the function
19(N - Z)(N - Z - l) A-lO/a mb/sr,

is obtained. This functional forrnle’lg fol-

lows from the simplest assumptions about

DIAS transitions, viz,, that only the va-

lence nucleons are involved, that the in-

termediate state is the IAS, and that the

reaction occurs on the outer limb of the

nucleus. The constancy of the DIAS cross

section for A > 70 results from the fact

that for s,able heavy nuclei (N - Z) *
~5/3.

The 5° cross sections Jiviclcd hy

A on logarithmic scales iu Fig. 27, At

292 MeV tdl the d(lta points except 42CPJfall closely to the line given by A-*O/a. At

lower energies the data do not clunter so nicely rdtmg the .4-10/3 line, dt bough thi~

power law still dcscrihes the genernl trrndg. In a recent armlysis of all available 5“

(Iatn between 100 nnd 300 hfeV, Gilmnn ct al,n’ found thnt a fit of A“ to tl~c (Iilt[t

nt rnch t?iler~y yicl(ls n vnlllc [)f n quite ch)sc to - 10/3. Their rrsldts nrr SIWW1lin
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Fig, 27. The A-dependence of 5° D[.\S cross scctions33 at 292 McV, The
strnight line is a fit to the data Mstimirlg an A dependence of A-10i3 as
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Fig. 28. This glob~ trend reflects the sur-

face nature of the reaction over this en-

ergy range.

The angular distribution shapes have

been quite revealing. .4t 292 MeV the

shapes measured for 14C, le~, and 2GMg

were found24 to have first minima at

the expected position for simple diffrac-

tion scattering. However, at 164 MeV,

the angular distrih’’*lons have first min-

ima at angicq rnaller than ex-

pected from a sin, ~fraction picture. zq

An interference of two ampl~$udes would

seem to be required to explain these

data. Theoretictd efforts to understand

DIAS

5“

4

-5.05~
1s0 3s0

T.(MW)

Fig. 28. Values of a determined by
Gilman et aL34 in fits of the functions
(N - Z)(N - Z - l)Aa to 5° DIAS cross
sect ions.

these angular distribution shapw have pointed to a significant role of short-range phenom-

ena in one of the amplitudes. We discuss such an analysio next.

C. OpticaJ PotentiaJ Analyses

The puzzling angular distribution shapes at 164 MeV prompted Johnson and

Siciliano38 to investigate the role of higher-order terms in the m-A optical potential. To

nchieve a unified analysis of elastic scattering, IAS transitions, and DIAS transitions, they

cast the optical potential in a form that explicitly incorporates isospin invariance, The

general form they employed is

U = V(j+ ~~(~fi .?A) + @X ‘~~)a .

Here ~m is the isospin of the pion and ?A is the iaoepin of the nuclear target, UO, U,,

and U2 are referred to as the isoecalar, isovector, and isotenaor components of the optical

potential. The separation of the optical potential 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; U1 is most directly sensitive to IAS croes sections; and IYais

most directly ,sensitive to DIAS croao sections. Dynamical processes associated with each

term for scattering near resonance energies are illustrated in Fig, 29, With this form of the

potential there are two amplitudes for the DIAS, One, obtained by the iterated . peration

of the L~l term, goes throl.lgh the IAS, The other, given by U2, gives transitions through

other intrrmcdiate states or through new short -rnnge mechanism, One type of intmriction

21



term that contributes to UQ is the A-N

interaction (DINT) term such as is illus-

trated in Fig. 29.

In the model of Johnson and Sicil-

iano, UO, U1, and Uz are expressed es se-

ries expansions in p and Ap, where p =

p. + PP ~d Ap = p. - PP. In a first-

order calculation ordy p and Ap terms are

retained for U. and U1; U2 is dropped,

since its lowest-order terms are quadratic

in Ap. In second-order calculations, terms

p2, pAp, and Ap2 are retained in Uo, U1,

and U2.

