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ABSTRACT

The purpose of this work is to derive am on-shell pion-nucleus
optical model potential from multiple scattering theory in terms of TN
and TINN interaction amplitudes and to demonstrate that this K:lasl:lnger3u
type potential is adequate to satisfactorily describe pion-nucleus inter-
action data. The derivation of the potential leads naturally to a form
of the lorentz-lorenz effect with contributions due to virtual charge
exchamge and virtual spin flip. Also the derivation properly accounts
for some aspects of nucleon motion ud includes relativistic kinematical
factors like 1 + EI(/IN. Using the Fermi-averaged 1IN amplitudes o;o
Donmachie and Shl.vm and the calculated NN amplitudes of Dover,
one finds that the potential qualitatively and quantitatively describes
rather satisfactorily the pion-nucleus interactioa data for ulie , lac,

16 ko
0, and Ca for laboratory piom kinetic energy from 0-280 MeV.



A DIRECT REACTION MULTIPLE SCATTERING PION-NUCLEUS OPTICAL MODEL POTENTIAL



CHAPTER I

INTRODUCTION

This thesis derives an on-gshell plom-nucleus strong interaction
optical model potential from multiple scattering theory in the impulse
approximation and demonstrates the capability of this Kisslinger%-type
potential to describe pion-nucleus strong interactions over a wide energy
range. By formulating the on-shell pion-nucleus optical potential in
terms of the NN and NMNN interaction aupiitudea , one obtains an optical
potential with no free parameters. The usefulness of the potential is
checked by analyzing some recent experiments on pionic a.tmul"7 and some
precigse measurements of the pion-nucleus elastic differential scattering
cross sections on hKe s lac, 160, and l‘ot:a. at a variety of energiea.a'lu

The use of pions to study nuclei via the pion-nucleus inter-
action has developed slowly since the discovery of the pion in 1947.
This has been largely due to experimental limitatiomns. At first pion
beams vere lov in intensity and poor in emergy resolution. As a result
the early experiments ylelded poor statistics. Receatly, however, much
improved pionic atom experiments for a wide variety of muclei have been
performed at CERN7 and SREL.]'.“ In addition to these very low energy
experiments, some pion-nucleus elastic scattering experiments of good
precision and angular resolution have been performed in the energy
range 30-300 MeV for such muclel as ‘He, 12¢, 260, ana “°ca.8 ™ 1n the
near future some of the new high intemsity accelerators, the so-called

] 16 ' 18

"meson factories” such as um,l SIN, llevin,l and TRIUMF,  will



become operational with beam currents several orders of magnitude larger
than those currently available. Then a large gquantity of scattering
data with good statistics will be taken for many nuclei, and it will be
possible to study systematically the pion-nucleus differential scattering
cross sections from nucleus to nucleus to see vwhat effect the structure
of the nucleus has on the scattering of pions.

In Chapter II a survey of the previous work on the pilon-nucleus
strong interaction optical model potential that is compatible with this
vork is presented. Section A covers the analysis of the early pion-
nucleus scattering experiments. Section B deals with the absorption of
pions by the nucleus. Section C summarizes the more recent work on
pionic atoms.

A plon-nucleus optical model potential 1s developed in Chapter III
using multiple scattering theory and the impulse approximetion. This
development, vhich is similar to that of Ericson and Ericson, ad differs
fundamentally from their work in that it sums the infinite series of
multiple scattering equations assuming that only tvwo nucleon correlations
are important. The Ericsons truncate the series with an approximation
that 1s strictly valid only for crystalline structures. Their quasi-
crystalline approximation leads to a different form for the Lorentz-
loreng effect than is obtaiued im this work. Hufner168 has obtained a
form for the lLorentz-lorenz effect in agreement with this work.

Chapter IV contains an analysis of pionic atom x-ray transition
data for l"!Ie » 120, 160, and mc; using the optical model potential
developed in Chapter III. The analysis imdicates that inclusion of the
tvo-mucleon correlations is sufficient to descridbe the experimentally

observed pionic atom energy level shifts. Use of the predicted absorption



paramsters for absorption on nucleon pairs by I)over20 is gufficient
to explain the discrepancy between the predicted and experimentally
observed pionic atom energy level absorption rates as noted by many
investigators. 21-23

The elastic pion-nucleus differential cross sections for une »
120 ’ 16O, and l|’o(!a for various pion energies are also analyzed in
Chapter IV. In this case the energy-dependent Fermi-averaged WN
amplitudes of Donnachie and Shawlal are used in the potential and a
differential cross section is predicted for each nucleus at each of
the measured energies in the ramge 24-280 MeV. The predicted differ-
ential cross sections are in good agreement with the experimentally
measured values if one normalizes the experimentally measured values
to the theoretically predicted cross section.

This work is essentially an extension of the work of Auerbach,
Fleming, and Sternhe:lnau vho analyzed the elastic plon-mucleus differ-
ential scattering cross sections up to 87.5 MeV. Taking into account
only s- and p-wvave parts of the pion-nucleon interaction, the present
analysis indicates that the contributions for two-nucleon correlation
effects like virtual charge exchange and virtual spin flip become less
important with increasing energy. As a result the pion can only be
used as a probe of the long range Pauli correlations at very low energy.

Chapter V gives a summary of the results obtained from analyzing
the pionic atom data amd the elastic pion-nucleus scattering data. The
chapter concludes by enumerating th; possible future applications of
the optical potential for investigating other reactiom processes.

The details of the method of analysis used in Chapter IV and a

Fortran listing of the computer programs employed are given in the



appendices. 1In addition, appendices A amd C contain explicit derivations
of such important quantities as the 7N and TIRN scattering operators and
the nucleon-pair correlation length for an ideal Permi gas of nucleons,
Appendix D gives the method of obtaining all the relevant nuclear
density parameters for pions from the electron scattering nuclear charge

density parameters.



CHAPTER II

PREVIOUS WORK ON THE PION-NUCLEUS STRONG INTERACTION POTENTIAL
A. Pion-Nucleus Scattering

The fundamentel approach to the pion-nucleus strong interaction
problem is given by the field theoretic method. Unfortunately no
satisfactory Hamiltonian formalism for pion-nucleusinteractions has been
developed. Most of the work in the field has concentrated on the much
simpler pion-nucleon interaction problem.

Despite the small progress of the purely field theoretic
approaches to the pion-nucleus interaction, researchers have found it
possimble to describe the experimental pion-nucleus strong interaction
data in terms of phenomenological pion-nucleus potentials. Recent
theories leading to a phencmenoclogical pion-nucleus potential have been
predominantly direct reaction theories based on the impulse approx-
imation, the optical model, and multiple sc:cr:l;t;er:lng.a5

A direct reaction is a reaction in which the incident particle
reacts with only a part of the nucleus, while the rest remains undis-
turbed. In other words, a direct reaction involves only some of the
degrees of freedom of the nucleus. A compound reaction, by contrast,
involves many more degrees of freedom and proceeds more slowly. Direct
reactions take place in times of the order of transit times of nucleons

across nuclei, which are typically 10'22 sec.



According to the impulse approximation the scattering amplitudes
fa.r, o for pions incident on free and bound groups of nucleons are the
sane except for kinematical factors due to one group being bound. From
Goldberger and Watson's book26pp. 86 and 658 one sees from the Lorentz

transformation of the T matrix that

E
(11-1) (.FJJ',?T)bound = (':_E;'.ﬂ) (-FQJ'QT)-Frec
| + Enm )
M
The two amplitudes are nearly the same due to the smallness of the pion
mass comprred to that of a nucleon or group of nucleons.

An optical model is one that is capable of describing the partial
absorption and transmission of an incident wave or particle. The optical
model leads to a complex potential for describing the scattering and
absorption of some particle such as a pion by a nucleus. Usually the
optical model potential represents the interaction in the elastic
channel only, i.e. for the nucleus in its ground state with no transfer
of energy from the incident particle. One of the first optical model
calculations for pion-nucleus elastic scattering was performed in 1952
by Byfield &.}-'27 in vhich they fitted 62 MeVv T - carbon elastic
scattering data. The pion-nucleus interaction was representated by
the complex potential

~Vo-iW veR

(11-2) V) = { o v>R

vhere R = 1.37 A 1/3 £ is the uniform radius of the nucleus.
In multiple scattering theory the nucleus may be treated as a
syatem containing elementary subsystems such as nucleons, nucleon pairs,

alpha particles, etc. The interaction of the pion with the nucleus is



obtained by summing the interactions of the pion with the elementary
subsystems being careful not to double count. This approach separates
the elementary interaction problem from that of the structure of the
nucleus. Using theoretical or experimental knowledge about the elemen-
tary interaction, one can gain information about the structure of the
nucleus from pion-nucleus interaction data.

A multiple scattering formalism based on the Schroedinger
equation has been developed by Watson and others.26 In wany multiple
scattering theories the scattering operator g\is expressed in terms of
two-body scattering operators t 3 vhich act only on the pion and the
Jj-th elementary scatterer ‘noum;.~ in the nucleus. The single scattering

approximation for scattering from individual bound nucleons consists of

taking

A
(11-3) T=z4

-| -

28,29

vhere A is the number of nucleons in the nucleus. Watson et al.
shov how to calculate the pion-nucleus potential from basic pion-
nucleon scattering amplitudes in the single scattering approximation.
The single scattering approximation may be considered as the lowest
order contribution to a series of more complex interactions of the pion
with the nucleus. It is the first term in the multiple scattering
series.

The multiple scattering optical model picn-nucleus potential was
first used to analyze elastic scattering data. Several attelptaao’ *
vere made in the years 1952-1956 to fit a complex square well optical
model potential to the pion-nucleus scattering experiments for 60 <
Ty < 150 MeV. All experienced the same difficulty, namely that while

the differential cross section for small angles © < 60° could be fit



fairly well, the fit at larger angles was always tco small.
Baker et al. 3,33 analyzed the dats on scattering of 80 MeV pions
by 1i, C, and Al using a variety of local complex potentials with
sharp and diffuse surface ahnpeﬁ + They found that even a local potential
vith the more realistic Woods-Saxon shape did not significantly improve
the fit for the differential cross section for angles greater than 60°.
In order to improve the predicted differential scattering cross
section at large angles Kisslinger3 made a simple extension of Watson's
single scattering approximation which is useful for low energy pion-
nucleus scattering for which s- and p-wave pion-nucleon scattering

dominate. He took into account the momentum dependence of the pion-

nucleon interaction by writing the pion-nucleon scattering operator
(11-4) t (k'x)l = ts +tp Kk

Using this one obtains an optical potential which has the configuration

space form

(11-5) Vor = As e® - Ap ¥V (e®V)

where the gradient term gives rise to a nonlocal contridbution.

Baker g_u._1.32, 3 in analyzing their data in 1958 on scattering
of 80 MeV pions did find that a nonlocal potential of the Kisslinger
form with adjustable complex parameters for the strength of the volume
and gradient terms predicted larger differential cross sections at large
angles in substantially better agreement with the experimental data.

Three years later Edelstein et al. ¥ performed T elastic
scattering experiments on carbon at 69.5 and 87.5 MeV and on oxygen at
87.5 MeV with improved energy resolution. They also found that the

Kisslinger form of the potential with adjustable parameters was capable



of describing the scattering data at large angles.

Similar work by Valckx et al. * vith T scattering on C and 0
at 87 MeV gave support to the Kisslinger form of the potential. The
success of the Kisslinger form of the potential with adjustable param-
eters in fitting the differential cross section for large angles
indicated the importance of the gradient terms derived from p-wave pion-
nucleon scattering, but unfortunately these parameters could not be
predicted in terms of the -TN scattering amplitudes.

The work of Kisslinger was extended by Kerman and Logan37 in
1964 to include elastic charge-exchange scattering, where the nucleus
is scattered to various states of the i1sotopic multiplet of which the
ground state o_f the target nucleus is a member. For the case of
inelastic charge exchange the nucleus is scattered from one isotopic
multiplet to another. Actually elastic charge exchange is not purely
elastic, since there is a difference in energy in the various charge
states of an isobar due to. Coulomb effects, and the mass of the T°%1s
different from that of the charged pions.

Kerman and Logan's extension of Kisslinger's pion-nucleon

scattering amplitude has the form
(11-6) i (kk) = (A+BET)+ (C+D%T) kok'

vhere A, B, C, and D are functions of the s- and p-wave TN phase
shifts and 1_:_-,, and I i are isotopic spin operators for the pion and
the i-th nucleon respectively. The Za-TV terms, which may be written
in terms of isospin reising and lowering operators as

(-1 ta- T = i:.l:;:’f:f + 23Ty

%

10
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give rise to the elastic charge exchange scattering. With this extension

one obtains an optical potential with the spatial fom
(11-8) V() « A'epr) +8'en®) + V(c'e0V)+ Vb eatiy)

vhere €p(r) is the proton density and €p{r) is the neutron denmsity.

37
As a first approximation Kerman and logan assumed that the neutron and
proton densities were the same. Then the potential may be written in

the form
(1) V) & (A+B ?_,_z’rvj') em + V.{(cwg_z;vg‘)e(v) Vi

where E is the total isotopic spin of the nucleus, N is the number of
nucleons, and ©(r) is the nucleon density. This form is often used
in the analysis of pionic atom energy level shifts ,19’21-23 and it
describes the isotopic spin dependence of the data well.

In 1968 Chivers et al. % measured cross sections for single
charge exchange (', 71°) at 180 MeV on several light nuclei. Because
of the difficulty of detecting the ™° by means of its decay into two
photons, they measured the cross section by an activitation experiment
in which the residual target nucleus state is identified by its radio-
activity. From these measurements one notices that the (T47°) cross
section is largest where the fipal target has a bound state which is
an isobaric analog of the initial state. This implies a favoring of
AT = O elastic scattering.

In 1967 Auerbach M.ak made the first sericus attempt to
compare the parameters obtained from fitting elastic pion-nucleus
differential scattering cross section data using an optical model

potential of the Kisslinger form with that expected from TN scattering.
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They obtained best fit parameters close to those predicted from TN
phase shifts in the energy region 24k < T q < 87.5 MeV.

