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‘e %3
Resonance in Pion Nucleus Elastic, Single,

and Double Charge Exchange Scattering

Aikkel B. Johnson
Los Alamos National Laboratory
Los Ale,mos, New Mexico 87545

The 433 resonance is strongly excited in pion-nucleon scattering, but

there is clearly only a llmited amount of information that can be learned in

scattering the pion from an isolated nucleon. One learns that there Is a

resonance of mass 1232 MeV, width l15MeV, and, if one is willing to

introduce a dynamical model, somerhing about the off-shell extension of the

amplitude.l One stands to learn much more from pion-nucleus scattering

because in this case the A33 resonance has an opportunity to scatter from

nucleons, and how this occurs is not well understood. Nuclear theory must

commit itself to a specific form for this interaction in order to do

dynamical calculations, and nearly all subfields of nuclear physics would

benefit from a specification of the A33-nucleon ‘A-DN) interaction that’ has

empirical verification.

What do we know about the A-N interaction for pion-nucleus

scattering? The isobar-hole m~de12#3 was invented to deal directly with the

A33-nucleus dynamics, and in Ref. 3 a phenomenological determination of the

isobar “shell-model” potential was attempted. The unknown dynamics 6UA is

contained in a central Isoscalar “spreading potential” of strength WOand a

spin orbit potential

6U0 - WOp+ spin-orbit . (1)

Tha real part of WOp is measured relctive to the nucleon-nucleus potential.

One learn~ from this analysis that the imobar A33 is leas bound in the center

of the nucleus than a nuclaon by about 20 MeVOand that the width of the

isobar is increased by about 40 MaV by multiple interactions ●nd absorption.

The paramatero were fit to a variety of light n~clei, where it la technically

feasible to solve the theory.



.

Having learned that it is poeeible to study the isobar-ucleu~

interaction directly in pion-nucleus scattering, it 4a natural to ask how one

might discover even more. A characterization of the Iaoepin dependence of

the isobar-nucleus interaction is one obvious lack in our understanding. I

believe that there are great opportunities for exploiting the isospin degrees

of freedom in future experiments at the meson factories to facilitate an

understanding of this physice. From a more theoretical point of view, one

would like to be able to calculate 6UA} including ite Imoepin dependence,

from an underlying dynamical model which is formulated in terms of the basic

“effective” meson-baryon couplings, a few oi which are shown in Fig. 1. Some

ealient properties of theee couplings can be determined from models of

4 which ralaee the exciting po~eibilty of learning aboutquark-bag structure,

these fundamental issues from pion scattering.

Most of the remarks of this talk will deal with our attempte at Los

Alamos to build a theoretical framework to deal with these and other issues.

To learn abo~t the A-N iaoupin dependence in alaatic aca~tering, it 18

clearly neceeaary to etudy carefully nuclei with N > Z, e. g., nuclei with a

neutron excee~. One can deal ❑ore directly with the ieoepin degreee of

fre~dom in charge exchange reactione. Of the two varietiee, oingle charge

●xchange (SCX) and double charge exchange (DCX), the latter ta ❑ore useful

for the present purpooea becaune at least two nucleone muet be struck in the

proceso, which mean~ the isobar-nuclear interaction contribute to leadinh

order.

In building the theory, our deciaione have been strongly influenced by

th6 fact that there is an intricate coupling betwaen the A, u, and nuclear

dynamics. To learn about any of these, one mutt make convincing ●rgumants

that the uncertainties in the othqra are under control. It ❑akao moat eenee

to begin building theories for nuclei near clooed shell, to take ●dvantage of

the nucl~ar mean field ❑odels, 5 which in other contexts have proved quite

successful. We Lava laarnad much ●bout pion dynamics already in elastic

scattering from various theoretical and experimental invaotigatione, and we

tharefora want to ~ncorporate this knowlad8a ●lso.