~~m At this level, DIAS tran-

sitions are calculated aa sequential single-

charge-exchange scat tering through the

IAS intermediate state. Such calcda-

tions, with some parameter adjustments,

account for many of the general features

of IAS and DIAS transitions, such as the

trends of 0° cross sections with (N - Z)
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Fig. 29. The form of
tential as used in the

\
r-

the r-A optical po-
analysis of Johnson

and Siciliano. 3s The IAS transition is in-
duced by the U1 term. The DIAS transi-
tion is induced by sequential operation of
U1 and by the U2 term. The latter allows
for transitions through nonana!og inter-
mediate states,

and .,4, 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-

dament al level, first-order calculations are known to leave out important dynamical effects

aqsociat,ed with pion absorption, A propagation, N-A interactions, and N-N correlations.

Unified ~ ‘ Using an optical potential of the form given above,

Greene et aL3a 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 12C to 40Ca, foward-angle IAS cross sections for nuciei from 7Li to 20aPb, and DIM

cross sections at 5° for nuclei from 14C to ‘°Fe. The theoretical DIAS cross sections are

compared with the data in Fig, 30. In addition, the DIAS angular distributions between O

and 60° for 14C, 100, and aoMg were quite well described, as is shown in Fig. 31, The last

result could be obtained only with the inclusion of a large Ua term. Since this term can
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Fig. 30. Comparison of experimental S“
DIAS cross sections with the second-order
optical potential calculation of Greene et
aL36 (shorn as solid squares).

have its origin in A-N interaction terms Ool●

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

1

0204060
9= (d&

IAS and DIAS data at resonance energies,
Fig. 31. First-order (dotted line) and

together with a theoretical model incorpo-
second-order (solid line) optical poten-

rating isoapin invariance, gives a quantit~ tied calculations of Greene et U1.36for the
tive basis for investigating the short-range DIAS transitions at 164 MeV on 14C, 180
dynamics involved. and 2oMg.

IV, USING I)CX AT LOW P1ON ENERGIES TO STUDY
N-N CORRELATIONS

A. The 14C Puzzle

If one examines the forward-angle spectra of the 14C(T+, To) reaction ns a function of

incident beam energy betvveen 20 and 100 MeV, one feature stands out, This can be seen
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in Fig. 32. The 1.4S completely disap-

pears at 50 NfeV, 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 Miller37 pre-

dicted a large 0° cross section of 12 pb/sr

for the DIAS trmsition at 50 MeV. At

higher energies the DIAS cross sections

are typically ~ 1 pb/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 nuchmns lose their sep

arate identities when they come close to-

gether, forming a six-quark cluster. The

probability for this is governed by r., the

two-nucleon separation distance. Miller

used the value r,l = 0.95 fm, which gives

a six-quark cluster probability of 6’ZOfor

lAC. 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

where ~j is the quark spin operator, k~

is the pion momentum, r+ is the charge-

changing operator, changing a down

quark to an up quark, and g=f# is the

experimentally determined pion-nucleon

coupling constant.

40 -
SW

I

“c (W-,7?”)

150

t

Tro (MoV)

Fig. 32, Spectra for the 14C(r+, no) re-
action measuredzl at forward angles (O to

10°) at different energies, The IA5 is seen
to disappear a; 50 MeV.
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The results of Miller’s predictions37

are compared with the LAMPF data2*

in Fig. 33. The pronounced forward

peak is certainly seen in the data, al-

though the measured 0° cross section of

3.9 + 0.4 pb/sr is less than predicted,

Miller subsequently38 corrected his orig-

inal plane-wave calculation by including a

pion absorption factor of exp(4/~), which

lowered the 0° cross section to 4 pb/sr,

Optical potential calculations based

on sequential scattering through the ana-

log intermediate state considerably under-

estimate the forward-angle cross section,

A representative calculation is shown in

Fig, 33.

