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FOREWORD

The Summer School on Nuclear Structure with Pions and Protons grew out of
the previous LAMPF Users !leeting, where it was felt that the organizational and
inclusive nature of the users meeting did not allow time for detailed examina-
tion of the basic physics involved in the LAMPF experiments. A Summer School,
on the other hand, could focus on the particular physics of interest and could
operate in a relaxed atmosphere conducive to learning. We chose to cover only
a fraction of the research done at LANPF, that involving the study of nuclear
structure using pions or high-energy protons as probes.

It was apparent that recent high-quality data have already had a signifi-
cant influence on our understanding of pion and high-energy proton reactions.
Although the speakers were nominally balanced between theorists and experimenta-
lists, a great deal of overlap occurred as these Proceedings will show. An
amusing highlight of the school occurred when just-released copies of prelim-
inary data were eagerly grabbed up by theorists.

We appreciate the promptness with which these manuscripts were submitted
by the speakers, thus allowing rapid publication of the Proceedings. We would
like to thank Harold Agnew (Director of the Laboratory) for making available
the new National Security and Resource Study Center which was especially useful
in fostering both informal and semi-formal discussions among the Conference
participants, and Louis Rosen (Director of LAMPF) for his support in making
the Sumner School possible. We also wish to thank Carl Cuntz, Floyd Archuleta,
and Molly Maveety at the Study Center and Eleanor Dunn of MP Division for their
help in making the Summer School operation go smoothly. We wish to acknowledge
Darraqh Naqle for his openinq remarks and M. CooDer, R. Silbar, B. Zeidman,
G. Emery, ~. Rest, and J. Ginocchio for serving ably as session cha.
Finally, we express our grateful appreciation to Linda Robinson for
in preparation for and attending to the details of the Summer Schoo”
as typing of the manuscripts in this volume.

Organizing Committee:

R. L. Burman (LASL)
B. F. Gibson (LASL)
E. Rest (University of Colorado)

,-., ___
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her efforts
, as well

R. J. Peterson (University of Colorado)

.——
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THE PION-NLJCLEUS MANY-BODY PROBLEM

G. E. Brown

Department of Physics
State University of f{ewYork

1. INTRODUCTION

The scattering of low-energy pions by nuclei has traditionally been

discussed within the framework of pions interacting with and scattering

between scattering centers, fixed or moving. This is a very restricted

description of the richness of particle-nucleon interactions within the

nucleus, and opening up this description brings in new features, especially

those connected with exchange of virtual p-mesons
1-3 , whiCh turn out to be

crucial for an understanding of low-energy pion-nucleus interactions. These

new features provide important clues for the description of what would other-

wise be surprising features of low-energy (w50 MeV) pion-nucleus scattering.

One can label these new features as arising from short-range

correlations. Whereas this is true, the p-exchange effects are particularly

important because they provide a spin- and isospin-dependent interaction

so that, so to speak, a pion can be absorbed by one nucleon, emitted by

another, the relevant spin and isospin degrees of freedom being transmitted

bv the virtual p-meson being exchanged between the two nucleons. This is

shown graphically in Fig. 1. ,

Fig. 1. A scattering, mediated by p-meson exchange, involving
two nucleons.
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In this figure, the cross-hatched areas represent all possibilities of

particles and interactions but, as we shall see later, nucleons and the

A(1230)-isobar play a special role.

At this state we should note that in so far as processes such as

shown in Fig. 1 are important, B;g’s theorem
5

is violated, although it

holds, or course, for those processes involving only intermediate pions.

The satisfaction of conditions for this theorem require the distance

between nucleons to be greater than the range of interaction. In the

nature of things, interactions seen from only the pionic pointof view

proceeding through virtual p-meson exchange involve two nucleons and must

necessarily have range equal to the distance between nucleons.

As we shall see, processes like that shown in Fig. 1 are coherent

with, and of opposite sign to, the processes involving a pion between the

two nucleons, at least in the low-energy regime. Thus, nuclei even as

heavy as Pb
208

, are sufficiently transparent to n-mesons that there is a

good chance of a 50 MeV incident meson traversing the whole nucleus.

This opens up the exciting prospect of using low-energy pions to investigate

many features of nuclear structure. Ironically, this

just because the dominant pion-nucleon interaction is

short-range, as we shall see.

transparency arises

strong and of

-2-



2. SCHEMATIC MODEL OF n-NUCLEUS SCATTERING

We begin by studying the double scattering terms, using a schematic

model. This model consists of allowing only nucleon intermediate states,

and only uncrossed meson exchanges. Whereas the crossed meson exchanges

are just as important as the uncrossed ones for low-energy incident

pions - and,
6,7

within the static approximation, cancel them - we shall

see that our schematic model can later be generalized to include isobars,

which give the dominant contributions.

Our model describes the scattering as shown in Fig. 2.

/,~ k “

Jr
n-

---

$?

n-

N L)

Fig. 2. Double Scattering Terms in the Model.

We shall consistently neglect nucleon energies (static approximation). We

take the canonical pion-nucleon and rho-nucleon interactions

(1)

-3-



where (fn2/4m)

of importance

It should

= 0.08 and, whereas fp is less well determined, the quantity

fnz f 2 fm*
<~ c 2.5— (1.1)

Q m2”
P IT

be noted that within an optical model description, the

processes, l?igs. 2a) and b),are treated on a different footing. The

process a) would, together with all higher terms in multiple scattering,

be included by inserting the pion-nucleon elastic scattering amplitude

as an optical model potential, and then solving an optical-model equation.

Process b) can be includedl as a modification, of Lorentz-Lorenz form,

to this potential, but it will be more convenient for our later purposes

to consider both as double scattering, as shown in Fig. 2.

The exchange of pion and virtual rho mesons in Fig. 2 gives rise to

7,8
the interactions ,

(2)

the modification from the incident energy U2 carried by the incoming pion

being the u2 term in the denominator.