and

fact

hiah

We thurafora hava chosen ● tramework in which pionwucleue elaetic, SCX

DCX arc calcul~ted together in the ●ama thsory. We want to ●xploit the

that the underlying ●trOng lIILeractiOrIS reepeCt iaO@pin invariance tO a

degree of v~lidity. Becauee SCX ●nd DCX to isobaric ●nalog etatea ●nd



elautic scattering are intimately connected by a ●ymaetry, we ● re able to

achieve a unified treatment of theee processee for which the theoretical

description is particularly uimple. Our second major demand 10 that the

theory be microscopic and derivable in principle from the bamic couplings ‘

shown in FIR. 1. By so doing we allow the reeulta of the theory to make the

strongeet possible statement about fundamental physics.

In the remainder of this talk I want to describe in a bit mere detail

how we are building the theory and what we are learnifig from it. I will

begin by describing the two complementary t3tage8 of development we are

pursuing in which D. J. Ernst and E. R. Siciliano are major collaborators.

Finally I will describe the statue of a calculation of some important terms

In this theory, which involve the “double delta” (Fig. (lb). This is a

collaboration with E. Siciliano, H. Toki, and A. Wirzba.

Low energy pion-nucleus elaetic scattering has been s:udied by Strtcker,

McManus, and Carx6 in an optical model framework with great success. Their

optical potential has the form

where k is the momentum of the Incidant pion, pi - (1 +u/2iM)/(1 +@/AM) im

a kinematical factor arising from the transformation from the pion-nucleus

center-of-mass frame to the pion-nucleon cnnter-of-aea frame (M - nucleon

maos. U2 - k2 + ~z, A - number of nucleono) arid where the quantities & ar,d A~

specify the dynamics in the p-waves of a piom relative to a cluster of oae

and two nucleone, respectively (t and Ar ● re the same for e=wavee).

W07’8 Iiave extended the theory of hef. 6 to include an axplicit

dependence on the pion isoapin operator ~ and the nucle~e ieoepin operator ~.

We therefore write

where CO 18 the loweot order

interaction term. Because

imoacalar ●nd

tha pion la

(3)

K] the Iowaot ordar Ieovactor

●n Isovector ❑waon ●nd because two



●

✎✌
✎

. . nucleons are etr in describing At, A~ may have in addition an “isotensor”

term

(4)

The operator form chosen here enables us to calculate elastic, SCX, and DCX

to isobaric analog states in a unified tramework.

The two stages of development of the theory aim at an integration of a

correct microscopic description of the plon/A33 dynamics with a cGrrect

handling of the nuclear dynamite. Becauee the pion may be emitzed and

absorbed in cln:le quanta, the following two basic tenets of traditional

multiple scattering theory are invalid:

(1) the existence of an underlying two-body potential, and

(2) conservation of the number of projectile particles.

The firOt stage seeks to gain experience in the formulation of pion

scattering in a framework which avoids these assumptions. For this we have

examined multipie scattering based on the Chew-Wick static source field

theory. 9 A few of the properties of our scattering theory which will be

. preserved in ❑ore comprehensive frameworks are:

(1) U may be derived from the couplings in Fig. 1 in terms of a

well-defined diagrammatic cluster expansion.

(2) Zt is proper to embed U in the Klein-Csrdon uquation

(5)(-V2 ++ + U)* -UP* ●

(3) U (and tha scattering Tmtrix) are crocsinu symmetric in principle

and this property may ba preserved order by order in our expansion.

(4) Flultipion intermediate states ● re naturally incorporated.

(5) Short ranga wN form factors are proper to use (the theory described

●bove goes to the limit of zero ran~ed form factors).