This situation prompted Gibbs,

Kaufmann, and Siege13e to calculate both

1.4S and DIAS cross sections for 14C us-

ing their multiple scattering t!leory. With

their model they could give detailed in-

formation on the rmge and angles in-

volved for the intermediate pion propa-

a

d’
w
\

t

Lo -

, .a

\

6- Quark J i
(Mill.r, 19w f

\

,.
9“

..”.
,9”

,.”

.0 ● ● < Nuc100n9hlY

1:,,,.,..
,.0

o.~~
40 00 120

eO.m

Fig, 33. Dil.erential cross sections for the
DIAS transition on 14C, The data and the
dotted curve are from Ref. 28, The solid
curve is from Ref. 37,

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 scattenngs that gave a large 0° DIAS cross section,

The distance traveled by the intermediate To was also calculated, and they obtained the

result that approximately 5(IYoof the scattering amplitude arose from scattering 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 -rnngc

N-N components,

Higher-order optical potential treatments by Siciliano et al,40’41 and Liu4x were rdso

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

to represent short-range effects,

A different concl’lsion was reached by Karapiperis and I{obayaai~i,40 who used t hc

A-hole model to calculate the IAS and DIAS cross sections for lAC, They clnimccl tlmt



the DIAS transition does not involve appreciable contributions from short-range .V.4\’

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 Mechm”sms

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),

2. Multiple scattering treatments (e.g., Ref. 3!l).

3. Glauber model (e.g., Ref. 46).

4, A-hole model (e.g., Refs. 43 and 48),

5. Meson exchange currents (e.g., Ref. 47).

6. 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 basic distinction in the approaches is whether they assume sequential scattering

or some specialized ~hort. range DCX mechanium. By sequential scattering, we mean that

the r+ of the beam charge exchanges on a neutron to produce a To, which propagates to

mot her neutron where it charge exchanges to produce a n- , which then leaves the nucleus

cmd is deter.ted, 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 piccure, two neutrons momcntnrily

form a six-quark bag, Whil~ in this condition, a m+ is absorbed and a m- is emitted,

converting two down quarks to two up qunrks, In the A-interaction (DINT) diagrnm n

neutron accepts the m+ and later, after brllshing off a m+, radiates R m-, This rmmnhhw

elnst ic scat tcring on a single nucleon, In the meson exchnngc proccsm, the T+ beam doulk-

charge cxchngcs on n virtual pion in trnnsit between two nuclcons, .411three of tlww

proccsaes rm nmnifmt Iy short -rnngc processes,
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Fig. 34. Illustration of the two types of sequential scattering involved in
DIAS transitions.
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C. Sequential Scattering Treatments

Bleszynski and GlaubersO have just

completed a detailed analysis of the IAS

and DIAS transitions in 14C using a se-

quential scat tering 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 comelations contained

within proven shell model wave functions

are adequate to give a satisfactory ac-

count of both the IAS and DTAS transi-

tions at sO MeV. Their calculations are

compared with the data in Fig, 36, For

these calculations the Cohen and Kurath

wave functions 51 for the 14C 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-

wnve impulse approximation calculations,

The Cohen-~ urath wave functions

evidently contnin the correct spatial cor-

relations. In cm LS coupling scheme, as

used in Ref. 50, there are only two com-

ponents in the “C wnve function,

I 14C, g,st) = a I lSO) +@ I ‘~o) ,

:Ig

Fig, 36, Comparison of the calculation
of Bleszynski md Glauberso with the
*4C data on che IAS and DIAS trtmsi-
tions (Refs. 21 and 2S), The dtished and
solid curves corr~sapond to plane-wave and
distorted-wave calculations, respectively,

ausuming that only p-shell nucleons are active, The calculation shown in Fig, 36 mm]

wdues I a I = (),85 and I $ I = 0.52 corresponding to the Cohen-Kurath values. The DIAS

nngular clistrihution would have looked quite different for a = 1 or for /9 = 1 M is shown

in Fig. 37. The forward peaking of the angular distribution is dlw to the 1So component,