-4-



It is convenient to decompose Vr and V into irreducible tensors
P

(2.1)

1# - (#

The first term in each pair of brackets gives rise

action; the second term, when Fourier transformed,

o’o’~~z(?10~2) 6(~1-~) in configuration space, and

Yukawa in nature.

to a tensor-like inter-

will behave like

the third term is

and p-exchanges shown

u-mesons. The u–mesons

Let us now assume that, in addition to the n-

in Fig. 2, the two nucleons exchange any number of

are coupled very strongly to the nucleons, withg an effective coupling

constant given by (gu2/4n) % 10 to 20, and their exchange provides a

short-range repulsion, strong enough to keep nucleons apart from one another*.

Thus, we drop the d-function terms in (2.1). Dropping the &function piece

in VT is equivalent to making6 the Ericson-Ericson, Lorentz-Lorenz correction
10

to this order.

* From the empirical behavior of the electromagnetic form-factor, it is
known that vector-meson exchange must be modified at short distances;
we really assume here only that the nucleons be kept apart. This same
feature would be expected to persist in the quark node.1, or whatever
model is used for the short distance behavior.

-5-



There has been considerable

11,12$
piece in V= can be dropped 9

vertex allows this d-function to

correlations induced by the hard

interaction seem to give a range

controversy about whether the 6-function

introduction of a finite-range r-nucleon

“leak out” beyond the short-range

Careful evaluations
13

core. of this

somewhat smaller than assumed by these

authors. In any case, we shall see that the p-meson exchange provides

terms of the same nature and sign, and somewhat larger than the Lorentz-

Lorenz correction.

Let us consider the terms in Vp in detail. The d-function term has

already been discarded. The tensor term is relatively ineffective in

finite nuclei; its main effect is to couple S-states of relative motion

of the two interacting nucleons to D-states, and these are suppressed

at such short distances as~/mpc bythe centrifugal barrier. Inshell-

14
model calculations in Pb208 , these terms contributed only negligibly.

Thus, we are left with only the last term in eq. (2.1) which, when Fourier

transformed becomes

So far, we have taken no account of the modifications due

these are considerable, since the range of the p-exchange

not much larger than that of the hard core repulsion. We

a fairly obvious way an effective interaction

(3)

to u-exchange;

interaction is

14
can define in

-6-



where g(r) is the two-body correlation function of the two nucleons. We

assume g(r) to be independent

approximation if g(r) results

.
Since Vp or Vp are short

of spin and isospin; this should be a good

from w-exchange.

range, it often is a good approximation

to make a zero-range approximation2

with

-mpr
e
—[g(r) -

~3= J mpr
g(o)]d3r.

(5)

(5.1)

The g(o) includes the effect from the ~-function piece of Vp, eq. (2.1),

just in case g(o) + O.

We have now reduced the problem of

ultimate simplicity, relevant effective

by &functions. Taking into account the double scattering terms, Fig. 2,

short-range correlations to its

interactions being approximated

implies removing the 6(~12)-piece from the pion propagator, and inserting

the effective &function representing the effects of p-exchange. (Both

of these modifications go in the same direction.) It is thus seen that

contributions to the double scattering from short-range correlations will

enter the double scattering through a P2 terms, where P is the nucleon

density; i.e., both nucleons will be at the same spatial point.

In fact, one can now see that p-exchange will contribute to the

optical-model potential not only in order P2, but also in order P3 and

P4* The series must break off here, at least in our approximation of the

p-exchange as zero range, because not more than four fermions can be

-7-



together at the same point. On the other hand, the d-functions

associated with pion exchange should be removed in all orders of P, since

assuming short-range correlations to be effective in holding the nucleons

apart, they shouldn’t be there in the first place. We shall, therefore,

later handle the two effects on a different footing.

Were we to stop in orderp2 in expansion of the optical-model

potential, we would have

2(JJv 2 -4ma(u) Vp{l-C2 ‘~ a(w)p}v
Opt

2
where

2fp2m 2

C2
=(1+ T A)

m2f2
Pm

with A given by (5.1).

(6)

(6.1)

The work of refs. 11 and 12 is addressed to cutting down the 1 on the

right-hand side, replacing it by 5T, where O < !l < 1, as a result of the
IT

finite range of the pion-nucleon interaction. The work of ref. 3 calculates

modifications from antisymmetry of the nucleons, but does not take into

account exchange of a, m, etc. mesons in the exchange terms; these modify

the conclusions of ref. 3.

-8-



3. CONTACT WITH REALITY

Fig. 3. Contributions of the A(1230) Resonance to Pion-Nucleon
Scattering.

In reality, the pion-nucleus scattering is given mainly by scattering

through the A(1230) isobar, as shown in fig. 3. Known properties of the

isobars will produce a lowest-order pion-nucleus scattering amplitude of

the Kisslinger
15

form

2U v = -4ma(u)VpV
opt

(7)

with appropriate values for a(u) (see ref. 15).

The intermediate states in the double-scattering process, Fig. 2,

will also be isobars. With the assumption that the A(1230) isobar is

described in the same multiplet as the nucleon by the constituent quark

model (assumption of SU(4) symmetry for the quarks), all of our preceding

arguments will go through7 except that

-9-



f 2 + fn*2, fpz + fp*2,
IT

where fn*2 is the nNA coupling constant,

and, in particular

fp*2/f 2 = fT*2/f 2,
P IT

(7.1)

(7.2)

These coupling constants are not given accurately by the quark model; it

is known that the “Chew-Low value” for fn*z,

fT*2
4 -kz—=

41T
(7.3)

T-

fits the properties of the isobar better than the quark-model value (7.1),

but we expect fp* to be roughly given by (7.2). From

the p-field operator to the isovector electromagnetic

the ratio fp*/fp to be given fairly well by the quark

16
reproduces to within 20-30% the photoproduction of

the similarity of

current, we expect

model, which

the A-isobar.