39
Three yea‘::a later Krell and Barmo extended the analysis of
2

Auerbach et al. for C to the energy region 120 < T < 280 MeV.
Their best fit parameters showed some deviations from those expected

from MmN phase shifts, but their fits to the differential cross sections
2L
vere poorer than those of Auerbach et al.
14
In 1972 Bercavw et al. fit their differential scattering data

for T on 160 in the energy range 160 < Ty < 240 MeV. Their best fit
parameters shoved drastic deviations from those expected from TN phase
shifts. They found that the parameters in the Kisslinger form of the
potential are strongly correlated and not well determined by the data
contrary to the earlier work of Krell and Barno39 and Auerbach ﬂ]_..ah
Bmechermauggested in 1955 an effect which should also con-
tribute to the pion-nucleus elastic scattering, particularly in the
case of pionic atoms. He noted that nuclei absorb pions and that if a
nucleus absorbed and subsequently emitted & slow pion, then the process
wvould contribute to the elastic scattering amplitude. This ;ffect bad
not been included in previous forms of the multiple scattering series,
since the intermediate state of the system between absorption and
emission contains no pion, and there was always one pion propagating
through the system in previous forms of elastic multiple scattering
theory. Thouleslul pointed out that it was also possible for the
emission to occur before the absorption. 1In ttis cagse the intermediate
state has twvo pions. Brueclmerwo and Thouless : made estimates of the
effect of absorption on the elastic scattering based on a simple model

for absorption of the piomn by two nucleons in a deuteron-like state in
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the nucleus. They concluded that the absorptive process's contribution
to the elastic scattering amplitude could be as large as the absorption
amplitude itself.
21
In 1669 Krell aﬁd Ericson, following the suggestion of Drell,
2
Iipkin, and de Shalit, introduced a type of double charge exchange

called virtual charge exchange. This process may be represented by

m P
,”n—
'IT—/’,
P m

vhere the pion interacts with two closely correlated nucleons. The
virtual charge exchange term makes a significant contribution to the
local part of the pion-nucleus potential.

In addition to the term for virtual charge exchange, Ericson and
Ericsonlg introduced in 1966 a double scattering term to represent
coherent scattering from two correlated nucleons. This double scat-
tering term taken together with that of the virtual charge exchange
glves rise to a contribution to the local part of the optical model

potential proportional to
2
(11-10) Si (Al m“) e

2
where the B term is due to virtual charge exchange and S is the

average nucleon-pair correlation length. y
3
Following the cbservation of Kroll that the derivation of the
33

Kisslinger form of the pion-nucleus potential by Baker et al. with
arguments wvhich were classical in nature should lead to results

analogous to electric dipole scattering in a polarizable medium,



1k

the Ericsons obtain for the monlocal part of the optical potential a
nonlinear dependence on the density of ascatterers giving rise to a

contribution proportional to

v.| C+raT)em |y
g totaT)en
"2

(11-11)

where the correlation parameter ") is a measure of the polarization of
the medium. For a medium of uniformly smoothly distributed protons
and neutrons "= 0, but the granular structure of nuclear matter leads
to M £ O such that very short range anti-correlations between nucleons
result in /= 1.

In order to obtain an optical model potential like those above
one needs the elementary TN scattering amplitudes. These amplitudes
may be measured experimeantally or obtafined from theory. There are two
dynamical approaches, not based on Hamiltonians, which have been used
to predict the TN scattering amplitudes. One is dispersion theory
which has been reviewed by Eanilton.u Dispersion relation theory is
important, because it provides one with methods which make it possible
to treat the dynamics of strong interaction. The other dynamical
approach vhich has been applied to lov emergy pion-pucleon scattering
18 Current Algebra theory and the "soft pion" approximations. It is
important for piom-nucleon scattering, because it gives a reasonable
prediction for the s-wave pioa-mucleon scattering amplitudes. The

L
Current Algebra theory has been reviewed by Adler and Dashen. g
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B. Pion-Nucleus Absorption at Very low Energy

Most of the theoretical vork on pion-nucleus absorxption as a
direct reaction at very low energy bhas been confined to a model in
which two nucleons in the nucleus absorb the pion, share the rest energy
between them, and leave the residual nucleus without scattering from it.
This model was used by Brueckner, Serber, and Weﬂ‘.aonu7 in 1951 to relate
the absorption probability to two-nucleon structure in the nucleus.

They suggested that the two-nucleon absorption process requires such a
close correlation of two nucleons in the nucleus that they must be in
relative s-states.

Some direct evidence on the two-nucleon emission following pion
absorption wvas first obtained in 1960 by Ozaki et al. who observed
the n-n and n-p pairs from étopped T~ absorbed in C and al. Using
counters which were sensitive to neutrons with E, > 10 MeV and
protons with 22 < Ep < 112 MeV, they found that n-n pairs were more
probable then n-p pairs by a ratio of 3.9 + 1.2 in Al and 5.0 + 1.5
in C.

k9

In 1968 Nordberg, Kinsey, and Burman investigated the nucleon
pairs emitted when a beam of T~ was stopped in a variety l‘gf light
nuclei using an apparatus similar to that of Ozaki et al. but with
much improved angular resolution. The relative angular distribution of
the two nucleons emitted in the subsequent pion absorption was measured
and found to peak at 180° supporting the two-nucleon model of the
absorption process. Hovever these emissions were found to acﬁount for
less than half of the total absorption. Also Nordberg et al. 7 tound

that within the limit of their energy resolution the spectra of the ...
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emitted nucleons were not sensitive to details in the nuclear structure
of the target nuclei. It may be that final state interactions account
for the loss of emitted pairs and the loss of information related to
the nuclear structure of the target nuclei. Bertin:l5o noted from a
study of T nucleus absorption data that the ratio of emitted n-n

to n-p pairs upon pion absorption is considerably different from the
ratio of n-p to p-p pairs that initially absorb the 'ﬂ'_, indicating a
masking of the original nuclear structure by the final state inter-
actions. The effect of the final state interactions can be removed by
performing a simultaneous total energy measurement on the two emitted ..
nucleons in addition to demanding coincidence.

The existence of final state interactions is also supported by
the work of Anderson et al. >t in vhich they obtained neutron spectra
for 1.8 < E, < 150 MeV using time-of-flight counters for stopped T~
absorbed by C, Ai, Cd, Pb, and U. The mean number of neutrons emitted
per absorption in the energy range 1.8 to 150 MeV was measured to be
2.8 + 0.3, 3.2 +0.3, 3.6 + 0.4, 3.5 + 0.4, and 5.0 + 0.5 for C, A1, Cd,
Pb, and U respectively. They found that the emitted neutron energy
spectra are characterized by a lov-energy "evaporation" part and a high
energy part due to "direct" neutron emission. This description is
derived from the notionsa-ss that the capture of stopped T~ mesons in
complex nuclel 1is a two step process. First fhe T~ is captured by a
pair of nucleons. Then the two nucleons share the pion's rest energy
end initiate nuclear cascades in which one or more nucleons are ejected
by direct emission. The energy that is not carried away by the direct
emission is distributed among the remaining nucleons, raising the

residual nucleus to a high temperature from which it deexcites by
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56
evaporating particles. Rosen has found experimental support for the

notion of a nucleon evaporation spectrum from his study of neutron
emission from selected nuclei bombarded with 14 MeV neutrons. A good
reviev of the evidence for neutron evaporation spectra from lov energy

57
neutron scattering experiments has been written by LeCouteur.

We:l.ukopf's8 suggested that the evaporation from a nucleus in a
glven state of excitation should follow a Maxwellian distribution law
with a temperature appropriate for the density of levels in the residual
nucleus. However in an evaporation cascade in which several nucleons
are emitted in series, the nucleus should cool appreciably with the
emission of each particle, and consequently the energy spectrum should
deviate from the Maxwellian form. LeCouteursg,a) has derived a formula
for the spectra at very low energies based on an improved statistical

theory of emission of neutrons by evaporation from a nucleus of

temperature ©
s/ _En/o
(11-12) N(En) ¢ En €

51
Anderson et al. fit their data with values of © ranging from

1.78 to 4.02 MeV, where © represents approximately the mean excitation

energy per nucleon for a nucleus in equilibrium after absorbing the

pion. After Anderson et al. > subtracted this evaporation spectrum

from the experimental spectrum, the mean number of neutrons emitted

per pion absorption was reduced to approximately 2 for all nuclei.
Another type of experiment that has been done to see if there is

some other process for pion absorption at very low energy besides

absorption on pairs involves looking at the heavier particles emitted

upon absorption. In particular for T absorptior by uﬂe the nonradiative

possibilities are
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The last possibility is a two-body breakup, so the triton has a unique
energy. Por the p and 4 cases the energies of the charged particles
are distributed smoothly. Thus in the charged particle energy spectrum
the triton branch appears as a sharp peak on a smooth background of
protons and deuterons. Ammiraju and Ledermn61 used this idea and
looked for tritons. They found few triton events and consequently
assigned a branching ratio of 1/60 for this mode of absorption. Schiff

62
et al. performed a hydrogen bubble chamber experiment on dissolved

hﬂe and found a large triton peak with branching ratio 1/ 3. In oxder
to resolve the discrepancy between these two experiments Bizzari et
ﬁ.63 and Bloch et al .61& performed very precise hHe bubble chamber
experiments to obtain triton branching ratios of 18.4 + 1.4 % and
19.4 + 1.8 % respectively. :
In a similar vein Zaimidoroga et al .65 measured the branching

ratios for 3He obtaining

7~ 4 3He — P+am  (sPeisy )
(II-14) —~> d+m (15912.3%)
— Y orn® (363 %)

A T absorption experiment on mgglei in emulsion (C,N,0,Ag,Br)
has been performed by Vaisenberg et al. in vhich the emitted protons,
deuterons, and tritons were separated and their energy spectra crudely

measured. The branching ratios for p, d, and t were measured for

18
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absorption at rest in the light nuclei (C,N,0) and in the heavy nuclei
(Ag,Br). The large branching ratios obtained for emission of 4 and t
have been interpreted by Shapiro and Koly'bo.aov67 and Kolybauov68’69 as
evidence for direct pion absorption on virtual alpha particles in the
nucleus. Thus the process of pion absorption at low energy on pairs
of nucleons is complicated by the possibility of pion absorption on
virtual alpha particles and other clusters in the nucleus.

Eckatein7o first suggested a model for handling pion absorption
on nucleon pairs in which the unknown short range nucleon-nucleon
correlation is simply replaced by some specific short-range function
such as a delta function. In particular she assumed that the pion wave

TL
incident on nucleon pair 1J is given by

(11-15) ‘V;; o> = Y@ £r- fn’_*gj)é\(ﬁ-?i) o>

where |0 represents the nuclear ground state and ?1 and ?J are the
positions of the i-th and j-th nucleons respectively. For s-wave
absorption on nucleon pair ij, the scattering operator may be written
in terms of the invariant products of the dynamical variables with the

proper symmetry

(11-16) £550) = Bo + BIVT + BT 483 -Q%)2n G +%)
+ By DT + Be(-T %) [EnTea ) + €I 7) |

vwhere V) is the Pauli spin operator for the i-th nucleon, T is the
isotopic spin operator for the i-th nucleon, and én is the isotopic

spin operator for the pion. The explicit relationship between the B's
and the s-vave T NN amplitudes is derived in Appendix A. For a spin

gzero N = Z nucleus Eckstein's model for absorption gives rise to the



potential term
2
(11-17) Bo €M

vhere B_ 18 pure imaginary.
° 72
M. Ericson extended Eckstein's model to include absorption of
p-vave pions on correlated nucleons by adding a p-wave part to fiJ(r)’
o~

1. e.

(11-18) );(_‘._(é‘ [ Co+C U+ Ca T +C3 (l“fi"i}) t,l"@i*'].’i)
+ Cy (“1“:3)(71'5) + Cs(1-T; -y )[(tl"z':)('bl"g)"@'@(?ﬁ)]}

vhere the C's are explicit functions of the p-wave 7 NN amplitudes
derived in Appendix A. Yor a spin zero N = Z nucleus, the work of
Eckstein plus that of M. Ericson gives rise to the potential term in

configuration space
\
(119)  Bo € + V- [CeC®V]

This is essentially the form of the absorptive part of the optical

potential that has been most extensively used in fitting to pionic
19,21-23
atom data.
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C. Pionic Atoms

Soonhl.fter the work on the pion-nucleus optical potential by
Kiaslinger3 and others began to describe pion-nucleus elastic scattering
vith some success, an attempt was made to apply it to predicting the
energy level shifts and widths of pionic atoms due to the strong inter-
action. The fact that the shifts and widths vere small compared to the
energy level spacing due to the - electromagnetic interaction suggested
that the strong interaction might be treated as a pertur%tion on the

T3
electromagnetic interaction. Deser et al., Brueckner, and Ivanenko

and Pustovalov'm tried to predict the strong interaction pionic atom
energy level shifts and widths from the low energy TI N scattering
phase shifts using first order perturbation theory. In their predictions
the energy level shifts and widths had a stronger atomic number depen-
dence than the experimental shift and width data.3°’3l Seki and Croner75
vwere the first to point out that first-order perturbation theory is not
valid, due to the strength of the strong interaction potential. The
strong interaction potential has a small effect on the pionic atom energy
levels, since only & small fraction of the pion wave function overlaps
the effective interaction volume. However, the pion's wave function is
significantly distorted in the vicinity of the nucleus. Since this is
precisely the region where perturbation theory requires that the wave
function not deviate significantly from the unperturbed value, pertur-
bation theory is not applicable.