Iu thin etntc of rel~tive motion the nucleons rm move on top of ench othm ( ~1 = ~~ ),

whereas in the aPO state, whirh is ~patinlly nntioymmctric, the wnvc function vmidm
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for ~~ = ?~. Thus, pronounced forwmdreAing iss~nto beasignatwe 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 Y’= ~1 - ~z and centroid

coordinate F = ~(~1 + Pa), The factor which contains the dependence on the relative

coordinate is 0( m Z A). The averaged and weighted value of this function, so as to reflect

appropriately the dependence on internucleon dist ante 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.Z fm. These results are quite consistent with

the earlier results of Gibbs et UL39In 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 14C ti~ta with
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Fig. 38. The function I fl[?~ = O;A) I
calculatit)n950 using clifferent model wave r2~(r) M defined in R&f, ’50, ‘with .4 “=
functions, as discussed in the text, 3.5 fm-’, and nvernged over orientations

of 7’(uee text),

A further result given by Bleszynski cmd Glauber is an evrduation of the role of the

IAS intermediate stnte, For the full DIAS amplitude, they summed over all nccmsibk

intcwmcdiate stntm (closure), When only the IAS intermediate state is included, they

ohtnin n fhtt Itnglllnr [Iiotribution, M is dw.vn in Fig, 3!), They point mlt tlmt rmtricting

the int,crmcdinte Stnte to the IAS corrmponds to omitting N-N corrdnt ions.



The large role of nonanalog inter-

mediate states at 50 MeV for the lJ C

DIAS transitions was noted earlier in

Refs. 39 and 43, Calculations with op-

tical potentials41 ’42 also point to a large

role of nonanalog intermediate states.

Thus, three points emerge from anal-

yses of the 14C data: (1) forward-angle

DIAS cross sections at 50 MeV arise

predominantly from scattering through

nonanaIog intermediate states; (2) N-N

correlations are responsible for the tran-

sitions through the nonanalog interme-

diate states; and (3) most DIAS trcmsi-

tion strength involves nucleon correlat ions

with r <2 fm.

4“‘t--7------k-
analog intornwdiafg

1

I

slar~ only
011intmmdim

sfaml

Fig, 39, Comparison of the 14C DI.4S
data with calculations of Ref. 50, The
dashed curve results when only the 1.+S

intcrmed.iate state is included; the solid
curve results from a sum over all interme-
diate states.

D. DL4S Transitions on 42,44,48ca

The Ca isotopes offer m attractive opportunity to study further the effects of nucleon

correlations, To this end we measured 27129the isotopes Ca-42,44,48, which have 2, 4, nncl

8 valence neutrons in the 1/7/2 shell, respectively. Our initial, naive expectation, Iwfore

we fully npprccintcd the large role phq’cd by N-N correlations, was that the cross sections

Nwuld incrccuw with the nddition of wdence ncutrow. This was based on the nppmmt

Hucccss of the low-energy phmc-wave model of Iioltun and Reitan, sx which prc(licts n

(iv - Z)(N - Z - 1) dcpendcnre and a very weak A-dependence, This moclcl explnincd

the near-constancy of the measured 50-MeV cross sections for the ?’ = 1 nuclei ‘4C, “0,

and 2eMg. In our firstrun on 4aCa we were quite surprised to learn that the 4“Cn crow

section has about the same vnlue u that of 14C. Since the factor (N - Z)(N - Z - 1)

is 28 tinm lnrger for 4BCa than for 14C, this result was quite puzzling, It Inokc(l like It

signiflcnnt A-dq-mnclcncc had clevclopccl nt A > 20, In our second rtm wc mmmmxl 4xIi4C’n

nnd fouml I’”Cn to hnve nhout one-half the cross uection of 41Ca, The spectrn nrc SINW..

in Fig. 40 nml the mom mctionm are giwm in Table 11, This rcoult Aowrd r(mvlncillgly

thnt .~-(ltqwil(lrncr WMnot the domimmt Act, It WMhighly mlggcstivc (If nn iutrrforwlrr

rlf’fwt IInvillg its wigiu in Arll-nmdcl rorrdntionu.
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Fig. 40, hIeasured spectra ~7’2gfor the ~~~’’Ca(n~, T-) reactions at 35 MeV and 40”.