-1o-



By this stage,

formalism go only a

show more generally

Suppose we put

4. MORE GENERAL CONSIDERATIONS

the reader must feel that we are making a lot of

little way. Following the refs. 11 and 3, let us

what is going on.

theKisslinger V into a Klein-Gordon equation and
Opt

iterate it in powers of V rather than solve the equation by
opt’

numerical methods. We would then encounter first, second, etc.

of the type shown in Fig. 4. Here

J .
k

+ -’j
I

direct

scattering

Single Scattering Double Scattering Triple Scattering

Fig. 4. Multiple Scattering ”Expansion Encountered in Solution
of the Optical-Model Equation.

each blob represents the optical model potential. Thus, the double

scattering is represented by

‘2 = 47fa(w) 2-&>’ 1 * ~~’”~”. (8)
k12~ -u

IT

For simplicity, let us consider low-energy scattering where

~2~m2 We can again decompose the double scattering into invariants,
11”

-11-



k“k’ k’”k -~k”k” k’2
k.kr & kf.k~l =~~ % % +~kok!’,
‘%k’2 ’”% k’2

(9)

consisting of a tensor and a &function. The term (1/3)k”k” does not

contain the variable k’, and therefore will be multiplied by 6(~1-~2)

upon Fourier transforming. Now, as the energy of the pion goes to

zero - in practice, as k/mm << 1 - the tensor term will go out, because

there is no preferred direction. Thus, we come to the simple, but

important, conclusion, that: Iteration of the Kissl.inger potential.—

produces successive powers of &functions; i.e., of Pn— —.

short-range correlations which hold the nucleons apart

terms inoperable.

terms. Any

will make these

Thus, in the above picture which includes only pions in zero–range

interaction with nucleons and some agency which holds nucleons apart

(literally, the picture of ref. 10), single scattering - i.e., impulse

approximation - should be good for small k << mm, even though the inter-

action is strong. In practice, this seems to be true for light nuclei

still at 50 MeV as we shall discuss.

-12-



5. ANTISYNMETRY AND FINITE RANGE EFFECTS

Effects of antisymmetry have been discussed by Delorme and Ericson 17

for double scattering involving only pions, and by Thies3 for pions and

mesons. We shall see that their conclusions are strongly modified when

other mesons, esp. the u and ~, are included.

We first put the considerations of Delorme and Ericson into another

language, as in ref. 7. In our intermediate isobar model of scattering,

the direct and exchange double scattering terms would be as shown in fig. 5.

.

. %---

a) direct b) exchange

The

Fig. 5.

exchange

Double Scattering Terms.

diagram, fig. 5b) can be redrawn 16 as shown in Fig. 6.

-i-r

Fig. 6.
-n-

The exchange graph, fig. 5b, redrawn as an
self-energy insertion.

isobar

-13-



The point about redrawing the graph is to realize that this is just one

of many self-energy insertions. In particular, a p-meson could replace the internal

m in fig. 6, and this is known7 to cancel most of the effect from the virtual pion.

In addition to the Fock type self-energy insertion shown in fig. 6, other

mesons can participate in Hartree-type self-energy insertions. Calculation

of all of these insertions shows considerable cancellation among them,

and that the net effect is opposite to that of the process~ fig. 6.

Such considerations show it to be useful to look at the pion propagation

systematically

fig. 5a), will

within the framework of many-body theory. The direct graph,

be as shown in fig. 7a).

Fig. 7. The double scattering in many-body language.
a) represents the reducible pion self-energy,

with an intermediate pion.
b) Gc represents everything else.

We find it convenient to collect all modifications to the purely pionic

double scattering into a Gc, as shown in b). We shall show that G= is

++
closely related to the parameter go’> the coefficient of the ~1*~2 T1”T2

force in the Nigdal theory of finite Fermi systems.

-14-



For pion exchange, the effective interaction is

+m(r,t) = Vm(r,t) g(r) (lo)

where VT(r) is the Fourier transform of Vm(k), eq. (2.1), and g(r) is the

two-body correlation function, determined mainly by u-meson exchange, and

assumed here to be independent of spin and isospin. Since the expression

representing fig. 7a) contains only Vn, the correction

6~m(r,t) = (g(r)-l) Vn(r, t) (10.1)

should be considered in Go, fig, 7b). Now (g(r)-l) is a short-ranged
.

function of r, and the tensor and Yulcawa pieces of Vn(r,t) are of range

*/mnc, so that practically, only the 6-function part enters into

Is;=(r,t). Assuming g(0) = O we find that,

(11)

The matrix element involving c$~mis the “passive” contribution to G
c’

passive in that we remove a &function term in Vm(r,t) which will be

rendered inoperable by short-range correlation which hold two nucleons

apart.

Within the framework of our model, S2, the p-meson exchange is the
A

“active” contribution. Thus, Vp of eq. (5) will enter into G ; in fact,
c

within the framework of this model, the total interaction entering into

Gc is&T+;. Note that both terms have the same sign; removing the
P

6-function from the pion exchange potential contributes in the same way

as adding the Yukawa in the p-exchange potential. Yet, there is an important

-15-



difference. Assuming g(0) = O, the 6-function in the pionic exchange

shouldn’t be there in the first place, so it must be removed to all orders.

(We have discussed only second-order scattering here, but can imagine the

scattering to all orders.) On the other hand, upon

terms, the active contribution can act only through

for the scattering amplitude, because not more than

inclusion of exchange

~th
-order in the series

four nucleons can be

at

of

the same place at

v would appear
Opt

the same time. Thus, the following parameterization

more appropriate than eq. (6).

2(JV = -4~a(u)Vp{ 1
Opt ~ + 4na(w)

3
P[l-B2 $ a(u)p-tB3(~(u)p) 2-B4(~(u)P) 3]

x[l-B2~ a(u)p + B3($a(w)p)2 - B4(~4m a(dp)3]}v . (12)

Up to this point, we have assumed the pion-nucleon and nNA interaction
in

to be of zero range, as assumed in the original Ericson-Ericson work’”. The

contribution of what we call d~~, eq. (11), has been shown to be particularly

sensitive to the range of the ITNAvertex, even for very short ranges of

%~/mc, where m is the nucleon mass. Introduction of vertex functions r will

lead to an additional term in d~n

)r(l:2-~’ 1)~(13’-:2’l) (12.1)

where r is the vertex function, and we have added the subscript “active” to

this piece of d~n because it enters as an additional interaction, in the

A
same way as VP, Even though the interaction (~~n)active is somewhat

spread out by the range of the vertex functions, it is still short compared

-16-



with the interparticle spacing, and it is appropriate to make a zero-range

approximation

In Appendix II, we present a calculation of L within

schematic model of the two-body correlation function. This

(12.2)

the framework of a

model is accurate

enough to give semiquantitative features of the variation of ~ with the range

of the correlation defining the parameter cm.