With the realization that perturbation theory was not valid for
analyzing strong interaction shifts and widths, most investigators

switched to solving the relativistic Schroedinger wave equation exactly



by numerical methods for the purpose of fitting and predicting pionic

atom data. Those optical model potentials which are derived through

the Schroedinger equation must be put into the relativistic Schroedinger
or Klein-Gordon equation in such a way that the original Schroedinger
equation is obtained in the nonrelativistic limit. Many im‘rest.:lgntorsal’22
exhibit this placement by writing the relativistic wave equation in

the form

* E-Vel)* - mac? ’
(11-20) g'mn Vit (_a_in'c_g Wi :) Yir) = Var® Yo

where Vel(r) is the electromagnetic pion-nucleus potential, Vgi(r) is
the strong interaction pion-nucleus potential, m 4 is the mass of the
pion, and E is the total energy of the pion.

A common form of the pion-nucleus coptical potential is that of

19,21-23 21
the Ericsons'. Krell and Ericson found that their form of
the potential predicted only half of the observed widths for all L= 0
pionic atom levels.
76

Recently Blum has proposed a different type of optical model
based rather crudely on the microscopic picture of the scattering and
absorption of pions by bound nucleons. The potential is constructed
such that the real part simulates the elastic scattering of the pion
by the nucleons. In analogy to the first order approximation of the
multiple scattering theories, the real part of the potential is assumed
to be proportional to the Qénsities of the protons and neutrons. The
imaginary part of the potential which must describe absorption of a
pion by a correlated neutron-proton or proton-proton pair is taken

proportional to the density of protons multiplied by the nuclear matter

density. In order to allow for the possibility that the correlations
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might be density dependent, a volume and a surface absorption term vere
introduced. Making a number of simplifying approximations for the
densities and correlation properties affecting absorption, Blum obtains

the potential

(m2) Ve = Asem-' %A[ blew - a? (ddc_;g))z]
s

vhere A is the atomic number, Z is the number of protons in the nucleus,
8 is the strength of the elastic scattering potential, (de/d Y‘) 2 is
the surface term resembling a p-wave contribution, and b and a are the
strengths of the surface and volume absorption modes respectively. With
this potential the pilonic atom 2p-ls and 34-2p data can be fitted as
well ags with the multiple scattering potentials.

Although Blum's potential gives rise to an attractively simple
mathematical description of the pilon-nucleus interaction, its usefulness
is limited, because it is not directly related through a model to

nuclear and nucleon properties.



CHAPTER III
DEVELOPMENRT OF AN OPTICAL MODEL POTENTIAL FROM A

MULTIPLE SCATTERING THEORY

The multiple scattering method has been used extensively for a

vide variety of problems. It has been applied to the scattering of

molecules in gases ,77 neutron diffusion,78'm radiative equilibrium in

81,82 83
stars, scattering of charged particles, ~ scattering of gamma
86, 87

8
rays, ~ _ cosmic ray shower theory,

88,89

conductors.

and the resistivity of

Many of these problems have been treated using the Boltzmann
integrodifferential equation for transport processes. The Boltzmenn
equation assumes that there are no correlations between the positions
of the scatterers. In addition this approach is classical in that the
vave nature of the incident particles is neglected. Such an approach
is valid for wavelengths small compared to the separation between
scatterers. For longer vavelengths a wave treatment is desirable,
since the diffraction pattern will contain information about the
correlation in scatterer positions.

The purpose of this chapter is to discuss systematically the
multiple scattering of pion vaves by a system of scatterers. Most of
the motation comes from m91 and Ericson amd Ericson].s Similar
discussions may be found in Goldberger and Wa'l;sona6 and in Hufner'5169
paper. Effects due to the correlation of nucleom pairs will be

included explicitly.

2h
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A. Validity of the Multiple Scattering Approach

The purpose of this section is to indicate qualitatively the
assumptions that restrict the validity of the multiple scattering
approach. Also the steps that will be taken to reduce the importance
of these assumptions are indicated.

One assumption that is usually made in a multiple scattering
problem is that the properties of the individual scatterers are unmod-
ified by the fact that they are bound in a many pa'rticle system. It is
poesible to properly account for the main modification in scatterer
properties by taking into account what is known as the chemical binding
effect. Such a correction has been used in treating the scattering of
neutrons by a molecule of ortho- or pa.ra.hydrogen.go This same correc-
tion is applied to the interaction amplitudes in the development to
follow.

Another assumption tacitly made in the multiple scattering
treatment 1s that the scatterers move sufficiently slowly that their
positions may be regarded as adiabatic parameters. With this assumption
the scattered vave f (r; ¥),¥p,.-+,F,;) can be computed for a fixed set
of scatterer positions and then averaged over the distribution of
scatterer positions in configuration space. The validity of this
assumption depends on vhether the velocity of the scatterer is small
compared to the velocity of the wave. For nucleons the average momentum
is approximately given by ‘\/57-5— of the Fermi momentum Py which 1is about

250 MeV/c for most nuclei. Thus the average nucleon velocity is

(1) Ty EZ43/s Pp/mn = .2l c



Due to the large velocity of the nucleons this approximation that
neglects the velocity of the mucleons is only weakly valid for even
very high energy pion-nucleus scattering where Vg R C.

A further agssumption implicit to the multiple scattering method
is that the interaction of the projectile with the scatterers in the
target is direct, i.e. there are no intermediate states in which the
projectile is strongly correlated with the scatterers. In this work
the contribution of such intermediate states is partially included by
explicitly taking into account processes like virtual charge exchange.

One shortcoming of the multiple scattering method is that it
does not conserve energy and momentum at each scattering in the same

reference frame.

26
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B. Construction of the Multiple Scattering Equations

Let us assume that the aingle scattering problems for pions
incident on the individual scatterers of the type found in the nucleus
can be completely described in terms of experimentally measured amp-
litudes or phase shifts. Furthermore, let us assume that the structure
of the nucleus may be expressed in terms of a many particle density
function which is sensitive to correlations between the elementary
scatterers.

Consider a system of scatterers vhose centers are located at §1,
?2,...,?;. Let the initial states of these scatterers be described by

the set of parameters 81y B, <es 'n vhere the parameter s; is a

2
shorthand notation for all the quantum numbers that describe the state
of scatterer i.

The probability that a set of n scatterers are located in a

volume element drl3dr23... drn3 with states 815 Bpy o0, By is given by

(111-2) P (¥ Y, ¥mi 5,5 55m )3, 43, -~ {3y,
where

(m1-3) £ 52 jp(y,,r,_'..-,vm',5‘,,‘1,":‘»1)43)',d’h.'"dgvm =4
§, 6. Sn

The probability distribution for a single scatterer may be obtained by

integrating over all other scatterers, i. e.
(1) Pi;s) = ési § Pt it 5,50 sm) v v
Y]

and the probability for the simultaneous locations of a pair of scat-

terers is obtained by integrating over all but that pair of variables,
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i. e.

(111-5) P(V.,?z.,'sa,sl) = 523 sim S\o(“.‘,}l,.",?ﬁ,-,s',s;)...lsn)

d3v3 - d3vm

If the distribution is completely random, the particles are
independent of one another. In this case the probabilities associated
vith a single particle are not influenced by information concerning

other particles, 1. e.

(111-6) P (i, %, ¥m ;8,52,25m) = P8 PR s) -+ PCimism)

A measure of the correlation or nonrandomness between the pair

of particles (1,2) is given by

(111-7) P, %y 5.5) - Phss) Plrg )

For a nonrandom probability distribution one can factor the probability

using conditional probabilities, i. e.
(111-8) P(;"t;?zy"'l?mi57151:""54') = P(Y';s“) F(Y,,‘S',l Yu, -t )

51)...' Sm)

vhere the conditional probability P(Ty;s) | ¥, ... ¥ 8 -0 8)
repregents the distribution of particles 2,3, ... n with the values of
o

rl and 8,
function may be factored out of the total distribution function to

known or fixed. In a similar manner the pair distribution

obtain

(I11-9) P (f.";,_,..-,ﬁn;s,,s,.,..-,S‘a) = P(Y,,%;S,,8) -

P ( VI 4;1.',54,$gl Fs,...’?m-) Ss, '"l"’l)



These probability distributions may be converted to density

distributions or correlations by multiplying by the appropriate pover

of the number of scatterers. For example

(111-10) e(r.s) = Ns P(xs)

(I11-11) e (¥ u; 5,5) = NgNs, P(W,1;5,%)

where €(r,s) is the density of scatterers of type s and Q(fl,i"a;

’1”2) is the density of scatterer pairs with guantum numbers 8y and

8
2
19
In the notation of Ericson and Ericson the total pion-nucleus
vavefunction Y (?;?l,?e, ‘o ,'Fn;sl,sa, P ,sn) corresponding to both

elastic and inelastic scattering of the pion can be written as

(111-12) P (%58 %, ¥y 51,52, 0m) = W (P, by By 8,5 o) 10>

o

vhere |0 refers to the nuclear ground state and \K(?;?l,?a, ceesTy;
L TARE ,sn) is an operator which connects nuclear excited states to
the ground state. This notation can be made more explicit by expanding
the total pion-nucleus wavefunction in terms of a complete orthonormal
set of wavefunctions \}‘1(?1,’1"2, cvesTy387,8,,+++,8,) describing the

various states i of the target with energies &€; , 1. e.
(111-13) I (?: ;“7‘;,---,?,' ‘,S.,S;"")sm) = 2 i (?'uvl-l"'cv'l;s;osll""s”) y'(b
]

The i:= O term in this sum describes the target nucleus in its ground
19
state wvith a pion of energy E. PFolloving Ericson and Ericson this

expansion may be cast into operator form, i. e.

(ITI-1h) E(;;i"f".,‘?ﬁ,-’ﬂ,s" “Sm)= S T.® *K(F;"ﬁ'...j.-'q,s,,...,s.w) [0>
) -



vhere the 1(?]_ ,'52 goee ,'i-n 381,8,.++,8,) are operators that connect
the nuclear excited states to the ground state.
In a similar manner the incident wavefunction E(f;?l,?a, vee ,'?-n;

8, ,32, ces ,sn) for the pion-nucleus system may be defined
(111-15) P(F; Tt )5, 50,050) = L BB, Ty i, S m) 10>

where @ 1(?1,?2,...,?n;sl,sa,...,s“) are operators that connect the
nuclear excited states to the ground state. If initially the nucleus

is in its ground state

(III-16) i (F;i"f‘z'...'vm; S'“S',_' -s,') = E.;(") ?o(ﬁ"ﬁ'--‘Fa;su“-p--}sﬂ)l O>
= .0 10>

91
This notation may be related to lax's probability notation by

projecting the incident pion-nucleus wavefunction onto the nuclear

ground state, i. e.
S S e 3
(II17) <o (0% %, Va5, S, 5m)

=<6l Z I;(V‘) ¢.‘(7;,W7:.,-",7m;5},51-,-";50) 16>
i -

52. s?n S?&) P (VTS - Sm)d%r, - Stm
= 3.0

If the position and type of scatterer 1 is held fixed and all other

scatterers averaged over, this is denoted by a subscript, 1. e.

(111-18)  <o| £ &, @i (¥, ~Ta; S -3$a) 10> 4
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2 “ee i S EO(V) P(? - Vm iKY "'SM) d3vt .:.Jgrm
S, Sm
= 3,0 Pis)

Similarly if scatterers 1 and 2 are held fixed, then this is denoted by

(111-19) <0| £ FMP: (% n - sm) [0
= ?3 si,,. S 3.0 PV V) 5 Sm) 30y d3vm

= P.0) PR 65)

Now that the formalism for handling the probability density
function has been defined, consider the multiple ascattering equations.
The total pion wave represénting the incident wave plus the sum of the

scattered vaves from each of the scatterers is given by
- - - - - . ’~..--h N e S
(In-eo) I(Y;Y,'Vt,—-',VA;S}"'Sm) - f(?,v‘ YM, S‘, ﬁ) )D>

= $mlo> + é S9(?;\6---74:;’7';r“.'»--h‘;sz---m)
a-‘-l ~

e{{b" -y &t . .
S(Fj,-;') SS'S'J" {S(F')(P“ (r';n_..u;s‘ ""A)

—

| 6> d3y!

vhere _f_J(;') is the pion-nucleon interaction operator vhich is defined
in section C of this chapter in terms of the experimentally measured
pion-nucleon phase shifts. The delta functions specify the range of
the interaction and insure that the scattering operator for the j-th

nucleon gives no contribution unless it operates on the effective pion
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wave incident on the j-th nucleon at the position of the j-th nucleon.
i(f;'f-l,';a, .o .,'}A;fl',?a' yes .,?A';sl,sz, -++58,) 18 a Green's function
operator describing both the outgoing pion wave and the propagation

of nuclear states. The Green's function may be defined for incident pions

19
of energy E in terms of the nuclear states |M> of energy €y as

) - - F -~ [}

(I1-21) G CF;%Fa B RL T g 0msa) = 2 gm (B Im> < |
~ M’

vhere g (F,r') is the pion Green's function at an energy E - € -

When no external potential acts on the pion, the pion's Green's function

vwhich satisfies the time independent Klein-Gordon equation has the form

(11I-22) gm (R F) = eikm;F-F'\/,{;-,:q

19,92
2 2 2 4
vhere k=~ = (E- € ) -mg.

In a sinilar manner the effective wave incident on scatterer J,

denoted by
eft _ .
(111-23) _\y Fay5i--3a) = Vi (FRFays, - sa) lo>

is given by the sum of the incident wave plus the pion waves scattered
from all the scatterers other than j under the condition that particle

J with quantum numbers s, is at ?J’ i. e.

(111-24) Slf',:ﬂ(y “¥'Va's s', SA)‘ E(F'))°>+ < S
)

3(;4 VTR yu f,.n_ ,;A”'- s"’...g,:) STRu-F" Ssis

ef - 1
£ (F1) ‘P;:f( (FU; RFa"; 51 547) 0> o3 Y



Alternatively the effective wave incident on particle J may be written

(111-25) \P} (y-')r V‘A S, $A)|°> \P(}" ;' 'FA';SO""S“')'°>

e - - -~ - > ) 4 - -
-—S 3 (YI; Y‘l"‘rA‘;r"; r‘"___ rA ),.f'l..-s‘A)J‘('vll_YJM)

Ssnsgt £5G" YTCEY BTt 505d ) o 3

Equation (III-25) defines the effective wave incident on scatterer j
to be Jjust the total pion-nucleus wave minus the scattered wave from
scatierer j.