Table 11. The measured laboratory cross sections for the calcium iso-
topes at a laboratory scattering angle of 40° (Refs. 27 and 29).

—
Relative

T=’ du/dSl Uncertaintiesb

Isotope (MeV) (pb/sr) (pb/sr)

42CI, 33.(3 2,0 ● 0.5 (+0.3)
~~~1~ 32.0 1,1 +0,3 (+0.15)

~aclt 34.2 ~,~ * 0,7 (+0!6)

‘Kinetic ruergy nt the ccntcr of the tmrgct.
“Rclntive um:crtninticn nppmpriate for the isotopic comparison,



By this time E. Bleszynski, hi. Bleszynski, and Glauber had begun calculations which

showed that there were large differences in the tw-body correlation densities in (jT/2 )‘

configurateions for different values of n. 4 comparison of 42Ca and 48Ca is shown in Fig, 41

(Ref. 53). What is plotted is the “separation density” which is defined by

with

p(2)(71,72) = p(’)(71)p(1)(72)[l + C(7L72)].

In these expressions P(2)(7], 7z) is the two-particle density, p(Ll(~) is the single-particle

density, and C(71, 72) is the shell-model correlation function. To omit N-N correlations

corresponds to setting C = O.

For the two valence nucleons of 42Ca
0.15 -

(as well as 14C), there is a large amount

of spatial overlap in the two-particle wnve

function, ~ving ~ incre~ due of ~~p
0.!0 “

for small r (Fig. 41). For 4aCa, which

hss eight valence neutrons in a closed JT12 ao5 +@

shell, the Pauli exclusion principle enor-

mously reduces p,ep at small r, For 44Ca,
o 2 4 6

p,,P(r) is intermediate to 42Ca and 4@Ca. t (fro)
If indeed the DIAS transitions =e most

Fig, 41, Separation densities for (jT12)n
sensitive to the small r behavior of psop(r)~ configurations aa given in Ref. 53,
one can see a qualitative explanation for

the behnvior of the 42~44’4UCacross sections. We &cuSa t& below, ~11 c~c~ationg of the

Co cross sections taking into account the shell model correlations and the T-N interaction

are now in progrew63’54

E. Two-Amplitude SheJ Model

\ useful formulation of the DIAS scattering amplitude in terms of analog and nonnnn-

log components WM given recently by Auerbach, Gibbs, and Pimetzky,aa If there arc n

neutrons in shell j and they are all coupled pairwke to J = O (seniority = Oconfiguration),

the (n+, n-) DIAS crcm section can be written M
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where the amplitude A represents the L = O multipolarity of the two-body transition

operator and the amplitude B represents a sum over all L # O even mult ipoles, The

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

(2J + 3- %1)

‘=(n-l)(2j -1) ‘

where n = N - Z. We note that w has values 1, 1/9, -1/7 for CB-42,44,48, respectively.

We see that if I .!3 I ~ I A I there can be dramatic deviations from (JV - Z)(N - Z - 1)

scaling across the Ca isotopes.

Since the A amplitude represents the L = O transition multipole, it represents predom-

inantly the IAS intenmxliate state. (There may be small L = O components in nonanalog

states. ) The 13-term represents the sum over all nonanalog intermediate states. As we saw

from the 14C analyses, there is considerable evidence that the forward-angle DIAS cross

sections at 50 LMeVderive most of their strength from nonanalog intermediate states. Thus

we might expect I B l>] A 1.

The data on the three Ca isotopes allow us to determine empirically I A 1, I B 1, and

the relative phase between A and B. The values detemnined from the data are given in

Table 111.The value I B [ / I A I = 3.5 is obtained. This implies that for 42Ca, where w = 1,

the DIAS amplitude at 40° arises primarily from nonardog intermediate states. For ‘iCa

und 40Ca the DIAS amplitudes arise predominutly from the IAS intermediate state, since