Going from our simple model over to the isobar model of 53, we find that

the Bz, B3

the finite

and B
4

in eq. (12) now contain effects from both p-exchange and from

range of the ITNAinteraction, viz

(12.3)

and B ~’B
3 2’ ‘4

~ B2 in the considerations, neglecting effects of antisymmetry.

Note from (12.2) that finite-range effects in the ITNAcouplind and the

strength of pNA coupling are inextricably bound up in the Lorentz-Lorenz effect.

A longer range of the nNA coupling can be compensated for by a stronger pNA

coupling. A similar situation exists in ITabsorption by the deuteron, m-l-d+ p+pl.

Our numerical fits to m-nucleus scattering, to be discussed later, suggest

that B2~O; noting that even for nuclear matter densities poN0.16 particles/fro,

& a(w)po= 0.4 for low-energy pions, we see that the series in eq. (12) seems to

converge rapidly, and that, practically, it should be sufficient to stop with B2,

setting B
3

and B
4

zero.

W.A. Friedman and A.T’.Hess
19

have commented on the different character of

the results given by the first and second terms in curly brackets in Eq. (12). T!e

20
are happy to furnish them with both types of terms, Later, Rosenthal et al.

showed, however, that when S-wave terms and the Coulomb interaction are included,

results calculated with. the two expressions {1+4 a(u)p/3}-1 and {1-4~a(w)p/3}

replacing our curly brackets were close, except for the lightest nuclei.

-17-



Thus far we have considered mainly m- and p-meson exchange, but, as

noted in 55, antisymmetry brings in other mesons. Let us concentrate now

on the p2 term prefixed by B2 in eq. (12). All possible active contributions

to G=, fig. 7, enter here. Some of the possible processes are shown in fig. 8,

where we have now included exchange terms. In addition to these, we have also

4

‘dvm)active
of eq. (12.1)

v“

h

-.— -

Y

)a- 6>

Fig. 8. “Active” processes contributing to Gc;

understood that an arbitrary number of

can accompany any of these processes.

Note that in the exchange terms, the exchanged

spin or isospin. Such exchange terms, as well

included in the considerations of ref.17; yet

they are as important, or more important, than

considered there.

meson

Id‘Y-–

it is to be

h-exchanges

does not have to carry

as p-exchange, were not

according to our estimates

the exchange process

The P3 terms will involve more exchanges and will be difficult to

calculate, but just from the fact that two fermions must be in nearly the

same place in the P2 term, three must be close together for the p3 term, etc.,

we might expect that

.
B3~;

with account of the effects

convergence in the B’s, and

B2 ~~lB3
29 ‘4 2T2

from antisymmetry. We thus expect a rapid

shall neglect B
3

and ~4 in eq. (12).

-18-



6. CONNECTION WITH THE MIGDAL THEORY OF FINITE FERMI SYSTEMS

21
The Migdal theory of finite Fermi systems is based on the Landau

theory of Fermi liquids, which deals with effective interaction in the

long-wavelength limit; that is, as k + O. Since V= + O as k + O, the

spin, isospin dependent interaction in this limit is just

both pieces having a 6(r12) behavior, as discussed in the last section.

Migdal and collaborators
21

employ a spin-isospin dependent interaction

(13)

where g ‘ is 2kfm*/n2 times* the strength of the d-function interaction.
o

Assuming, again, an approximate SU(4) invariance, as discussed in
A

53, we can get an idea of the sizes of the contributions 6Vn and Vp by
A

looking at the go’ found from nuclear spectra, where, in the main, only

nucleons, rather than intermediate isobars, are involved. There, go’ is

22 A
found to be 1.8, Of this, 6Vn would contribute

23,24

2kfm* fr2
— .

IT2 3mn2
% 0.9 (14)

*
In fact, Migdal and collaborators often multiply by kfm*/n2; but this is
the density of states appropriate to liquid He3. Here m* is the effective
mass of the nucleon at the Fermi surface, kf- is the Fermi momentum.
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and the rest must come

in calculations of G=,

from the “active” contribution to Gc. In fact14,

the “active” contribution comes out to be sufficient

to account for go’ N 1.6 all by itself, the pionic pieces not contributing

to the relevant states in Pb
208

appreciably. Be that as it may, we can

foresee either the scenario in which d~n contributes appreciably to go’,

which would then argue that we should take ~m = 1 in eq. (12) (which

assumes that the range of the ITNAvertex is not appreciably larger than

that of the TNN vertex, in line with our assumption of SU(4) invariance),

and that B2 is of order unity, so that the “active” contribution provides

roughly half of the total, or the scenario in which Em ~ O and B2 provides

13
nearly all of the double-scattering term. lJith our prejudices about the

short range of the vertex, we

It must be admitted that

would prefer the former.

our arguments based on SU(4) invariance

should be considered more suggestive than quantitative, and that the final

values for En and the B’s must come from fitting experiment. However, we

believe eq. (12) to be a useful parameterization, and that our models give

us an idea about reasonable values of these parameters. (Were we to allow

the four parameters in eq. (12) to range completely freely, we should be

able to fit nearly anything.)
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7. LABORATORY - CENTRE OF MASS TRANSFORMATION

In this section we will consider the effects of the laboratory-centre

of mass transformation and see that when it is considered simultaneously

with short-range correlations a new term appears. Although this trans-

formation introduces new terms of only order u/M and (W/M)2, which are small

quantities, we shall see that the new terms are not negligible, and,

therefore, this transformation must be effected with care.