Proceding in this fashion one can construct a sequence of
equations. The next equation would be for the scattered pion wave

from particle i knowing that particle j is at ‘PJ, i. e.

(111-26) k‘}lcf.c(Ful v.‘ll. . Fﬁn; S,"-"SA”) 16> = E(yu) ]0>

SSW" RY Tl FG RN 7" s s4')
k#;
S(;m M) 3s™s, l_{\k ") q/k' ('F'"' fire. Y'A’",S" Y )

'°> d3ym

This self-consistent method of handling wave scattering was
first employed by Ewald93 in order to treat the problem of the scat-
tering of x-rays by dipole scatterers distributed on a lattice. The
method of the self-consistent field assumes that a wvave is emitted by

each scatterer in a manner that is determined by the wave incident on



3k

that scatterer, 1. e. the effective wave. This effective vave is
obtained by adding to the incident beam the waves emitted by all the
other scatterers. The waves emitted by these scatterers are in turn

influenced by the radiation emitted by the scatterer in question.



C. Construction of the Interaction Operators

Before one can examine the multiple scattering equations above
in detail, it is necessary to obtain an expression for the interaction
operator for the pion incident on each type of scatterer in the nucleus.
The interaction operator must be applicable to a bound elementary scat-
terer instead of a free bne. In the impulse approximation these should
be the same except for kinematical factors.

Thﬁ effect of the nuclear binding has been investigated by
Rocknore9 in terms of the Born approximation. In the nonrelativistic
plane wave Born approximation

. - 2
(111-27) g—-!}—; = | o) = %\; fﬁSe's'vVO‘)d"‘Y
the scattering amplitude is proportional to the reduced mass of the
incident particle and the target. Thus the scattering amplitude for a
pion incident on a nucleon of mass By rigidly bound to a nucleus of

mass me . is related to the scattering amplitude for a pion incident on

a free nucleon by

m

—-— e ——"

(111-28) ™/bound = M = | + ma

(Fow) Hu e

N/ {vree
This result has been successfully used to describe the scattering of
95
neutrons from hydrogen molecules. The relativistic result according
26

to Goldberger and Watson was given in (II-1).
The basic processes or interactions involving one or two nucleons
vhich the interaction operators should represent in order to completely

describe pion-nucleon and pion-nucleon-pair interactions are as follows:
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ELASTIC SCATTERING

T +
(11-29) T~ + N — T~ +N
\
N
Tl'i\\
\
AN
//
'ﬂ't <
7
N
(m1-30) 1% 4 NN = T AN
N N'
-+ — —T—T...!-_ /,/;‘-i
T -
N N!
SINGLE CHARGE EXCHANGE
(II-31) T+ P > T+ M "
.n.O
~
~
>
.
P
(mr-32)  tem —> T +P
-"-O
‘\ /P
N
V4
///
s
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DOUBLE CHARGE EXCHANGE

(11-33) T+ MM = T+ PP

(111-3%) =+ PP > 7t+ mMm

VIRTUAL CHARGE EXCHANGE

(m-35) % 4+ mp > w4 rm

(111-36) T~ +pPm — T+ MP



RADIATIVE ABSORPTION

(137 wt+m sy +p

P
+
-"—-——-——/vvvux» ¥
m
(111-38) ™+ P> Y+m
m
T ————- févvéY
[
ABSORPTION
m-39) Tt 4+ m > p
P
1r+,/'(
m

(Im10) - + P > m
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mm L
(m-n) ot + v >  or
mp PP P p
”~
'lT+//
mp
- rm
(s2) T+ ow —> MO
PP mp
m / m
w7
mp
96,97
Experimentally at very lov energy ( £ 1 MeV) the contri-

bution from single charge exchange, double charge exchange, and radi-
ative absorption account for only a few percent of the total absorption
for all but the lightest nuclei such as lH %8 and 3He.65 For very low
energies the single and double charge exchange reactions are inhibited
compared to the absorption on pairs due to the small amount of momentum
phase space available for pion emission resulting from the small amount
of energy released in the charge exchange reactions. The radiative pion
absorption is an electromagnetic reaction which is expected to be much
veaker than the strong interaction absorption processes. Panofsky,
Aamodt, and Kadley97 find T radiative absorption comparable in yield
to the (T, 7°) charge exchange reaction at very low energy.

The absorption process can not occur on & free nucleon, because



energy and momentum can not be conserved in the process. It cam occur,
hovever, on a nucleon bound in a nucleus where the rest of the nucleus
is available to help conserve momentum by taking up the recoil. In the
impulse approximation the absorption process can be thought of as
ocecuring on a single nucleon which has the proper Fermi momentum to
conserve energy for the procesa. This type of process is represented

99
by

(11143) T+ (2,A)—> M+ (2-1,4-1)%

where the asterisk signifies that the product nucleus may be left in an

excited state. The Fermi momentum reguired for this process is given by

(III-hk) P‘F = I: QIMP (/”Incz—Eex - WP)} ya

where Eex is the excitation energy of the product nucleus and wp is the
separation energy of the last proton. The momentum required is of the
order SOO.MeV/c , but the average Fermi momentum of a typical nucleus is
250 Mv.av/c.l9 Thus the capture of the pion on a single nucleon at very
lov energy should be an improbable process. One would expect the
absorption of the pion on nucleon pairs to be more probable, since
energy and momentum are easily conserved in this process.

In the following development the nucleon and nucleon pair will
be considered as the principal elementary scatterers of the nucleus
with which the pion interacts. For formulating a multiple scattering
theory, it is convenient to characterize the interaction of the pion
with the elementary scatterers in terms of experimentally measurable
parameters such as interaction amplitudes or phase shifts.

For pioa-nucleon scattering the interaction operator is conven-



iently expressed in terms of a partial wave expansion, since both the
orbital angular momentum £ and the total angular momentum J of the
pion-nucleon system are conserved. In addition it is assumed that the
total isotopic spin T of the pion-nucleon system is conserved. Following
Ericson and Ericaon19 a partial wave expansion of the pion-nucleon
interaction operator ’{1(;) operating on the i-th nucleon in configuration,

isospin, and spin space is given by

(I-45) £ (F) = X, My + %2 Throgy + (uu)

TS

[o( Lotk 717:—)3 Un':,uya + °(3,al+I1TT=-‘/a ?_TJ'=HY.1

+ 0('132-! ZTT=Y.\ WJ:Q.ya + “3,3!—}21:]':% ?;r =‘!.y;]
Px(Cose)

vhere the partial wave amplitudes are X, and 0‘2,1.,2.1, the T 's
are projection operators defined in Appendix A, T is the pion coordinate,
and ?1 is the i-th nucleon coordinate.

In a similar manner a partial wvave expension of the low energy
pion nucleon-pair interaction operator f‘i J(;) for the nucleon pair iJ

in configuration, isospin, and spin space is given by

m __Anti Anti  sym Anli
(111-46) -F')-G:) = By TT;{ nT"I ‘ Beo lT:rzo 7__.Fl'-o + Boy 7TJ'~
Awly s sym Al
Ty +8oa Tlree n-f.’, + 2 @) [ Yauy, Tormtas T

Anl¢
+ X1,/ Try-h 7T7~, + rj,O 777:4 7[7*-0 4+ Y,!”(oli) JUEN

YW __ AW/ Anli syn,
Tl}-, + r&l(-’«")".r-g Ty +¥02 e Ty Pr(cose)



vhere BJT and Y JT(S’T) are the pion-nucleon-pair partial vave amp-
litudes, the 'l_l: 's are projection operators defined in Appendix A in
vwhich the sym- and antisymmetric refer to the nucleon pair, T 18 the
pion coordinate, and 'x"i and ?J are the coordinates of the i-th and
J-th nucleons.

The pion may interact significantly with other elementary scat-
terers besides the nucleon and the nucleon pair. For instance Koly-

68,69
basov finds evidence from a study of the angular correlation of

protons, deuterons, and tritons emitted upon capture of ™ by lzc
and 160 that absorption on transient alpha particles may play a dominant
role in pion absorption if one neglects final state interactions. On
the otherhand the inclusion of significant final state interactions may
allovw the plon-nucleus interaction to be described in terms of just
the pion nucleon-pair interactions. In order to keep the interaction
as simple as possible the latter view is adoptead.

Partensky and Ericsonloo have estimated the effects of the 4 and
f partial waves of the pion-nucleon interaction on the 4@ and f angular
momentum states of pionic atoms. They conclude that their contributions
are negligible ( < 10 % in all cases) when contrasted with the present
precision of the measured pionic atom energy level shifts. Thus for
the lovw energy pion-nucleus interaction only the s- and p-wave terms
of the partial wave expansion need to be considered. F¥or pion-nucleus
scattering at energies '1‘." > 100 MeV the 4 partial wave becomes
significant. o

In order to use the interaction operators above in a multiple
scattering theory to define a pion-nucleus potential for investigating
nuclear structure, it is necessary to know the 1U! and TINN partial

vave amplitudes. These are energy dependent and must be obtained by

k2



analyzing the scattering and absorption of pions incident on the various
elementary scatterers at a variety of energies. Unfortunately there
are no precise TIN scattering experiments at very low energies, so
these amplitudes are obtained by extrapolating the higher energy
results. Tables 1 and 2 contain a summary of the experimental extra-
polations for the very lovw energy s- and p-wave pion-nucleon scattering
amplitudes.

Some of the oldeat and perhaps the best determinations of the
low energy pion-nucleon s-wave amplitudes are those of B:lerm.nm2 for
T +p—>T"+p with 6<Ey <24 MeV and those of Fisher and Jenkj.nsm3
for TH+ p-> ¥+ p with 3.7<Eq <25 MeV as obtained from liquid
hydrogen bubble chamber experiments. McKinleylou has analyzed a large
number of pion-nucleon scattering experiments at different energies
and fit the tangent of the s- and p-wave phase shifts to a power series
in k. The leading terms in the series correspond to constant s- and
p-vwave scattering lengths. Hamilton and !vluolcocklos have deduced values
of the pion-nucleon s- and p-wave scattering lengths using forward
dispersion relations for T 2 +p—> Tl‘t+ p scattering at moderate to
high energy. Samaranayake and wOolcock106 bave made use of a sum rule
by Goldberger, Miyazawa, and Oeh-elo7 to eliminate one of the scattering
length combinations in the forward dispersion relations 6f Hamilton and
Woolcock for TI'I+ P - 1ri+ P scattering. With their improved
formulation they obtain a different set of s-wave scattering lengths.
More recently Haniltonme analyzed all the available 'l'l':t +p—~> 7l'1+ P
scattering experiments up to 41.5 Mev and obtained another set of s-
wave scattering lengths. Also Donald .e_'ng. 109,110 have performed

T~ +p-> M +pand T +p—> "+ n scattering experiments at

k3



35 and 39 MeV and analyzed their results using the method of Hamilton
and Woolcock.m5

Unfortunately there are no pion two-nucleon scattering or
absorption data available for determining the low energy -TINN inter-
action amplitudes. The best one can do is to use the principle of
detailed balance to relate processes like N+ N> T+ N + N to
T + N+ N —> N+ N. Using the principle of detailed balance and
the cross sections of lloodruf‘i’,lls Stallvood g:_g._}_.?e and Kazarinov
and Silonov,n6 Ericson and Ericaonlg have been able to determine the
imaginary parts of a fev of the TIrNN interaction amplitudes for the
absorption process. These are listed in Tables 3 and 4.

For pion-nucleus scattering in the range 24< Ty < 280 MeV the
energy dependent values of the TN and TINN partial wave interaction
amplitudes are needed. The elastic parts of these amplitudes are
obtained from elaborate phase shift analyses of many plon-nucleon scat-
tering experiments in which the energy dependent phase shifts are fit
to various interpolating functions of the energy and momentum. The
first well known and widely used set of such functions for the experi-
mental s- and p-wave pion-nucleon scattering phase shifts was that of
Anderson-ll? This set was obtained by analysis of most of the scat-
tering experiments performed before 1956. Using a three parameter
relativistic Breit-Wigner formula for fitting S 33 and polynomial
expansions for the tangents of the other smaller phase shifts in terms
of povers of q2. Fifteen parameters vere varied simultanecusly to
obtain the best fit to the differential cross sections for energies up
to 300 MeV. An error matrix was calculated along with the optimum

values of the parameters. The existence of a negative element on the
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diagonal of the error matrix indicated that this fit was not entirely
satisfactory.
118
In 1963 McKinley fit the available data in the energy region
+1
up to 600 MeV using simple interpolating expressions for tan S:( /qal .
This form for the interpolating functions was suggested by the threshold
dependence of partial wave phase shifts for a short range potential
241

(tand; X q ) and by the effective range approximation for nuclear

119

118
forces. The interpolating functions that he obtained are

tan 83/q = <0.10 - 0.036q2 + 0.003q"

q3cot S =4k,208 + 0.7987q2 - o.8337q“
(III-4T) 33 2 b
tan Sl/q = 0.17 - 0.04q" + 0.01q

3 2
tan J‘n/q = -0.015 + 0.005q

3
tan 513/q = -0.0035

McKinley noticed that the experiments at 98, 150, and 170 MeV did mot
follow the general trend of the other experiments for the J = 1/2
phase shifts. Ignoring these three experiments he obtained an alternate

set of J = 1/2 phase shifts.

tan Sl/q = 0.17 + o.oaq2
(II148) tan &,/ = 0.016

tan 513/Q3 = tan 5;1/q3

Two years later Roper, Wright, and Feldlao completed their
exhaustive analysis of the energy dependemce of piom-nucleon phase
shifts. They obtaimed 32 differemt solutions. Solutionm mo. 24 for the