the weighting factors of 1/9 and - 1/7 greatly suppress the nonanalog amplit ude. In terms

of the N-lV correlations, we have seen from the calcukions of Ref. 53 that p,QP(r) for

‘2Ca is large Dt small r and relatively flat for 44’40Ca, Thus, the Ca cross sections at low

energy are quite naturally explained M a consequence of the N-N correlations in (1/71a )“

wnve functions and the short-t ange rmture of the double-scattering process.

Table III. The deduced magnitudes of A, l?, and o (relative phase angle)
from the data In Table IL The units for A and B me (~~b) 1/2.

0!34 1145 59” 3.!5
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Preliminary results from ~aufmann

and Gibbsss indicate that the largest val-

ues of I B I / I .4 I at forward angles

occur near 50 MeV. Values of this ra-

tio at 0° as a function of beam energy

for the DIAS transition in (~7i2jn con-

figurations are shown in Fig. 42. There

is a pronounced peak near 50 MeV. By

maximizing the I B/A I ratio one gains

maximum sensitivity to short-range N-

N correlations. This is shown explicitly

in Fig, 43, which shows the intemucleon

range r involved for both the A and 13

amplitudes. It is seen that A is relatively

flat with r, whereas B is sharply peaked

DIAS

o“

If V* Shell

at small r,

From these results, we would con-
Fig, 42. Theoretical valuess4 of the ra-
tios of the two-body transition amplitudes

elude that measuring 0° DIAS cross sec- ~ A ‘ and ! B I as defined in the text.
tions near 50 MeV is an optimum way to ~hese were “calc~ated using the theoreti-

study short- range nucleon correlations, cal fomnulation of Fief. 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) MS tr~ I The measurements now determine quite well the patterns of the

forward-angle cross sections in the energy range 20 to GOOMcV for nuclei from

1H to 20sPb. Empirical relations have heen found to systematize the resonance

energy data, These seine to characterize the isovcctor part of the n-.~ optical

potentinl, Between 300 and 425 MoV thv IAS c]MS sections increase by factors

of 2 to 3, B feature which hss not ye! been fully incorporated into theorcticnl

treatments, Qualitatively, this increase reflects a greatrr volume scattering nt

high pion energies, At low pion energins thc forward- nngle IAS cross sections

exhibit n deep m.iuimum near so Mev, Ii feature originating in the frer n ‘-p 4

‘ watcrring plmces strong ccmstrnintn onnon cross mctions, Its pcrsistenro in m.-.

dispersive nmdiurn cffectm,
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.,~ There now ex-

ists an extensive body of data at

energies 20 to 300 MeV which

establishes the systematic of

forward-angle cross sections. In-

terest in these data continues to

center on the unambiguous iden-

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 anomalow angu-

lar distribution shapes appear

to signify short-range effects.

At low pion energies, the ob-

served forward-peaked angular

distributions seem to be signa-

t ures of short-range effects. The

anomalous cross section rat ias for

1.2

O.e

0.4

0

0123456

r (Fro)

Fig, 43, Theoretical values54 of I A I and
I B I (defined in the text) as a function of
cutoff radius r.

42 ~44~48Ca can be understood as being a con-

sequence of the short-range nature of the DCX procesu, and indeed give strong

support to such a conclusion.

Although quark degrees of freedom have been employed to describe short-range features

of DC~Xreactions, to date there

hope that as more conventional

short- range components in DCX

seen.
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