Let us begin by considering the simple first order Kisslinger
15

potential given by:

2(I)U(:,y) = -4nbo p(~-~’) -41rco:’:’p(~-~’) (15)

for spin zero, N=Z, nuclei. The laboratory-centre of mass transformation

shows up in two places. First the u on the left-hand side of eq. (15) be

replaced by the reduced energy, wr=u/(l -t-‘) where M is the nucleon mass.
M

This just gives a well known
27

factor of (1 -1-#. More importantly the

factor k“k’ is changed to kcm”k~m where:

m%-wP $-EP
k =— =—
QCnl M+u’v l+EW

M&l@ k’-sp’

::m =
.%%

M+w l+C “

Here P and P? are nucleon momenta before and after the scattering

respectively, and G=w/M. If we assume P=O (nucleon initially at rest)

(16)

we get:

k.kl

k ●k’ =~-
%cm ~cm

which has the disadvantage of

approach is to average P over

kz

L (17)
(1+E)2

being non-hermitian. A more reasonable

25
the Fermi motion . This means that the

-21-



last term of eq. (15) is replaced by:

41rc
---QEJ

d3Pd3P‘

(l+Z) i
c&’)($c:)(:’- c:’)6(:+$:’-~) +i(:)

(21r)3

where $i(P) are the single nucleon wave functions and the sum on

over all occupied states. Making a change of variables eq. (18)

41TC ~
_— — Z r d3p $;(~+;(~-~’))[~-c(;- ~(~-~’))1

(1+:) (Zn)3 i

[:’ - .2(:-:’)) lf$i(:E(P +~ -+(:-:’)).
%

(18)

i goes

becomes

(19)

If the nuclear wave function is time reversal invariant, the terms linear

in P vanish upon integration. This term gives:

4’lrc

2UU(:,:’) = -4nbo(l+e)p(k-k’) -—
(1+:)

[(l+E) ~“~’
%%

41TCOC2
-; (:2+:’2)1 p($-:’) - *$:(:++ (:-:’))

(l+E) ;
(21T)

[P-+ (k-k’)]= [P+~ (k-k’)]$i(P-; (k-k’)) (20)

The last term in this equation is proportional to the nuclear kinetic

energy density. To see this let us write

-iP*r

@i(p) = ~ d3r4i(~) e ‘%,

where ~ (r) is the nuclear wave function
i%

into the last term of eq. (20) we obtain

(21)

in r-space. Substituting this

-i(PM(k-k’)) “r
e%%”

%
●

i(lyfq-:’)):’

e

(22)

After integrating by parts and doing the p and r’ integrations we obtain:
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41TcoE2

(l+E)

which iS thus

(23)

proportional to the Fourier transform of the kinetic energy

density, Although this term is proportional to ~2 it, as we will show

later, gives an appreciable contribution.

Let us now consider the effects of short-range correlations. As

previously discussed when the optical potential given by eq. (15) is used

to generate a multiple scattering series the k“k’ term generates terms of

zero range which are removed by short-range correlations, giving rise to

the Lorentz-Lorenz effect. As pointed out by Thies
25

the kz and k’2 terms

in eq. (20) also generate zero range terms which again are removed by

short-range correlations. To see this let us first look at the second

order term in the T-matrix generated by the optical potential of eq. (20).

It is given by:

~3~1 1 1
T2(k-k’) = 2U ~ —u(:,:”) U(k’’,k’) (24)

(27T)3 kllz-uz~ 2 $ N
IT

This expression gives rise to several terms so let us consider explicitly

the term

-~(-4n)2boco ● fd3k’’p(l##) : ‘k’~2+k’2)T: (k,k’) – Zw p(k’ ’-)’).
k“-w~ 2 %

As k’ is on

shell so we

IT
(25)

shell k’2 can be replaced’by u2-m#. However, k’ ‘ is nOt on

use:

k“2 u2-mm2
=14

T;(k,k’) =+ (-4n)2boco

kt12_w~ 2
lr

d3k c(02-mm2)
“r— p(:-:”) [;+ ]p(k’ ’-)’)

(2T)3 k??2_W~ 2
m (26)
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It is easily recognized that the first term in the square brackets would give

a delta function in configuration space and hence would be removed by

short-range correlations. This means that the term ~(k2+k’2) in the first

order optical potential should be replaced by c(u2-mn2). However, if we

allow finite range ?r-Ninteractions this is no longer true as some of the

delta function survives and we get the replacement:

where Em is the same parameter as used in

replacement, eq. (27), we have considered

can be shown to be valid for all terms of

C2 and higher order terms it is not valid.

small and can be neglected so eq. (27) can

It has been argued by Banerjee
28

that

(

(

(

?q. (12.2). In

Ynly one term.

~rder c however

(27)

arguing for the

This replacement

for some of the

Fortunately these terms are

be used without loss of accuracy.

the off-shell behavior of the

S-wave amplitude, bo, has some k2 as well as u dependence and that this

has a significant effect on n-nucleus scattering. Using the same arguments

as in the last paragraph we see that short-range correlations will reduce

this effect; e.g., for a zero-range pion-nucleon interaction, k2 gets

converted into u2-m 2. Any residual effects will merely change the
IT

effective value of Cm in eq. (27) and although we will use the symbol Cm

in this application it should be kept in mind that we really mean an

effective Em. Hence this number by itself does not give us a direct

measure of the importance of short-range correlations.
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8. CALCUMTIONS Ah!!RESULTS

In this section we will compare our results with the experimental

n-nucleus cross-sections and discuss the importance of various terms in

the optical potential. The experimental m-nucleus cross-sections will in

31
most cases be taken from the preliminary results of Preedem et al. . We

15
will begin with the pure Kisslinger potential and add effects one at a

time and see what effect each has on the cross section. The examples of

pb208
and C12

16 28
will be discussed in detail while other examples (O ,Si,

cJO , Fe
56

, Zr90) will be discussed in less detail.

The Kisslinger
15

potential is given by:

2wl.lk(r)= -4nbok2p(r) + 4nco V p V + Vcoul (27)

where b. and c are the isoscalar S-
0

and P-wave scattering strengths

30
which are taken from experimental ~-nucleon phase shifts. In our approach

%

one should use the phase shifts for free n-nucleon scattering, many-body

effects, such as those from the Pauli principle, being added as terms of

higher-order in p. For N#Z nuclei the isovector S and P-wave scattering

strength, b
1

and C
1’

are also needed and are again taken from ref. 30.

The coulomb potential includes not only the term linear in e2 but also

the term proportional to e4. The latter term was found to have a nonnegligible

effect in heavy nuclei.