3, p, 4, and f phase shifts for 0 < Ty <350 MeV is their best one in



120
this energy range. PFor this solution Roper et al. obtained the

1
interpolating functions of the form tan S/q21+ , 1. e

tan S;?g = 0.195530 - 0.07722kq + 0.016‘#71‘]2 - 0.2299x10-hq3

tan §/q = -0.062097 - 0.038534q - 0.008068q" + 0.8734x10™"q3
v, 3 -4 2
tan S‘u/g = -0.100852 + 0.064993q + 0.3796x10" gq

|
tan 5’31/q3 = -0.052532 + 0.029051q - o.0063.73q2

1
tan 8’13/q3 -0.021752 + 0.010737q - 0.001356q2

3

3 -
(II11-49) tan 5'13/.;5 0.001929 + 0.1559x10 "q

k1 - -
tan S'33/q5 = -0.1609x1073 - 0.3038x10 39

0.001745 - 0.5365x10 g

tan ;/ q5

2 -
tan %5/(15 = -0.001185 + 0.6529x10 g

tan Si:/q7 = 0.2516x10'3 - 0.“&37x10-uq

tan %;/q7 - -0.6281x10™" - 0.1785x10™%q

3 -4 -4
tan A‘H/q7 = -0.1884x10 - 0.1229x10 gq

3

- b
tan é;f{/q7 = 0.2684x10 ~ - 0.4306x10 q

plus the resonance amplitude

)
- Teto /[ (2-e9) + i 187 ]

L

il

(111-50) C(33

where

@T)
(I11-51) P"x = YMmp kr.g”) ( n(a'r))2 Vx (kr.(iﬂ)

E+Eg



is the reson":ce elastic width,
- aT) 2 -
(111-52) VX (kY&iT)) = ml [ Py | (kYS_Q ) —+ /h&(kv'.gﬂ)]

is the barrier penetration factor,

) )
(111-53) I’-gT = Pe(::) + f‘;,.(Jl

is the resonance total width,

@ en _ =
(rm1-54) [, = Tiny = Tiny ek

£o0

92+{
)

is the resonance inelastic width,

1]

(III-55) Ko = |.477

is the threshold pion c. m. momentum for one-pion production, k is the

pion c. m. momentum,
(mz-s6) B = | i +k‘]ya

18 the total pion c. m. energy,

(I11-67) ES) = ’E?n = Lyl19

is the energy of the resomance,

(mr-s8)  (y@) = (¢F7)* = 0.133

is the reduced elastic width, and

(111-59) Y‘:f = \r'ogw7 = 06.9]

is the interaction range where f = ¢ = my= 1.
121
In 1966 Donnachie and Shaw published their best interpolating

1 .
functions for the reciprocal of tan 83/ o tor 04 Tn £ 250 Mev,



i.e.

geot éfl = 5.848 + 5.&82q2 - 3.830qu + 1.oohq6 - .1076q8

1
+ .003977q °

qcot 53 = -11.364 + 3.697(;2 - .801hqu + .0776q6 - .00285q8

6 8
aeot £y = 3048 - 70.85¢2 + 36.700" - 9.623q  + .968q
- .0330q™°

4 6 8
q3cot 5;1 = «26.30 + 8.&79q2 - 15.35q + 3.834q - .3560q

+ .0115q1o
6
q3cot S;3 = 4,6512 - .6207q2 - .lh73qu - .0829q

Unfortunately they did not report on a fit for J.

1 or include higher

partial waves.



D. Projection of the Total Pion-Nucleus Wavefunction

onto the Nuclear Ground State

The effect of the nucleons on the pion may be averaged by
projecting the total pion-nucleus wavefunction onto the nuclear grouad
state.

An expression for the total pion-nucleus wavefunction may be
obtained by substituting (III-24), (III-26), etec. into (III-20). The

first few terms in the resulting infinite series of terms are

(I11-61) ‘P(W;.- VS-sa)jo> = _Eﬁ(r)lo) + 2 SSO ,’...;A;

- meident wave

BTl 6 sn) SO Ssigr 509 Bae) 107> o 3r!
single scattered wAve

2 2
2 Sjgcv Voo T E R Vs 5a) SO LE) s 5 £509)
1{3

Gy BTt PRV 5, 9) £ R L F) Jsisi L) Potre) 187>
devéle scatfered wave

kq’S‘ng(r‘h Y‘/, Funt-a'; ;S -SA)

Ui e

d3rtd3pyn 4+ é

-'-,

SCH/-F) Fsrsy £50) GUFG T--Ta' VI R B 51 -54) STk 1)
5.5"5;'- £l'6'"/3(’;"2 BTl = B 5 ) ST 7 )

Esmgm Lulrn) P oeMian>SBridi i 4 - -
Triple scatfered wave higher ovden sorttering

k9



In order to project the total pion-nucleus wavefunction onto the
nuclear ground state one needs a number of definitions and identities.

From (ITII-6) one may write

-1 - { - ! > “a >
(I11-62) P(Y. < Ya; 8 8a) = P& (Y'i"si) P(Y‘g';si |Y‘""'Yj-’,,
;l > !

. . el J '
Y)’Hv I 7 A 8, - Sjq 53_"... SA)

Using the definition in (II1-18) one has

A
(m-63) S <o'lFa0lo'>y = 228 2

2 £
3=t o=t s/ S“Z., Si1 Sl 5 S

§°(Y') P(E’) Ss'l 'y'-‘ ... ;3'“' ?5_}" YA . S, '...s‘-_', 53;' SAI)
d3v/ .. I3y A3 - dOW
Thus
(111-64) <o | S¢H-F") 8g's’ :Qr°(r'))°’> = SZ 54‘(%'?'}5‘;{@
(]
R(F5e) F,609% = RBciist) $,09
Using the defimition in (III-10) one obtains
A 4
(1-65) S 2 5 SLg') Ssgf Py(i;5)d3y = en(r) 4 €per)
< S

where en(r) and Cp(r) are the nuclear neutron and proton densities
respectively.
From Appendix N the pion-nucleon scattering operator for scatter-

ing from the j-th scatterer is

(1I1-66) .= (1+ Ea) b;

t}n

- G(VV'+ B2 g°)/C1+ S

a d
+d _a.__cT_

sl !

q



vhere
(II1-6T) Ei = b +b, 22T
(III.68) c‘:\a- - QD + C_, 'b]"'f;'

-—

(111-69) d.i

—

)

de + 9, ’tvﬂ ‘T

The operator 177, may be defined by

(I11-70) ta T = 4+7F- +2-T+ + 212 T,

such that for a negative pion
A A

(I1r-711) <oj _€' trT o> = <o '2( 9¢3 M5 10> 2
d= ~ a:.

Thus for the proton and neutron

(I11-72) bf = bo -AI
b

(III-73) ~ be + by

Por arbitrary nuclei one obtains using (III-67), (III-68),
(111-69), and (III-T1)

(II1-74) o' |£ £330’ > = <o |g (1

3':.

Er) b

- ¢ (v vz+ 2)/(l+5tr/M~) +dj % §_,-_.§‘! Cdl—}i(*‘)“'

= <o'| £ [ (1 5E) (bor b2 - Corcn)(wvs Er g?)
(H- _n)

51
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From the definition of the pion-nucleus Green's function in

(III-21) one obtains

(1II-78) o g(¥; Y, Va3 LTy s/ Sa) 1o >

= <o| £ gn(FF)Im><a’'1o'> = JoCRF)

where go(?,?') 1s the pion Green's function at an energy E - €, €,
is the energy of the nuclear ground state.

Thus using (IXI-64), (III-65), and (III-T74) one may project the
second term in the series for the total pion-nucleus wavefunction given

in (III-61) onto the nuclear ground state to obtain

<o|Y (¥;¥- ¥a;5, - sa)lo> = $ . +Se(\f )[L+ (L,+b,~12)
Fo(F71) - <C°+°«§ Vi) v 4Gt B g2

+ Ex/My .
Hlordi2)aig B g, TRV
where the shape of the neutron a.nd proton distributions have been

(111-79)

assumed to be the same, i.e.

(1r1-80) Calr) - ) - el)
N 2 A

In oxrder to project the third term of the series for the total
pion-nucleus wavefunction onto the nuclear ground state one needs some

additional definitions and identities. From (III-9) one may write

S~ . > L . -~
(I11-81)  P(g". ' st -a") = PR, 5"s") PR "8 "s"
F Y "

-~ - » " N "
WY g 7)-! Ty YAy S S Sial < S ‘3‘“

e SA

Using the definition in (III-19) one has



(r8) £ 2 <o Foalotry =2 5 £k
3 |#| a® §" syt S
i3

si'g

~ . noan a0l H n .H N "
Yw oYy Y3y n YA S ©Sie Sigy v S S "'SA)

" "
d3 Y‘" ve e dsh'-( dar‘-‘l . YJ - dsra‘n . .d3rA”

= $ g0 PR"%";s"s"

Thus
-8 £ 2 -
) 3= 2-_4 <e'l S(Yg-?')gs,ss, 10" ><o" §(F " ¥ Fsrsyn B o>
i}
A A
?,,é% -3 5550, ¥)8si's' S F) Sorsn

P Y‘ . SA S.")i (wl)d?r CI3Y‘“

= e(FieMs,s")
From Appendix C for a Fermi gas

(III-84) e(¥F'!¥" 35!, = e(’ )CQ-N)Q _L)(_,L A__Q Gp(??"))

is the nucleon pair density fumction where GP(I" ,7") is the Fermi corre-

lation function which has the following properties

(1I1-85) I Gr (7, FY)
JFLE"| —» O

(111-86) lim =) =
Iy-F1] >0 Gp (V) = 4

(111'87) S Cp(F}’F")QQ'?dsr" = _1_

23



In the nucleus there are three sources of correlation, i.e. the
Pauli correlations due to the Pauli Exclusion Principle, the nuclear
force correlations, and the Coulomd correlatione. For this work the
Paull correlations which are of longer range than the nuclear force
correlations are assumed to doninate.19 We assume that the nucleon
pair correlation function is approximately GF(?'-?").

Using (III-67) and Appendix C one may write

A A
(1I1-88) 2 Z <o | &¢i#) fslgy! b; 10> <o | £ Fiym Ese i
a3t = =
it}

& F,oMlo"> = &) C(w')(l-‘k)[ bs +3b0b, 42 —’%a:

- 2 N-2)A4 2 4 g (VP
{(5«,1‘9506;.?3)?’ + ab, ,%:? } < (:{ r )]

Finally one may project the third term in the series for the total
pion-nucleus wavefunction given in (III-61) onto the nuclear ground

state using (III-81), (I1I-82), (III-83), (III-84), and (III-88) to
obtain

(111-89) SS e(y-)c(,u)(;—*)[( I+ 5@?{( bod dbod, M2 - AA_I; )
—( 4 (b3 +258,42) 408 42 ) G.H,?L”)} RGO RAD)

+ {(Cf+ac.c,lxii —_S_l;) - ﬁ_‘_'.;' (Coz-lJ('\Q,/_s-_E)

boachaa) c:Ecr'-ru)} ( V9e(KF)-V') -
7 |+ En/my

Sk
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(V'gocleEn).v") 4 {(d2+adodN2—dn )
[+ En/my At

—( %:ilji(doz'fadod,/yig) + gdzd__) Gg (‘y-_?n)

(VP rxv') (V'gu(FiFD X v")] @, (933

where the Green's function for the propagation of the neutral pion
after the pion has undergone single charge exchange bas been replaced
by go(?,?' ). Since the charge exchanged nuclear state has nearly the
same energy as the ground state due to the small amount of energy
released in the charge exchange process, this approximation is very
reasonable.

Adding (III-89) to (III-79) one obtains for the first three
terms of the total pion-nucleus wavefunction projected onto the nuclear
ground state

{111-90)

Py = F,00+ Se(\-')[(n %)(Lub,mg) Fo(Vi FY)

_ (C°+Q'&;‘2.) { VSOO‘.Y-')'V"* 5—%"990:.79313 + (do"NI’S'?)'
| 4 En/my

;:l égll ga(hT’) fli;, ] P rd3r + SSQ(»--) er) (%)

[(G8) f (b3 4okt B2~ __L) (&3 (b3 +3bebi1t2) +
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ACoC N ) ("‘" (c°+acoc,/:§$)+ac}%:_§)

L (o) YT ) _ (04
adoMT d‘) (do+adod/v~2)-;ad,%)

C‘E‘(:L = } ( VIoChiFIXY') - (V'go ¥ ) xv">]3€oer")d3r (VR
C‘E‘(:L = } ( VIoChiFIXV') (V'go i) xv">]3€oer")d3r (R

The higher order terms may be obtained in a similar manner; however,

the first three terms are sufficient for the purpose of this work.