We deriva U from s diagrammatic spectator ●xpansion in which the lowant

(1) i~ the sum of all diagrams for which a pion Intaracts with ●order term U

‘2) includes ●ll diagrams forsingle nucleon, ● nd the second order term U

which ● pion Intaractc with two nucleons, minus the iteration of tne low(;st



order npti(~l potential. Our U(l) i a sxpreeeed

free pion-nucleon scattering amplitude in the usual

in terms of the off-shell

way. Typical terms for

U(2) are shown in Figs. 2 and 3. Fig. 2C is the iteration of U(l), which IS

subtracted to avoid double counting with Fig. 2a and 2b. The ~~rrection is

nontrivial for the iaoteneor potential. The Pauli principle Iu incorporated

through exchange terms, one example of which IS shown in Fig. lb. Generally

~peakiug. all diagrama in U come in croesed and uncroeaed form, but sometimes

there is no distinction, i. e., Figs. la and ld are the same in our theory

because we do not dietingutsh time orderin8a.

One of our main findinge la that Ieoapin invariance imposes a rather

strong constraint on the form of AE, giving rise to a rather special “global”

form.’ One expects that AEO, AFl, and A{2 will depend on P2~ AP2, and PAP,

where p is the total nuclear density and Ap IEI the valence neutron deneity.

We find that ieoapin invariance allows theee densities to be combined with

‘2), which may depend strongly on energy, but ar? In practicefour numbers Al

very weakly dependent on N, Z, and A. The object of the theory IB then to

call ulate these four numbere, in termf3 of which scattering

throughout the periodic table ehould be predicted at a given energy.

The terms shown in Fig. 3 are perhaps of more theoruticcl interest than

?hose in Fig. 2. Figute 3a includes the multiple reflection and true

abeorpt~on of the pion and la generally believed to account for the ccllieion

broadening of the A33 ae determined experimentally j- the isobar-hole model.

A calculation of theme temalO’ll made in the static theory, empioying a

self-conelatent procedure, gives about the right sign ~nd magnitude of the

tetms in the reeonance region. Figure 4 ehowe a comparison 11 of “he

spreading potential determined in Ref. 3 with the earlier calculation of

Ref. 10. Th@ resulte of Ref. 2b support the conclusion that the spreading

potential WOehould arise from theee tams. Microscopic evaluation of theme

terms for charge exchange have not been made, but the impu.~ance of doiag so

1s heightened by their apparent importance in the iaoucalar channele.

Figure 3(b), (c), and (d) have achieved a high level of interest lately

baaed in large part on measurements of double charge exchan$e cross uactiona.

These term. are quite puzzling ●nd for this reaeon I will postpone the

discunelon of these to the end of the talk.



Let me now turn to a disutmeion of some experimental results in the

region of the (3,3) resonance and indicate the extent to which they can be

understood in the theory at a very elementary level of application. Elaatic

scattering haa been studied in a theory very Bimilar to ours by Cottingame

and Holtkamp, 12 and they found a remarkably simple result, name ly that a

systematic reproduction of elastic ac~ttering throughout the periodic table

in an energy interval about the (3,3) resonance can be accomplished if the

pion-nucleon scattering amplitude is evaluated at an energy shifted downward.—
by 20-30 MeV. A theoretical description of thie shift depends upon the

deta~.le of the A33 propagation and interaction in the medium and I will

shortly chow how we propose to include this in our theory microscopically.

Extensive measurements 13 of SL lJ Isobaric analog states have shown

that 0° croea sectione follow a very eimple law

Cf(o”) - (N-Z)/A4/3 , (6)

DCX14 followq ths lawwhich holds within a factor of two. Similarity,

Cf(o”) - (N-Z)(N-Z-1)/A10’3 . (7)

Examples of thie are &hown in Figs. 5 and 6. These trends &re reproduced by

the theory if very eimple scaling deneitie~

@pp - N/z (8)

ara utilized and if all second order term ~ra dropped. 15

Tha fact that the theory reproduces trends seen in the data in many

differant ●xperiments in t~kin ●s encouragement to take the approach

seriously at the next level, namely encoura8emant to include more realistic

deecriptiona of nuclear danmities and to coe what new can ba maid ●bout A-N

dynamica. As guidance for these otudiem, we find the following two results8

to ba of helpt



(1) Our global form for U(2) ehowe that the cecond order terms tend not

to affect the relative (N,Z,A) dependence of cross ●ectiona, with

only one exception: the sequential terms lead to a relative

enhancement of DCX cross sections for T # 1.