The differential cross-section calculated with this optical potential

208 12
iS shown in figure 1 for Pb , figure 4, for C , and by the dashed line

16 28 40
in figures 9-12 for O , Si , Ca ,

cross sections do a very poor job of

that correction terms are definitely

FJ6 and Z<”. It is seen that these

fitting the experimental results, so

necessary.
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Let us first addon the -wave correction. There are two types of

these. The s-wave Pauli effect gives a term3:

4nk2(bo2+2b12) < ~ > p(r)~

-1
where < ~ > iS taken from Thies3 and has the value (0,23 + 0,30i)fm .

The second term, the s-wave absorption and dispersion term, is given by:

-4nBoP2. The parameter B. is obtainable from fits to pionic-atom data

and is given by Hufner2~s 0.168(-l+i) fm4. This value will be modified

later when we include the lab-centre of mass transformation but this

value is sufficient for now. The effect of these two terms is shown for

~b208
and C12 in figures 1 and 4 respectively. It is seen that although

these two terms give an appreciable effect the results still are not near

the experimental points.

Next we will add the lab-centre of mass contribution as discussed

in the last section. To illustrate the effect we will first consider

the case tm=O (no short range correlations). For the kinetic energy

density we will use the Thomas-Fermi approximation:

where we have assumed the neutron and proton densities to be

to each other and have neglected terms of order [(N-Z)/A12.

(28)

proportional

This term

(eq.(28)) will give a contribution quite similar to the p2 term so if

we keep this term we must adjust the coefficient, Bo~ of the P
2 term.

This is because B. was fitted using an optical potential which didn’t

5/3
include the term proportional P .

To estimate the change in B. we assume p has the nuclear matter

-3
value 0.16 fm and see how much B. must be changed to compensate for this
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term. The adjusted value of B~ is (-0.291 i-0.149i)fm4. This is the value

that should be compared with theoretically calculated S-wave dispersion

and absorption terms. It is also the value we will use in our optical

potential. The difference between the P2 and P
5/3

terms is unimportant

for heavy nuclei but for lighternuclear which are mostly surface (P#O.16)

the difference is significant. The

CM corrections are given in figures

are now more or less in qualitative

results.

208
results for Pb and C12 including

2 and 5, respectively. The results

agreement with the experimental

To get qualitative agreement with the data it is necessary to include

the Lorentz-Lorenz effect and the effect of the short-range correlations

on the K2 terms (set gm# O).

The Lorentz-Lorenz is given by eq. (12). In the present examples

B3 and B4 will be set equal to zero. As discussed previously this is

a good approximation as Bs and B4 are less than B2 which as we shall

show is reasonably small. For 208Pb and 12C we show the cases

B2=oo0, ~m=o.o; B2=0.(), ~n=oo5; B2=-0.25, ~ =0.5; B2=0.0, ET=l.O and
T

B2=oe25, ~ =(),5,while for the other nuclei we show the cases: B2=0.0,
T

~W=0.5 and B2=0.0, ~n=0.5. The best fits are with En=0.5 and O ? B2 ~ -0.25

with the lower value being slightly favored. For heavy nuclei the fits

to the data are quite good. For 208Pb it is necessary to have Em=0.5 in

order to fit the back angles. (A smaller Em lowers the back angles.) With

this value of Cm, B2 must be slightly negative to get the right depth at

the minimum. For lighter nuclei, particularly
16

0, the backward-angle

cross-section is too low for all reasonable values of B 2
and ~=.
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Although our optical potential was derived for a many particle system

it is interesting to see what happens for a light nucleus like He4. In

figure 16 we show the results for Em=0.5, B2=0.0 and Em=0.5, B2=-0.25. We

12C
see that the agreement even here is not too bad; no worse than in .

In He4 the terms of order l/A, which are unimportant for heavier nuclei,

may have an effect.

In recent papers (ref.

whether it is sufficient to

second order or whether one

19 and 20) there has been some debate on

include the Lorentz-Lorenz effect only to

should include it to all orders. While we

20
agree with Rosenthal et al. that including corrections such as the

lab-cm transformation reduces the sensitivity to this truncation, there

is still a 20% effect at places like the forward angles of
12

C and at

208
the interference minimum in Pb where the cross-section is particularly

sensitive to the Lorentz-Lorenz effect. This is shown in figure 17 where

we compare the cross sections with the full Lorentz-Lorenz and with the

second order Lorentz-Lorenz effect. The size of this effect is comparable

20
to that found by Rosenthal et al. . However, we believe one should be

careful about neglecting 20% effects.
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1000

100- Figure 1

Elastic scattering cross section for

50 MeV n+ on 208Pb. The upper curve

1000- is calculated with a pure Kisslinger

=< plus Coulomb optical potential
g (eq. (27)) while the lower curve
c
$ [00— includes also the s-wave dispersion
v

and absorption terms and the s-wave

Pauli effects. In both cases the
●** dots are experimental results from10-

ref. 31.

1000 I I I 1 I 1

~++208Pb 1

Figure 2

Elastic scattering cross section for

50 MeV ~+ on 208Pb. The upper curve

includes the lab-centre of mass

tranformation as well as the s-wave

correction terms. The lower curve

includes as well the Lorentz-Lorenz

effect (B2=0.0, Em=O.O). The dots

are the experimental results from

ref. 31.
10

t
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Figure 4

Same as figure 2 except the Lorentz-

Lorenz effect is included with

B2=0.0, gm=l.O (upper curve) and

92=0.25, Em=0.5 (lower curve).

Figure 3

Same as figure 2 except the Lorentz-

Lorenz effect is included with

B2=0.0, gm=0.5 (upper curve) and

‘2
=-0.25, Em=0.5 (lower curve).

● 0

I
20 40 60 60 00 120 140 160

8.
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12CSame as figure 1 except for .
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Figure 6 ;*/,,- ,
12C % ,t

Same as figure 2 except. for . The ~> 10-*
xxx

x’s are the experimental results from cy
$ . .

ref. 32; the +’s experimental results

from ref. 33 and the dots experimental

results from ref. 31. 1-

0.1 t
Xl 40 60 COn 100 120 140 160
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Figure 8

Same as figure 6 except Lorentz-Lorenz

effect is included with B2=0.0,

Em=l.O (upper curve) and B2=0.25,

Gm=0.5 (lower curve).