E. Summation of the Series of Multiple Scattering Terms

The infinite series of terms in the expression for the total
pion wave in (III-90) may be easily summed in a self consistent manner
if there are no correlations, i.e. all the correlation functions
G'(?' ,T"), etc. are zero. In this case the definition of P (r) itself
may be used. Thus Y(r) may be exactly represented in a self consistent

manner by the equation

(r-9) Py = .0 + 5 e(r) [( I+ 80 ) (be+ by N2) 9oCh,7)

~CoAA) [V GochP) -V BE 90D B2 (11 smn)
—(do +d, Il;r?) % 5"5,7! 3«(?‘-,7‘)%;':] Poad3y!
Substituting the definition of ¥ (r) into the right hand side of (III-91)

one can see that (III-90) is reproduced provided there are no correlations.
If there are two-particle, three-particle, etc., correlations,
this self consistent method of truncating the multiple scattering series
will not work, because all the correlations are handled incorrectly. Om
the other hand, if only two particle or pair correlations are significant
one may correct (III-91) in order to properly handle the pair correlations.
In order to obtain the correction term one substitutes the definition of
T(r) given by (ITI-90) into (III-91) and then subtracts (III-91) from
(II1I-90). An infinite series of correlation terms is obtained. The
lovest order scattering terms involving the pair correlation function
Gr(i:' ,") are

s - §§ e ern (-GG (1 g Hchis

N
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aho":“%) + /—z::% ablz] 90(747“)95(7“'?") - [ <C° +

Acoc, a2 ) + 42 act | (VoutkN)- V') (700 27)- V')
(1+ En/my) (14 En/ma)

_[—g;._ﬂ'. (d:+ad°d.’%"|?)—+ l:_%% ad.,z] (ng(F‘f!)le) .
(V/qocf, t" x v")f Fotr)dSr dSp

The contribution of all the higher order terms may be included approxie-
mately by replacing §°(r") by E(r"). In this case all the higher
order correlations are still handled incorrectly, but presumably they

are not significant. Thus (III-91) may be corrected to obtain
(111-93) P (y) = $o6) + Se(w) [( 1+ %)(Aué,f_v;?_)g.cﬁm

~Coramz) § VuiF) V'3 B8 9RFIGRT _ (dytd,n2)

(’ + EH/MN)

% TVQ? 30(7.)7") 3_;'] I(T")dsw - S\S\e(ra)e(rn)( '_.k)@E(f’va)

f +5)°( A4 (b +abb e ) +;16|7-,%?[] 90 ChF)ge 1)

-— [ ﬂ_.(C + QCsC«UA-) +JC,"A‘9] ( Vﬂtﬁ'F') ' )(VQ«(Y'F") Vn)

a e NS

- [ %(Cg 430G )+ac,“A—9] % VM”')- v )(vge("’") ")
(2 5)* }
[ 7 (6 “d“d'”“’-)“"’z%](\?s-(& Frv)- (v's.m)xv")}

~
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Equation (IIT-93) is a self-consistent equation for ¥ (r) which
correctly handles 92 (r) for all uncorrelated multiple scatterings and
scatterings on correlated nucleon pairs. All the higher order cor-
related scatterings are treated in an approximate manner which is not
strictly correct.

In principle one can use the method above to handle any finite
number of higher order correlations. Thus a procedure has been defined
that enables one to expand the self-consistent wave equation (III-91)
for g?(r) in terms of correlation functions to some order. The more
correlations considered the more complicated (III-91) becomes due to
the addition of correction terms. As a first approximation this work
assumes that only pair correlations are significant and neglects all

others.

29



F. Formation of the Optical Model Potemtial

The Schroedinger equation or any wave equation of the form

A - 2 E
(rr1-9%) 7 (V74 k)T = ve PV k? = :1_/% 7

may be used to obtain a pion-nucleus potential from _q?(r). Consider

the operation of

(111-95) ,;,’f);-,, (V2k*) - Veour )

on I(r). The pion's Greem's function obeys the equation
(I11-96) [;'Thmin(vz*k") - Vcou:(v)] Go(F ¥ =~ %2 SCR-FY)
and the incident pion field @, (r) obeys the equation
(111-97) B‘th ViikY) - Vcwl(’)] _@:(v) =0

Thus operating with (III-95) on W(r) in equation (III-93) and integrat-

ing over the delta functions obtain for negative pions

(111-98) [ A (v kz)—Vc.ul(V)] Fe) = Va® Tar)

= - [ (14 5L ) (bt biti2) @) - (et i2) {7-00 ¥
| +En/my

"B 7] -t gen Sh & [T 4 (apery

(’“'k) CF(;'J") {( |4+ ﬁta”)a[ %:T‘( <‘,: 4)6.5,%;).} ﬂg Qbf-]
guci7) | Beadsrn + 4B (egnan] 44 (o
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+acic 2 ) + 3742 [(V G E) V) (V(?:gz;z -)?”)

T dr” + ‘g’”_’g S e(v")(:-*)[ 1;_‘{ (do"udad,asg) +

43997 [ (TxewGe BRI v) - (vauFrv!) Bor)d
None of the integrals in (III-98) can be evaluated exactly except

by numerical means. For the purpose of this work some simplifying

approximations will be made in order to easiJ.y evaluate the integrals.
Consider the first integral in (III-98). PFor the Pauli pair

correlation function GF( r-r") most of the contribution to the integral

must come in the region T ~T" for ¥" inside the mucleus. Assuming

€ (r") and Y(r") are smooth functions that are fairly constant over

small ranges in T", one may remove them from the integral, i.e.

(£r3-59) jecr") CRC™7) gu(hid) F ()
7 = e(r)?(v)SG‘E(v?F') 34{;;'/)(/3.."

The approximation made for €(r") is sometimes called the local density
approximation.

Also let us assume that the pion propagator mmy be approximated
by

(1I11-100) 90(7-’\ ) = [F-7n)

due to the short range of the correlations. All these approximations
are more valid the shorter the range of the pair correlation functionm.

Using approximations (III-99) and (III-100) one may write



= >, - ™ ~ O ' (i;“
(In_101) S e(YII)GF(Y~Y p) 30( ."“) T(vl')day” = e .‘E(W Sw'l G:E—‘T——) d’l’"
Ty
s ew P .
¥rg
vhere the value of the integral was obtained by changing the variable
of integration to X = ¥'- ¥ and using Appendix C. Thus the contribution

of the first integral in (ITI-98) to vst(r) is

- k(- I e ¢)- A4 2 4-
(I11-102) S [ ‘;_&, em (i -};) { F(O“ +aL.6,f%§)+ac. Aﬁ}]

In order to evaluate the second integral in (III-98) consider

the z-component of an integral of the form
R ! an U an
AN~
(111-103) K - S SX (X-AX) dcose df = S Scoso [sine cosg Ax
=i ~t o

]

+ Sinesing Ay + Coso A-!] dcose q’;a’

vhere X = ¥ - . Integrating over @ obtain

(1I1T-104) fsn.;{ql;( = - Cos,z{ L -0
o

(III-105) S cos g dF = —sm;{) =0

Thus

! an {
(1I1-106) X SS % (x-Ag)dcosedX = a7 \YA*“"’ cos? Y coro
o -

= anAechf_e)’ = 41 Aa%)
3 [~ 3

Evaluating the other components of the integral in the same manner one

obtains
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{ a7
1 an
(111-107) S Sx (X -AX)) deote g = 17 AW = S S 23__7? An)dcose ¥
- O

The third integral in (III-98) is proportional to

(111-108) 5 e (V' e(ﬂcéff") V)(V 84, ;,,)_vn) Fom) NERD

Noting that VGF(?-"") X TF-F =% and Vgo(?,?") XT -T" =X

and using (III-107) with A(x) = V" P (r") obtain

L am
A 4 2
(1II-109) 5§> X %(( X gx 8&3)-;4(102ﬂd(ar0 d;{
-1 {

= -3',.55 V- ¥ a0 AW deero
Thus (IIT-108) may be evaluated usix:g (III-101) and assuming
(1II-110) V2 9. (FF") & - 4n £ (FH)
to obtain
(111-111) ge(v") (V- ew GL";E'.') V) (VauCEm) V" gyn) ) 300
= L (e voew q.g;f:’) V29,754 7 s
= - T e¢) V- e V)

From (III-111) the contribution of the second integral in (III-98) to

Vst(r) is
_ynht -4)§ Al (ct+acqad) +9¢ 427 V- em V
(111-112) >y g. e(v)(l *){ A<l ( ° #) ¢ A m)t

In a very similar manner the contribution of the third integral

in (111-98) to Vat(r) is obtained to be



2 -
(111-113) - % 0 ew) (|~~‘,;){ AL (3 +adud 2 + 2di 427 VY

Substituting (III-102), (III-112) and (IYI-113) into (III-98)
one obtains the optical model potential V't(r) to be

(III-114) \/5_r ) = ‘%’5_:"_; (H%}(beﬁ b,rag) ey —(cwc.rgz) {V-e(*?V
(14 Ex/mw)

- - k3
] o ) 0 8, - 11, 0
A-4 - - -
(H%,;,‘)z{ At (b3+adeb 2y 4 ab? %__3,3 + 1 emU *){%’(CZ‘
+ a0, 02 )[4 81 ) + 4 (QUSHYRGAR) 4 (At

Q-i- En/m,,)‘-
+ L’dlt) %—:—%’3 V-QMV]

Thus ve have completed the derivation of a piom-nucleus strong inter-
action optical model potential from the multiply scattered wave approach.
The wave analysis enabled us to explicitly take into account scattering
on correlated pairs.

The V’ t(r) in (I1I-114) represents only the elastic pion-nucleus
interaction. In addition to the elastic interaction with the nucleus
the pion may be absorbed. For pionic atoms and low energy pion-nucleus
scattering conservation of energy and momentum prohibits pion absorptionm
on single nucleons. Experimentally most pion absorption at low energy
occurs on nucleon paira.he’w’ 21

The absorption process may be included in the multiple scattering
equations in the single scattering approximation by considering the
nucleon pairs for absorption as additional elementary scatterers. Thus
the pion-nuclieon pair absorption operators may be expressed in terms of

purely imaginary pion-nucleonm pair interaction amplitudes BJT and



¥ .rr( S,T). (See Appendix A for a derivation of the pion-nucleon pair
interaction operator.)

If the nucleon pairs for absorption are considered as additional
elementary scatterers, then in the single scattering approximation they

give rise to a contribution to V ( r) of

(TI1-115)  \for v) = -‘”’"" V(g )Bel - ¢ Vel y
I+EN/;MN

vhere B and C are pure imaginary. Thus the pion-nucleus strong inter-
action optical model potential including absorption on nucleon pairs

may be written

(II1-136) Vg () = —‘”‘;' [(H (bo+b N--’é)e(*) (C-"leaf)

1+ En/my
[ Ve V=358 V'ew  ~(do 4o 52§ cw &b d

-_L[ eQ‘)(I *)(H%l)n{ f (b2 +2 b0 b, MZ) +91,,A__}+

T eo (t-4)§ 41 (c*+aag 22) /C1+ Eapay) @ + 44 (adle™

Wl NB) 4 (3G d?) a-a
| NE) (th +Y .)%”? V-envV

I+ Enfamy

+ (1+,6a) Be¥ —C Ve V ]

This form of the potential is significantly different from that
b
of Bricson and Ericson J wvho obtained
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(I11-117) VST ¥ = - % ( I+ %)Cbo L NA;e)e(‘?
I+ ‘77"‘:2 (50 'l'&,/%g') e

-1
-1+ /%I/lv) V. (Catcnt) )
I~ Zg h (Co ¢ IgAg) ew)

(%‘V)Z<FN1> e — (dv 49, /.Yl;‘?) % S\g) 5.;;' gr +

(H%}B&V; - C V-ehv

L+ S

The main differences are that in this work the relativistic form involv-

YV + Ctant)

ing E"/'l instead of n-,r/n“ is obtained, the nucleon motion term is

ing E:,r“/‘l_sn“i&x;s?e-;d‘&f :’:r‘/’,;;‘isand the form of the Lorentz-Lorenz effect must
be different from the classical form due to the inclusion of effects
like virtual charge exchange. Also the spin dependent d term is found
to give a contribution to virtual spin exchange even for spin zero
nuclei.

Krell and Ericson a in fitting their pion-nucleus optical model
potential to pionic atom data for the 2p-ls transition data which is
very sensitive to the form of the lorentz-lorenz effect, discarded the
original Ericson and Bricuonlg form of the lorentz-lorenz effect in the
local part of the potential and replaced it with the form derived above
which includes contributioms due te virtual charge exchange.

Krell and Barloal in using the optical model potential of Krell
and Ericnonlg to fit the relativistic pion elastic scattering data om
12 failed to replace the -w/nl terms with the relativistic z-,r/-'
terms. As a result the agreement betveen their best fit parameters and

the values deduced from TN experiments was not too good.



CHAPTER IV

ARALYSIS OF PION-NUCLEUS INTERACTION DATA

The derivation of the optical model potential of Chapter IIT
using multiple scattering theory involved a number of approximations.
Although the approximations made in the derivation were reasonable,
the magnitude of the terms involving correlations is only approximate
due to the use of the Fermi gas model and neglecting the eikr dependence
of the Green's function. As the energy of the pion increases the
correlation terms must eventually disappear due to the oscillatory
nature of e1kr in the Green's function.

The full justification of any pion-nucleus interaction potential
requires that it qualitatively and quantitatively describe the experi- :
mental data. There are many kinds of experiments in which the effect of
the pion interacting strongly with the nucleus can be detected. For
instance photo-pion production and electro-pion production exhibit final
state pion-nucleus interactions. In some sense these kinds of experi-
ments are two step processes. First the pion is produced electromagneti-
cally, then it interacts strongly with the nucleus. One needs to know
all the details of the production process in order to investigate the
final state interactions using the experimental data.

Although experiments such as pion-production can be used to
test the pion-nucleus interaction potential, it is advantageocus to use
the more direct processes such as elastic pion-nucleus scattering and its
very low energy equivalent, pionic atoms. In these processes one need
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deal vith only the well known elastic electromagnetic processes in
addition to the pion-nucleus strong interaction. For the purpose of
testing the pion-mucleus optical model potential only these two
processes are used in this work.

Tables 5-8 contain a listing of all the pionic atom x-ray transi-
tion energies and widths. Not all of the pionic atom data are equally
useful for testing the pion-nucleus optical potential, because not all
of the TrNN interaction amplitudes in the optical potential are known.
Also the nuclear density is only reasonably well known for N = Z spin

120, 160, and mCa are best fbr

zero nuelei. Thus the data for hﬂe ’
testing the potential.

In .testing the potential for pionic atoms ome could just substi-
tute into the potential the experimentally deduced TIN and TNN inter-
action amplitudes, and solve the Klein-Gordon wave equation for this
potential to predict the pionic atom tramsition data. This procedure
is not fully satisfactory due to the large uncertainty in the experi-
mentally measured TIN and TTNN interaction amplitudes compared to the
great precision of the pionic atom transition data. A better prdcedure
is to rit the TN and TTNN imteraction amplitudes to the piomic atom
data via the pion-nucleus optical model potential, and them compare the
resulting values with the experimentally determined ones. This proce-
dure is ocutlined in great detail in Appendix PF.