(2) Including more realistic densities can have large effects on the

relative (N,Z,A) dependence of SCX and DCX crass cectione.

We ~;pect that theee syetematict3 will help us eeparate the

uncertainties in nuclear structure from those of A-N dynamica.

Now let me turn to the problem of determining the effective energy of

‘he ’33
remonance in pion-nucleus scattering. I will diacuas the initial

results of our attempta to incorporate nuclear dynamica at a ❑icroscopic

level,16 which IBOfar has focuzied only on the lowest order optical potential.

Let ❑e emphal~ize that the necessity for aa careful a treat~ent aa possible of

the lowest order optical potential arisea from the rapid energy variation of

the A33 resonance and our des~~e to separate the uninteresting kinematic

aspect of A33 Propagation from the A-N dynamic., which are specified by the

higher order terms in U.

Credit for the widespread awarenesa of the importance for carefullY

handling the kinematic of A33 Propagation i61 due to the proponenta of the

itiobar-hole model. However, this same publicity has generated the perception

that a microscopic treatment of pion scattering requiree complicated and

time-consuming numerical calculations. We believe that this IS not the case,

●nd in particular that the isobar-hole model 10 not necessary. Our

alternative within the optical model 10 made possible by the work of

D. Ernst, C. Miller, and D. Weiee. 17

Uhen the formulation of the scattering dynamic. of U(l) is redone

allowing for a ❑icroscopic treatment of ieobar recoil ●nd interaction, u(l)

may be expressed 16 in terms of the Feynman dla8ram shown in Fig. 7. In

addition co the contributionti mhown there are other background termo, which

are emall {n the reeonrinc= region. In the ioobar model the “A33 term” may be

exprasaed in the form

v 1 v,. (9)

U -MA- IP4 +UA] + ir/2
~



where V’s are appropriate N-A vertex functione, w 1s the “starting energy”

●valuated in terms of the nuclear Hartree-Fock eigemralues end incident pion
F●nergy, and where R 10 the recoil momentum of the A33. The quantity — + UA

2M
ie the “ieobar propagation and interaction,” which hae been the obj~ct of

intense study in isobar-hole models. The Ernst, Miller, and Weies technique

permits the nonlocalitiee ariaing from the V’e and isobar propagation to be

handled efficiently in momentum space.

The UA plays a bit more general role in our theory than in the

ieobar-hole model. In our approach UA, which we refer to ae the “dispersive

correction, “16 playa the dual role of ●etabliehing a single particle baeie

for the A33 and simultaneously canceling some important higher order terms

in the theory. The terms that are important and should be cancelled rem~in

to be decided on the baei6 of phyeica consideration ae they become ❑ ore

clearly defined. Thus, we have no unique lowest order potential and we have

a “dial” in the theory that can be used to enhance the convergence of the

expan6iion for the U.

The diaper~ive corrections are very important and are quite often

neglected. They ar? important because they largely compensate for the

binding potential of the nucleus, which enters the starting energy with the

oppoeite sign. One can see thie in the isobar-hole model. Dropping the

spin-orbit force for eimplicityb we have

( 10)

where UN is the nucleon-nucleus potential. The main point 10 that UN “sticks

out” farther in the nucleuu than the density p (due to the finite range of

the NN pote[.tial) so that even though the A33 tends to be produced in the far

tail of the nuclauu ●t raaonance (in ● region centered ●bout the 10% density

point), the A33 still hae the opportunity to ●xperience a ●ubatantial

●ttraction. The region in which the A33 is formed ie ●xpect~d to ba not too

Much different from that mapped out by the product of the nucleon density ●nd

tht ●quars of the pion wava-function. The average attrac Lon 10 then CA

where



tiA - J lVw(r)12p(r)U(r) dr/ J lVm(r)12p(r)dr , (11)

which is plotted in Fig. 8 ae a function of energy. The solid line

correeponde to UN and the dashed line to the full U In Eq. (10). The effect

of the spreading PO’ !nttal 10 aufficien;ly small to be included

perturbatively in a eecond order term in the optical potential.