Figure 7

Same as figure 6 except Lorentz-Lorenz

effect is included with B2= 0.0,

Em=0.5 (upper curve) and B2=-0.25,

~T=0.5 (lower curve).
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16

0 Elastic m+ scattering cross section.

9 The dashed curves are calculated using

only the Kissinger plus Coulomb optical

7 \ potential (eq. (27)). The solid curves< ‘\ \f loo— L \
\ \
\ \ include also the s-wave terms, lab-cm.

$ \ \\\ transformation and the Lorentz-Lorenz* \-

effect (B2=0.0,1~m=0.5). The top

curves are for O while the bottom
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\ curves are for 28Si.
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Same as figure 9 except for 40Ca.
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Figure 11

Same as figure 9 except for 56Fe.
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Figure 13

Same as figure 9 except curves

given for B2=-0.25 and Cn=O.O.
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Figure 12

Same as figure 9 except for ‘OZr.
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Figure 14

Same as figure 13 except for 40Ca

(upper curve) and 56Fe (lower curve).
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Figure 15

Same as figure 13 except for ‘OZr.

I
Figure 16

Elastic m+ scattering on 41{e. The

differential cross section for 4He

calculated using the complete optical

potential with B2=0.0, Cn=0.5 (dashed

line) and B2=-0.25, Cn=0.5 (solid

line). The dots are experimental

results from ref. 37.

Figure 17

Effect of Truncating the Lorentz-

Lorenz effect. The solid curve is the

cross section calculated using the

full Lorentz-Lorenz effect (B2=0.0,

Cm=0.5) while the dashed curve includes

only the second order Lorentz-Lorenz

effect. The upper curve is for 208Pb
12C

while the lower curve is for .
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APPENDIX I: THE G-MATRIX FORMULA FOR G
c

For the case where the intermediate particles in the double scattering,

fig. 7b) are nucleons, it is straightforward to show, within a certain

approximation, that

Gc%G- <Vn(r,t)> 1(1)

where G is the G-matrix, (see for example, ref. 35) (often called t-matrix)

and VT is the relevant matrix element of V=. Furthermore it is a good

approximation to set G equal to the usual static G-matrix encountered in

nuclear structure.

———

.—— —

Fig. A. Types of processes summed in the G-matrix approximation.
In our convention, the wavy lines denote pions, the
dashed lines,p -, u- or u-mesons.

Assumption of SU(4) invariance is then needed to apply the results calculated

for intermediate nucleons to those relevant to intermediate isobars.
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Processes involving only one intermediate pion are included in the

reducible graphs of the type, fig. 7a), so we are here dealing with

exchanges of two or more pions, one pion and any number of other mesons,

or any number of other

case, all interactions

and will predominantly

mesons. In any

entering into fig. A are short range in character,

lead to high-energy intermediate states. Thus,

it should be a good

states, as shown in

Brueckner G-matrix.

approximation to sum over only intermediate particle

fig. A, and which brings us back to the usual

Whether this G-matrix is calculated for the correct incoming w, or

for u = O should not make

total mass in the crossed

frequency u enters in the

exchanges, as

~, because themuch difference as long as u N m

t-channel exchanges is at least 2m and
Tr’

denominator of the propagator for the

1

the

kzi-mtz-uz

where m is the t-channel exchange .
t

In fact, the weighting function for two-pion exchange is small for

t-channel masses ~2mT (see ref. 8), so that the static approximation will

generally be much better than neglect of W2 compared with 4mn2. B~ckman

and Weise have used the above formalism in calculating Gc for pion

condensates,

formulae for

We next

an equivalent problem. The reader can find the relevant

the partial-wave decomposition of G= there.

show that, with neglect of nucleon exchanges,

I(2)
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as used in 56. To make this connection, we note that the u-meson is

coupled far more strongly than any other mesons, and make the approximation

of splitting the total interaction into strong and weak pieces,

v’ v~ + VW. I(3)

where Vilis the sum of T- and p-exchange potentials; i.e., VS is strong

~10~2 (?1”~2) part beingand independent of spin and isospin, the u

completely in VW. We find then, the total G-matrix for the problem to

*
be

G =G&2 ~+vwa~+ ... 1(4)

where GS is the G-matrix for VS, $2Sis the wave operator. Now QS is, in

generalj energy dependent and nonlocal, but in the case where the dominant

strong interaction is a short-range repulsive potential, it is a good

approximation to take Q as local. This is realized, for example, in the
s

reference spectrum formalism . In this case, one can make the replacement

t 4 g(r) Vw
% ‘w %

I(5)

where g(r) is the two-body correlation function arising from u-exchange

(effects of u-exchange can also be included). We have used this approxi-

mation in our models in the body of the article.

h See SV.B. of ref. 8.
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APPEh~IX II: EFFECTS FROM THE FINITE RANGE OF THE T-NUCLEON INTEIGiCTION

When the assumption of a zero-range w-nucleon vertex is dropped the

11,12
Lorentz-Lorenz is reduced . Here we will consider a simple schematic

model to estimate this effect. More detailed calculations can be found,

for example, in ref. 36.