Following the method of analysis given in Appendix F, one obtaims
best fit values for the effective parameters

@D b = by - 3R O-R)+ I H 42+ 45 04]
ol = =gl [§1 5 gyt

I+ /My
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Bo -3 & -2 B gl 8- L (13) e,

(v-4) "' = C,- 2.c - %_7 G +('.‘7:ﬁ,(l+%,)Cq "%:,(qu)cs‘

wvhere R is the uniform radius of the density of nuclezon centers and the
parameters bo, bl, co, cl, do, dl, Bo, Bl’ 132, Bh’ BS, Co, Cl, 02, Cu,
and c5 are particular combinations of TN and TINN interaction amp-
litudes given in Appendix A. The best fit parameter values are dis-
played in Figures 1-U4 along with the extrapolated values from TN and
NN interaction experiments.

From Figures 1 and 2 one sees that the "b_ " and "c," predicted

105
using the TIN amplitudes of Hamilton and Woolcock are not in agree-

o

ment with the best fit values. On the otherhand the Fermi-averaged
values of both "ho;ta;nd "co" predicted by using the TN amplitudes of
Donnachie and Shaw agree satisfactorily with the best fit values.

For pion absorption on nucleon pairs, the picture is more com-
plicated. From Figure 3 one sees that the "B" predicted by Ericson
and Ericson19 from pion production experiments is off by a factor of
2 from the best fit value. The only other estimate for "B" is that of
Dcwerao who explicitly calculated the contributions of the various on-
and off-shell nucleon-nucleon T matrices and averaged them over the
distribution of two-nucleon relative momenta in the Fermi sea. His
calculations slightly overestimate the best fit values.

In the case of nonlocal absorption of pions on nucleon pairs,
one sees that the "C" predicted by Ericson and Ericnonlgron pion
production experiments is in excellent agreement with the best it

value. Again Dover overestimates the value of the absorption parameter



by about 10 %.

For pedagogical reasons some figures have been included to give
one a qualitative understanding of the influence of the strong inter-
action on pionic atoms. In Figure 5 is shown the ls bound state vave-
functions for l60 with and without the effect of the strong interaction.
A radial plot of the repulsive local and attractive nonlocal parts of
the optical potential for 160 is given in Figures 6 and 7. Pigure 8
displays the 2p bound state wavefunctions for hoCa. with and without the
effect of the strong imteraction.

Tables 9-45 contain a listing of the elastic pion-nucleus dif-
ferential scattering cross section data for une, lac, 160, and Ca
at a variety of pion energies. The precision of some of this data is
poor, and therefore not extremely useful for testing the pion-nucleus
potential. However much of the data is precise enough to make a check
possible.

For testing the pion-nucleus optical potential, one finds that
using the Perui-averaged pion-nucleon amplitudes of Donnachie and Shavlal
with all pair absorption amplitudes set equal to zero is sa;tisfa.ctory
for describing the available differential cross section data. In the
analysis of the elastic scattering data the pion absorption on pairs vas
neglected, because the effect of pair absorption on the cross section
seems to be rather small and the energy dependence of the pair absorption
parameters 1is unkn{ovn. The complicated procedure for calculating the
differential croﬁs section is described in great detail in Ajppendix L.

In Pigures 9-12 are shown the predicted values of the complex

parameters "bo" and "c_" as a function of the laboratory pion kinetic

12
energy T T for C. The Permi-averaged values of these complex

o
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parameters were predicted using the pion-nucleon amplitudes of Dommachie
and Shnv.lal Also the values of the complex parameters bo and co without
correlation effects are given to indicate the magnitude of the correla-
tion effects. Figures 13-18 give a comparison of the Fermi-averaged
complex parameters 'bo, co, and do as de::;nined from the pio:;;ucleon
amplitudes or phase shifts of McKinley, Roper and Wright, and
Donnachie and Shaw.lal Since no uncertainties are given for these sets
of pion-nucleon phase shifts a comparison of the various sets gives

some idea of what the uncertainties may be.

The predicted elastic differential scattering cross sections for
l’He, 120, 160, and l.oCa are given in Figures 19-60 along with the
experimental cross sections. On each figure is indicated the normali-
zation factor by which the calculated cross section must be multiplied
to obtain agreement with data. Also the average X*for the predicted
cross section is listed on each graph.

A cursory inspection of all the differential cross sections
reveals the merit of the Kisslinger-type optical potential. The
potential seems to satisfactorily predict the differential cross
sections for all nuclei qualitatively and gquantitatively. The quantita-
tive fit could be improved by varying the values of the pion-nucleon
amplitudes. Not all of the data is equally well predicted, because

some of the data are quite old and have serious systematic errors.



CHAPTER V

SUMMARY AND CONCLUSIONS

In this work a new pion-nucleus optical model potential has dbeen
derived from multiple scattering theory using the impulse approximation.
This potential differs from previously accepted pion-nucleus optical
model potentials, such as that of Ericson and Ericson,l9 in four
important aspects.

First, the form of the lorentz-lorenz effect ig different. The
form of the lorentz-lorenz effect in this work is due to the fundamental
approximation made to treat the series of multiple scattering equations.

19

Ericson and Ericson ” made what Lax9l calls the gquasi-crystalline
approximation to close the series of multiple scattering equa.tiozis. This
approximation, as its name implies, is appropriate for crystalline
structures. In this work the approximation made was to neglect all
correlations of nucleons higher than pair correlations in summing
exactly the entire series of multiple scatterings.

Second, the dominant contribution to the local part of the optical
potential--i.e., virtual charge exchange--enters naturally from this work
as one of the terms in the potential. This is not true in the case of
the quasi-crystalline approximation employed by Ericson and Ericaon.19
As & result Krell and Ericson’’ were forced to add in this term ad hoc.

Third, the relativistic kinematical factors involving E"/'N are

used. Many investigators, like Krell and Barmo, 39 have failed to use the

T2



proper relativistic factors in fitting to relativistic elastic pion-
nucleus scattering data. Also the factor (l-l/A) multiplying the nucleon
pair density amd correlation terms has been included in this work. This
factor has been neglected by many investigators.

Fourth, the contribution of nucleon motion is properly included
resulting in a o5f,Co V€®) term in the potential. Ericson and
Ericson neglected this term and instead found sn (Ea/Mn)2Co <PN>€()
nucleon motion term. According to Krajcik and l‘oldym this term should
be neglected if one does not use bound nucleon spinors in calculating
the potential from multiple scattering theory, because the contributions
due to the nucleons being bound are of the order (Eu/MN)E

In order to test the accuracy of the optical potential of Chapter
III to describe pion-nucleus interactions, the effective parameters in
the potential vere varied in order to obtain a fit to pionic atom x-ray
transition data. Then the values of the best fit effective parameters
were compared to those predicted by the theory using the pion-nucleon
amplitudes of Donnachie and Shav.lal

For the pionic atom data the optical potential is able to
satisfactorily describe the shift of the piomic atom energy levels due
to the strong interaction using the Fermi-averaged pion-mucleon amplitudes
of Donnachie and Sha.v.lal The width of the pionic atom energy levels
due to absorption om nucleon pairs is satisfactorily described for >0
states using the TINN amplitudes obtained from piom production experi-
ments using the principle of detailed balmce.19 For some reason the
TINN amplitudes from production experiments are imadequate to describe
the £ = 0 widths. Doverao has explicitly calculated the contributions

of the various on- and off-shell nucleon-nucleon T matrices and averaged
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them over the distribution of two-nucleon relative momenta in the Fermi
sea in order to obtain effective s- and p-vave palr absorption parameters
in fair agreement with the best fit values.

For the elastic pion-nucleus differential scattering cross section
data the optical potential seems to be able to satisfactorily predict
the more recent and more precise data. This is the first time any
optical potential has been able to satisfactorily describe the elastic
differential scattering cross section data for such a large energy range
for even one nucleus, much less a range of nuclei!

Now that the interaction of the pion with the nucleus seems to be
satisfactorily understood and described in terms of am optical potential,
it is possible to seriously investigate other processes involving
initial or final state pion-nucleus interactions such as photo-pion
production,la3 electro-pion production, pion single and double charge

exchange, and inelastic pion scattering.



APPENDIX A
Derivation of the Pion-Nucleon and Pion-Nucleon-Pair Interaction Operators

in Terms of Partial Wave Amplitudes

1. Pion-Kucleon Iateraction Operator
Folloving the suggestion of Ericson and Ericson 19 one may expand
the pion-nucleon interaction operator fl(;) in terms of the pion-nucleon
partial wave amplitudes Xop and 0(2.1»,;, since the orbital angular
momentum £, the total angular momentum J, and the total isotopic spin
T of the pion-nucleon system are conserved in the interaction. In order

to do this fl(;) may be written in terms of angular momentum and isospin
M

projection operators.
)
Al 'F:L r) = X, 7I-r=y; + Xg ?IT:% + é‘ (a‘“')\-_“',:2+075=Ya71-1'=ﬂ¥a

t X300 Mreyy Maanays + Ko Treyy Mreneyy + X300

TNyeay 7_1:-=4-v:] Fa(cese)

For s- and p-waves only £ =Oor 1l
A2 ) =
A2 fl (Y) = & ZIT=)’3 + “Sz_r'ra/a + 3 [ X3 Z‘TT'YG EJ'*!“YJ

+ Xgg ET=% lTa'um + Xy E‘T-Ya E:r: 2~y + 0 ‘_75-:%7574” "Z@““)

'ONES LSRR LY UM TR ISR T TRy 'LJ:..(-Y;J"."‘ -

The angular momentum projection operators may be defined using

the relations

BT = &Y 45"+ ags



A TEH) = au) 4+ 2+ + 7R

Note
X FOY 3- = ‘Q+ Ya

- = - -3y =
5 T X = g -AH) - Yy gl pev T=AVa

Thus the angular momentum projection operators may be defined in the
124
spatial representation by

-

A6 Tr:rm(-Ya ’i_:;é
- a+!

M My=a4ya = AH+TA
AL+

Usually the projection operators are written in the momentum
representation instead of the spatial representation. In order to
perform the transformation it is necessary to group the projection
operators with the angular-dependent part of the scattering operator.

The required transformations are as follows

A8 4 Palcose) = 4 m,(‘;—_g_') = l;_-_‘__('
k? K2

A9 T R Pay(cose) => 1 ¥ -{uxk) cose

= ‘\T-éb X Kk
(& g, o xK)

]
q
™
!
0
B~
o
)]
x

x
S—r

]
19
1
x
Ix x
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124
Thus in the momentum representation

A10 T gy, Pn©058) = kk' ~ig{k'xk)
3 k?

AL Mrapivs Pei€os8) => 2 k-k' +ig-(k'xk)
3 k?

The isospin projection operators may be defined using the

relations
A12 T = 4T + %n
Al3 2 - 4 * 2 .
T It T | por T=tths
' _ _ _ 4) -
ALk T ?" = T(@T+) l(H'I) -15(,+2) B E-’fn‘l Fov T~CaVs

Thus the isospin projection operators may be defined

Al | - 'Z-'én

> T4z t2-m ==

— TMrsgapn = 2+ T%
3

Substituting the angular momentum and isospin projection operators

into 1'1('1"') obtain the interaction operator on nucleon 1_. to be

a1 fie) = “u(""l“f") + &3 (9'*7-1""!") + 3«,3(1-75,-1.)(75-3&:1:4@_)
~ 3 3 T 3kt =

+ 3ot (UG T Ak’ HIT () + 300, (l-q.-z.-)
3 3 k* 3

< kK- g-chg)) + 3 dlsy (aﬁzaf?({"i" -V "‘-"))
3

3kt 3kt



Rewriting ri(?) and regrouping terms obtain

m8 £ = % 'ga”‘_‘-‘ + 0(5:;“'('{7:-:7‘-')+(3“«3+Yds;+°‘n“"3'

+ ddaa- Mu-xn'l-o‘si(é.l,z...)) 5.5: +<

a2 X3 +20x3 ~AK)) ~3 a1
3 g

3

+ X33 -3 10 ~ K3 (‘én’T)) 2q?.(k'xk

3 =
= be + b,(aT)+ (co+ c,(z;:,-j:) K-k

+ @ +d,@27)) o k'xx)

vhere
~ X3-&i
Al9 Lg = d*—-—-' +axs )-‘l = 33
3
Co = a0&ia+¥xaztoln 43031 ¢, = ~ 9% 43xaa-0i 13
3k 3 k*
C'o - =03 —30;3:30(11’*2“3' d, = &13~03s~olyTAsi

3 k?

19
These results are in agreement with those of Ericson and Ericson.

Writing f, ( T) back in the spatial representation obtain

~

A20 .E;(F) = LQ + Ll(én'f;'/ — v~(Ct’fQ' tL'[-’Z‘.')VI

+i @+ an) v (TR AV')



where

I
M>»
N,
O—)
I

<

s

2L ()

-— A - . -
22 () = <o] g orLrv)le> = 9___2“"7

=1

and §1. the intrinsic spin of the nucleus. Thus
23 Lfimio> = [ bo+ b ta-Ti — V- (Cote,Zny)V!

8 (JotduT) V- (e #x V) 10>
vhere |O> represents the nuclear ground state.

Nov for a spherical spin density distribution €(r)

2 Vi Semx V! = - emiE Ty’
= Sin o
= a;e('r)

80

25 L))oy = [L.,+b,én-’£-—V-(cwctn-'r;)V'
+([do+oita7)g Tho g o>

Yor Ax = O or spin zero nuclei the d and d, terms give no contri-

bution.



2. Pion-Nucleon-Pair Interaction Operator

The pion-nucleon-pair imteraction operator 5'1 J(;) may be expanded
in terms of the pion-nucleon partial wave amplitudes Byp and XJT(S,T)
vhere 8 and T refer to the total spin and isopsin of the nucleon pair.
This expansion is valid, since the orbital angular momentum £, the
total angular momentum J, and the to%hl isotopic.spin T of the pion-
nucleon-pair system is conserved in the interaction. In order to make
the expansion, f; J(;) must be written in terms of angular momentum and
$sospin projection operators.