Figure 9 shows a calculation of pion scatterir,g with different

approximations in the treatment of the energy denominator of Eq. (9). All

curves employ the results of Negele’s Hsrtree-Fock theory. The solid curve

correaponda to the full calcuatlon with O = -24 MeV and with u including the

HF single particle binding. The reeonance la correctly described, as

evidenced L? the depth of the first diffraction minimum being correctly

described. If one omits tiAO aa in the dashed curve, the resonance is puehed

too far up in energy, and if one omits both the VA and the nucleon potential

(dot-dashed curve), the ❑inimum becomes too deep. The fact that the solid

curve eits above the data 18 in the region of the secondary maxi= means that

the diffueenesa of the optical potential is too sharp; the spreading

potential WOIB expected to retuce the Imaginary part of the optical

potential in the nuclear interior 19 in this energy region, which would have

the desired effect. Weakening the optical potential would also make the

nucleus appear somewhat smaller, which would improve the positioning of the

minima. In the near future we will be able to study these eecond order

●ffecte quantitatively in our extended theory.

Let me now restate the main points and move to a diecueaion of the

double delta ●ffecte. We believe t!~at in order to learn about A-N

interactions we must treat the nuclear structure ●nd kinematic aspecte of

pion scattering as carefully as possible. Information about the interesting

A-N interaction in thzn currlcd explicitly in the second order optical

potential. Considerably more work in still required to put these ideas

together in ● fully quantitative theory, but the theory in its present form

reproduce systematic of the elastic scattering and charge exchange

sufficiently well to encourage us that Iota of data ●nd ideae will be

successfully brough together in this formulation.

The double delta terms constitute ● n important physical ingredient of

our theory ●nd have become controversial in the interpretation of recent



double charge exchange data. It has been euggested by C. Morris and

T. Fortune in a series af papers 20 that their very interesting mess urements

of double charge ●xchangs in T = O + T - 2, 0++ 0+ transitions mnd

T = 1 + T = 1, 0+ + 0+ double i~obaric analog transitions can be Interpreted

in terme of the amount of CJ~ in the nucleav wave-function of these nuclei.

The evidence chat %hey put forth is shown in Figs. 10 and 11. All crose

eectlons of the fomer variety exhibit a peaking in the resonance region,

euggeating delta dominance. ‘[n21the latter22 one sees evidence for an

interference between the sequential process (solid curve) and another term

that IS asserted to be proportional to the amplitude in the nonanalog

transition. .4 pnenomenological “two amplitude” model is studied in support

of thie idea.

Ue23 hn-ve made e,n estimate of the double A terms shown In Fig. 12 baaed

on the following asieumptions. The two neutrons in 180 are in the d5,2 level.

is allowed to couple to both the m and P fielde.
‘he ’33

SU(4) arguments are

used to relate the coupling of the w to nucleon and A
33

, and the “strong p“

coupling is taken. Monopole form factors of cutoff MS8B A - 1.5 C+V/c were

used.

One irmnediate conclusion that one can draw IS that the double A p:ocees

- In Fig. 12a dominates the two procesees in Figs. 12b and c iu the resonance

region. This is a simple consequence of the fact that there are two on-shell

A33 in the former but only one in the latter two figuree. The more

intereet~ng conclusion it that the double delta terms are a factor of two

to three Loo lurge in amplitude, for both analog and nonanalog transitions.

We see that the theory fails to reproduce the charge exchange data, and

the queetion of irmnediate concern 1s why this hae happened. We prefer not to

epeculate about this until our Inveetigatton is completed. However, it

●ppears likely that double charge exchange ~ making a very strong statement

●bout A-N dynamics in this result, and that our understanding of the way the

A33 interacts in the nucleus will be refined as a result of the double charge

●xchange measurements.