If we include the effects of finite-range n-nucleon interaction the

pion exchange interaction of eq. (2) is changed to:

11 (1)

where I’(k2)is the r-nucleon form factor which we assume to have the

form:

with A being

A2-m=2
r(kz) =—

A2+k2

the cut-off momentum. Considering only the spin-spin

piece (the tensor piece vanishing as k+(l)we have:

II (2)

II(3)

From eq. (10.1) the contribution to Go from the pion is:

Nm(r) = (g(r) - l)Vm(r). II(4)

In this example we will take the correlation function, g(r) to have the

simplified form:

g(r)-1 = -jo(qcr) II(5)

where j. is a spherical Bessel function and if c determines the range of

the correlations. Transforming eq. II(4) to momentum space we have the
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convolution integral:

d3
N(:) = - r+

(21T)2 d(l~+sl-qc) V#.
(Zm) 1$+$12

II(6)

In the limit k+(l (near threshold) this reduces to

~=2

07n(k=O) =++ —
d3 27T2

~ 2 ‘1*T2 :1”:2
JJ—— d(q-qc) ~r2(q2)

(21T)3q2 ~’
n

f2
llr=——
3

T1”-C2 :1”~ r2(qC2) II (7)
mr2

25
and hence using the definition of Em(eq. 11, 12.1, 12.2) we obtain :

18
To estimate this we take A to be about 1 GeV.

c= =
1

(1+ gc2/A2)

II(8)

Then A2 >> mr2 and we have:

IT(9)

and so we need only the ratio qc2/A2. A reasonable estimate for qc is

%700 MeV giving ~r ~ 0.45.
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It has been

APPEh~IX III: THE KISSLINGER CATASTROPHE

emphasized by Bethe and Johnson 38

that the Kisslinger potential leads to

an anomalous behavior of the optical model potential for densities of the

order of nuclear matter density. We can easily see this by taking only

the P-wave part of the optical-model potential, without Lorentz-Lorenz

corrections,

2U Vopt = -4ma(u) VpV

Near threshold, a(u) should be replaced

a(u) + co ~ 0.21 (h/mmc) .

III (1)

by the scattering volume

III(2)

In infinite nuclear matter, V can be replaced by k, which should be

obtained self-consistently from the equation

~2 = u2-mr2-2u Vopt(k,u)

with

2L0vOpt(k,w) = -4ncok2p .

Solving for k2, we find

u2-mn2
k2 =

l-47rcoP “

111(3)

111(3.1)

III(4)

Since, at nuclear-matter density, P = P = ~ /(h/mnc)3, we see that
o

for densities smaller than this, the denominator will go through a zero,

and k2, consequently, through a pole. This physically unacceptable
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*
situation in which k + cois known as the Kisslinger catastrophe .

Introduction of the Lorentz-Lorenz correction is sufficient to cure

this. For = 1, the Ericson-Ericson, Lorentz-Lorenz, 41TCOP in eq. (4)

+ 47Tcp/(1 + ~ p) and at nuclear-matter densities, the denominator
o 30

becomes

41Tcopo

Den. = 1 -
l+?

= .08

COPo

Whereas this may seem small, it should

i) nuclear-matter densities are

III(5)

be remembered that:

reached only in the center of nuclei,

ii) the s-wave n-nucleus interaction is repulsive,

inhibit reaching the Kissinger catastrophe so

“a miss is as good as a mile.”

and will help to

we believe that

It should be remarked that the sensitivity of the theoretical results

to the inclusion of the Lorentz-Lorenz correction in heavy nuclei is

undoubtedly due to the nearness of the situation to catastrophical.
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EXPERIMENTS ON PION-NUCLEUS SCATTERING

J. P. Egger

Institut de Physique
Neuchatel, Switzerland

I. INTRODUCTION .

The SIN pion spectrometer was built to carry out a number of experiments

on pion-nucleus interactions in the momentum range of 150-650 MeV/c. It was

designed to cover a broad momentum acceptance (f18% alp/p)with a large solid

angle (16 msr) and an overall momentum resolution, including the contribution

from the pion channel, of 7 x 10‘4 alp/pFWHM. Although the design resolution

has been achieved under special conditions, the working resolution is approxi-

mately alp/p= 1.5 x 10-s FWHM with a thin target at 200 MeV. A description of

the SIN llMlbeam and pion spectrometer system (a modified Saclay design) is

given in ref. 1.

After a tune-up the research program was started in spring 1976. Two

subgroups were formed in order to operate the facility more efficiently. To

date, group A* has received beam time for the following experiments:

R-71-04.6 : Pion carbon scattering,

R-71-O4.1O: Double charge exchange,

R-71-04.11: Pion scattering on
48Ca

40Ca and ,

R-71-04.14:
180 28Si 50Ti and 52cr

Inelastic states in , , .

Group B* concentrated on

R-71-04.8 :
160 40ca 208pb

Elastic scattering on ,

R-71-04.12:
1;0

Deep inelastic scattering on .

*In 1977 group A consisted of R. Corfu, J. p. Egger, p. Gretillat, C. Lunke>
C. Perrin, J. Piffaretti, B. M. Preedom and E. Schwarz. Group B consisted of
J. Arvieux, J. Bolger, E. Boschitz, Q. Ingram, L. pflug, C. Wiedner and
J. Zichy. J. P. Alban~se and J. Jansen participated in experiments of both
groups.
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Future plans include beam time for a third group headed by J. Domingo

to measure pion-deuterium scattering (R-71-04.13) and tune up of an additional

magnet to do 180° scattering (R-71-04.7).

The following is a detailed discussion of the above-mentioned experi-

ments.

A. PION-CARBON SCATTERING

In order to test the system and gain valuable experience, a tune-up ex-

periment was performed by studying elastic and inelastic scattering of both

11+ and II- from 12C, which was chosen because some accurate data already

exists (2).

The experiment was done with a standard layout with five MWPC; two of

them were in the beam line with a fast digital read-out (3) to allow the de-

termination of the incident momentum. Change-over from II- to 11+ was

achieved by reversing polarity of all beam and spectrometer elements. Protons

in the beam were removed with an electrostatic separator. Muons and electrons

were accounted for by a beam

of the beam composition. Mu(

largely rejected by imposing

Typical running conditions w“

4 x 106 7 ‘/s and 5 x 105 T

sampling method allowing continuous monitoring

ns from 11 - decay in the spectrometer were

ion optical conditions on each partic”

th a primary proton beam of = 30 v A

‘/s incident on a 350mg cm-2 natural

e trajectory.

were

carbon

target. Overall relative momentum

a clear separation of the elastic,

resolution was 2 x 10-S FWHM which allowed

the 4.44 MeV (2+), 7.66 MeV (0+) and

9.64 MeV (3-) states. In addition, levels up to excitation energies of 20 MeV

were seen.

Typical spectra are shown in fig. 1 and 2. So far angular distributions

with Y+ and 11-were measured at 148, 162 and 226 MeV. The 148 MeV results

have been published (4). The comparison of the lT+ andq- elastic differential
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