To eucmnarize the talk, let me merely reiterate that we are ●ttempting to

●xtend the optical model to heavy nuclei in order to develop ● w,lcroscopic

theory for pion ●lastic, ●ingle and double charge exchanp-, in ● unified

framework. The theory works well for slastic scattering ●t low energy nnd in



the reeonance region If we employ an energy shift. For cha=ge exchange we

find:

(1) The relative !N,Z,A) dependence of experimental single and double

charge exchange cross sections 1s reproduced to a factor of two,

and we expect the discrepancies to reflect inadequacies in

nuclear etructure models used.

(2) The overall aca’q of the cross sections reflects the importance—. -
A33_nucleue interactions. We find large second order terms in

theory, and discrepancies of roughly a factor of two with data

the abaence of eecond order terms.

the

of

the

in

The main question for the future is whether these discrepancies can be

reconciled to learn new and detailed information about nuclear structure and

A-nucleus dynamics.
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FIGURE CAPTIONS

1.

2.

3.

4.

5.

6.

7.

8,

h few of the basic effective couplings which undeiiy dynamical models in

nuclear physics. The couplings (a) and (c) are rather well understood,

but the “double A“ procens, (b), is subject to much uncertainty.

Two-nucleon processes contributing to the pion-nucleus optical pot-

ential, These terms are second order in the pion-nucleon scattering

ampl’,tude and are referred to as sequential scattering proceaee~.

Additional two-nucleon proceaaee contributing to the plon-nucleus op-

tical potential. (a) is third order in the ~!nn-nucleon scattering amp-

litude and la referred to a~ a reflection procese, whereas (b)-(d)

involve varioua imobar~edium effecte. Each process has a corresponding

exchange and croaaed piece.

Comparison of the theoretical spreading potential of Ref. 10 (solid

line) to the phenomenological result of Ref. 3. The triangles come from

an analysia of 4Ha0 the squares 160, and the circles 12C.

Forward croae section for SC% divided by sc ling croea section of

Eq. (6) ae a f!lnction of A for 165 MeV pions. The data are from Ref. 13

and this compilation la due to M. Cooper.

Forward cross section for DCX divided by (N - Z)(N - Z - 1), as a

function of A. The solid curve IS A-101’3, as expectea from tiq. (7).

The date are from Ref. 14.

!iepr-eeentation of the lowest order optical potential as a piece of a

Feynman diagram. (a) Diract and croaeed amplitudes are evaluated In

terms of nucleon sj.ngle paticle energies and wave functions obtained

from ● Hartree-Fock theory. (b) The amplitudes in pion-nucleon P-waves

coneiat of the nucleon pole and the ieo~aL, and in addition numerous

smell terms not shown.

The average potential Da defined in Eq. (11) for 160. The pion

wave-functicm were evaluated in our coordinate space optical ❑odel and

incorporate the krentz-Lorenz effect in the ~acond order U. The solid

curve correapondm to UA = UN, and the daehed line to the full UA in

Eq. (10).



9. Calculations of u+ elastic scattering from 160 at 16J MaV with a eeriee

of approximations in the ieobar propagator. The oolid curve includes

~A . -24 MeV and the dashed curve omite fiA. The dot-dashed curve

correspond to omitting both ~A and the nucleon binding. Data are from

Ref. 19.

10. Zero degree cross seccions for nonanalog (T - 0, JPWO+)+ (T-2,

Jp _ ~+) transition. The peaking of excj.t,ltion function near

160-180 MeV ~uggeete a delta-dominated reaction meqhaniam. Data are

taken from Ref. 21.

11* Zero degree cross eection for the. lBO(w+,n-)18Ne !ouble analog tran-

sition. The eolid curve la the sequential double cham,~e exchange cal-

culated from our coordinate space thecry by R. G Aman and P. Seidl.

Data are taken from Ref. 22.

12. Double delta terme which are conjectured to contribute significantly to

double charge exchan&e.
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