Anti Anli  sym Anli__ sym

sym
L L35 (F) = BuTlyo Ty, + Boo Trag Tree 480 MTaxe [T

oo SYm Anki
+Boa 7Ta--o TTT-; +£2_‘ (Jw)[ Yauy Tazarr Mrey

sym  Anh Anti  sym Andi SYMm
+ Ve, FI:A-( My + Vz,o Nr=p les +X1’.(Qﬂ T2 ]I‘M
sym Anli Anti  sywm
+¥g, (L,0) Mgy = +¥ra =1 77'r ] Fa(cose)
vhere the 7_!' 's are projection operators to be defined in which the

sym and anti refer to the nucleon pair and T is the pion coordinate.

For s- and p-vaves only

- syu Aty Sym
Asa fl} (Y') = Bll TTJ'.[ 7T7-, + Boe ”J’:b 7f1~-° &,nga. Ir.,

Anti  sym Anl sym __Ant/
+ Boa "J' 2o ”7-:; + 3 [ 3’3: ":r— ”7-, +r¢, ”J’.—. 7FI=1 !

o~

Sywm T H
+ Yo 77;-”,1 7Fr’.., + Y11(°1)"J'- ”"rel + ¥,@:0)1ly, 77‘:-:



Ah‘h
+ ¥ T EN 'n'.r =3 Cos &

Some of the angular momentum projection operators may be defined

using the relation for £ = 0O

A33 T?= g - S48t +an S = S +5+ GG
= = - T - I

80

| For$~

A3k 0},‘3}. - ;[s-(.s--n) -L<1+-L) _L(H.L)] {

Thus the £ = O angular momentum projection operators may be written

Anthi . o~
A35 Ty, = I- %’-'TA
Sym
A36 Tr = 3+UW
q

The isospin projection operators may be defined using the relations

A37 T = $m+im +¢a
BT = AT S ta @R i n
80

A39 ta @1T) + L o = TEHD-10)-50+4)-4(+)

'Si rgor 1:=2
= TCT-H) - 9/9» = -% kov T=]
~% fpor T=0

81



where ‘T, is the isospin matrix vector operating on nucleon i, 'En is
the pion isospin vector, and T is the total 1sospin vector for the pion-

nucleon-pair system. Thus the isospin projection operators may be

written
ALO sym 3+ tn @)+ L 0% %4 -t T T) -1 T T
e z <
sym .
Ahl 1TT=' = (—Z— +'é_1' ~(’I|+23)+~'i Iy )(% fn (r-i'r) . X34. 5
2
sym
A2 ey = ( % +%a-@m)+ -.-;r.)(% + % (T vr,)u- T o,)
- €
Anit
w3 My, = 1o 5

Yy
In order to simplify the terms in the projection operator

expressions note that
e [r(r4)-%]" = [@em) + 3 ww]”
= G (B) b)) 463
In amlogy to  (V-A)(T-B) = A8 +i5- AxB
ds o)) = %+ T (axk) = a-T
Thus

s [TEH)-27" = @ T T) + (ta- )& mi) + 7

~ta (TIT) + Ep (T NE ) +4E)* i

Also note



83

W =t QB) + L BT ) = - v (e7) (25) =0

since (I-Ti-% )/ 4 1is nonzero only for antisymmetric ij isospin states
and 17- (71 *'T;) is nonzero only for symmetric states.

In addition note that

v\ e 9 YTy ~75)R
e 4 (121) - g L+ & 25+ )]
80

S O )

But
ASO (3 + ’B-E;)* = 3+TiTy
80

A51 (,T_‘T‘)z = - _"Z'. -3 0y 4+ 3 +T =

1
(1) .
*3)

[ 9

Substituting A51 and ALT into A46 obtain

w2 [Tre)-%]" = (¢ Tt m) + (- ) (g 1)+ ~4 0%

Also

53 [t mem) 4 $29](3225) - [ ta-(aenjer o)
+ 2 An-13) + S (h-m) T3 M)
l./

Using



Ak (fr,-.fr,-)(:s-r;h-'n'): 1 3%%}-:5-)

¥t T (AT = ()
b4 ~ T~ <

then
456 [1n-@%) +4 25 (34 A D) = 20 fi42)% 6005)
‘_/ ~ A - -~ -~
+ 7 i) + 4 3+@-§)
lf

= G T)@m) 1 (4 %)t ) 44 -2 0 47)

+ 4 @m) + 3 1 e

= @&rm T 7 4+ L(3+7%
1&a) + - H)(em) + 4 + 4 (3 ")

Substituting A52 and - A56 into the expressions for the projection

operators obtain

o T B[ 5 ) 42 s
- {2 %)) - —,} + 3 N



But
> (F-39)(253) - [3 sy

= g‘(é 34T -_';,)
y
and using previous identities for the { .S texrm obtain

sym { -
o T =7 [ 0)-4 00 @ nen

- G BT -4~ G (310 )]

- L m .
=3 L2+ 977 -4 G-k X7 -tr5)6

-

.Z;.{I

sym
@ Ty =3[ +5a %) +£ 00 3) + (1))

)

o mken) +g -4 75 ]

- H[,oq.st,, .'I7')+3'7‘: ‘I@‘ﬂ ’/)(‘L‘;r

+ €2 %) Z)]

Anti
M2 Tre, = 12T

y

Substituting these expressions for the projection operators into

the expression for f,, (';) obtain for the A = O part of the expansion
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463 -Elx (;) ll:

= By (3““ )('_';_)-! Bo.;(l-v‘v*)
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-3 | + 8on TE) [Io 5 %G
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vhere

A6l B, = 981 + Bos +3By 1580

48
- 38 —-Bso ~3Bsl ~SBed
é, = T
~98) - Boo +38e¢/ + Bo)
By = 48
8 = —DBoe -3Bei +5B8
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By = 48
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These results are not identical to those of Ericson and Ericson vho

obtain a different 33, i. e.

A65 B3 = = 2800 +6786u ~9%86)

For the ¢ = 1 case the angular momentum projection operators

may be defined using the relations

1

A66 T L+ si+5;

g
w1 T = RPs+s" 10 (grs) vagiy

For the K = 1 p-wave

A68 TCTH) = 10+ EUB) 4 Ji(””’)*{'@?*@"*%_:!‘a‘
E2
or 5y por T2

- T=
A69 2T+5) +§W = T@H)-% = Ja por T7=I
T —% por Jd=20

Thus the R = 1 angular momentum projection operators may be defined

o Tl = <% *3-@:@:)&1;‘)(% +0@ wzm‘tf'f‘)

=3 <
"’
ATL TT::’-Z,“ = (S_":-’g @ *5)‘%"1‘:‘)(% i mHTE (3403-‘0'
- Y 2 ]
sz TN = -(‘/r&'(‘l"@?—@w' KAL) H TG
A.73 TrAh'h - ’ _ V",' V‘)'

L
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In direct anslogy to the simplification of the isospin projection
operators for the local s-wave amplitude the angular momentum projection

operators may be reduced to

A Tty =g [0+ s 2@Wong 02 "B)({-B')+<&"3)(*:"3’]

sym
A Ty =3 [2- 200 +208-0)U5)-4w)E) |

sym

W6 Tree =75[4- 2@H)-T8 4@ 0)(48) 1 (g)ew) ]
Andi

ATt Tye = O W

o

Usually the projection operators are written in the momentum
repregentation instead of the spatial representation. In orxder to
perform the transformation it is necessary to group the projection
operators with the angular dependeat part of the scattering amplitude.

The required transformations are as follows:

AT8 1 Py (cese) => 1 &-,(“"') k. k!

AT9 ((5.,_() Py €088) = 1 T «(Vixx) cos ©
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Similarly
B (W) (0-1) Pra (Co56) = (@ xx) - (Txw) /&

Thus the projection operators may be written in the momentum represen-

tation as
sym S .
e Ty = g | ok + SUTHB) - (kK'vk) + 26i) kx'

+(@ x41) - (T52k) +®X§')-(vj:x5)]
__SYm .
A83 My = 9+<’- 9’15.;‘5' + 9(\72173) K-k -'(VI*F)'("_"‘_{‘)

) @xk) - @)@ |
Sy ‘ ;o
e T = L[ kk' -0 0) k' - i@5) Grk)
+HT 1x') -6 xk) +(Txk') - (rxk)]

A85 (l-v: ) ok

The isospin projection operators are the same as for the local

s-vave amplitude. Substituting in for the angular momentum and isospin

projection operators cobtain for the ,Q = 1 part of the expansion for
fid(?)
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Rewriting and regrouping terms obtain
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(T ) @:‘.Ts) ) { Tli Yio -% Y9 +3-'ana} (-oa)

Lam)B) + (- B)aw) | | +i0-m3) -

D

'Yk L Yoy -3 - T
(‘ik.t) ’3% Yai = Yo ﬁb’:l@«“)} + (1 "T:tlr-')
[(Gj-xs')-(@-xf) +([Tyx5') -(‘V}x_\k)] { - Yor +-L ¥
- 3
‘3_3‘ X'"(ilo)}
or
A88 -Ei;@) lkl = k&' [ Co +¢, V0V +C M-
+C3 (1IN0 W) €00 T) + &0 W) (%)
+0s (-08) [ 7) G 72) +€z-§?<énf")ﬂ
PO TTNG %) -Gink) + ¢, (-10)

L @xkhwynn) + (e ')'(‘F"")]

where
5%l +¥or + %10 3% (04) +3%(4, %) +5¥ia
9 Co = T 1Ck?
Yai1 - Yoi - ¥i0 ~3¥8,(0,2) +3¥% 4 °) ~S¥na
Co= 16 k*
~S¥a — Yo! =¥10 +3¥n(0,2) 3%, @) +¥1
Ca = 16 k*
-2Y¥0 -3¥) 0,4)+S¥n
CS - -

39 k*
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C, = ~—Jar+¥at X10- 3%, (©2) ~38,(4,0) -¥3
Y 16 k2
C - 2¥10 —3Y¥ (02) + ¥ia
g 3a k2
S¥a; — ¥ -3 ¥(4,0)
Ce B 34 k?
Cp = Y2, + 2 ¥o; - 3¥n&0)
3a k2

19
These results are not identical with those of Ericson and Ericson

who obtain a different value for 03, CS’ and Cg, 1.e.

A90 Cs = — aY%), + 9¥n(o1) -2¥n2
3a k2
_ Ao -3¥u o)+ ANia
Cs = 33 k2
C - D ¥y + A¥o) — T¥n(@,0)
e =
3a k?

writing £, J(':T-) in the spatial representation and neglecting the

Cg and C, terms which are small due to the AL and A2 dependence,

respectively, obtain
A91 _F;;(‘;) = Bo + B,\',J.P;- +Bg/l'i-"_l; +Bs("§'!—*’)§lﬂ7*":’)
+ 84 (T G)T-5)+ 8s (1-G5)[ (¢4 T) (2n- )
~+ tn'T' T .
@n-5) (s _)] 190G +0nT 4G T
+Ca (-G W)t M) + Co(@ T)(T- )

+ Cs (-G W) (ta- o)) + eg_-:/})(g-:r.-)]} v!
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APPENDIX B

Averages over Nucleon Scattering Operators

In order to evaluate the fraction of nucleons in the nucleus
that interact with the pion via any particular partial wave, it is
necessary to average the projection operators for that channel over
the nucleon states. For the purpose of averaging assume that the
nucleon spin and isospin are statistically independent, i. e. they may
be averaged separately, and the nucleus is in its ground state.

The follovwing definitions and averages are needed for isospin

A
Bl I = A_E\’E
B2 <ol£ T |o)> = aT
=

Tt o> = HA .Ia_(H-‘a-) = 3A

b Y

N>

3 <O

n
-

B <ol (£ /r;)2]o> = Y <oI1‘z[o> = Y T(T+H)

B < Mm-S = <ol ;% ?. Ti-T 10> /A@-)
3

= <o) ( 'é. ) - ?' 3t [0>/A@-)

= 4T(+H) - 2
A@A-1) Al

ok
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% <tn (TR = <ol £ 2, 4 @RIeY/Al) Lk
. 1=\ gf‘i A
B < (T a§) + G T)ta-T) >

A A
=<olz 2 (&) + T T) 0> /A4-1)
¥

- <ol £ 2 ta W) 160 W@ D> /467)
a2l (=
A

=<0l Z (&) T) + (&) @ e)10> /A A~

= <6] & (é(@-y))z _a %(1,,-7.')’“ jo>
AG-) A(A-1)

Using the identity
B <(&aT)aT)> 3 <&t +iTaxd)> = a-<4-7>
equation B7 is simplified to

B <&n)ET) +CrT)T) >

= LG T —H. + 4<LH-T>

AGD) A~ A-1
In these definitions |0D> represents the nuclear ground state, T3 = !ég form
and <7D = 2(t")3'1'3 =N - 2.

The spin averages are obtained in a similar manner.



APPENDIX C

Rucleon Pair Correlations for an Jdeal Fermi Gas of Nucleons

26
According to Goldberger and Watson the pair distribution

function P(a)(;,§') for N nucleons is defined as
a Pz = o <ol Z [ SGX) 8 E-R) o>

vhere K and B refer to various nucleons. The average pair distribution

function P(2)(f,§') is obtained by averaging over spin orientations.

The pair distribution function P(2)(SE,§') depends on the dynamical
properties of the scatterer. It can be easily calculated only for such
simple systems as an ideal gas.

For the ground state of atomic nuclei the pair distribution
function may be calculated in terms of the degenerate Fermi gas model
for nucleons. Consider such a gas of N particles confined to a box of

volume V. Plane wave states for these particles are of the form

Ty

23, oY
2wy () = Wy(?,,%,5) = —“!? Sl U}

> \J
where £ is the momentum, f, the space coordinate, S} the spin, ’X. )
the spinor, '77 the isospin, and 'l.qi the isospinor. 1In the lowest state
of the gas these plane wave states will all be occupied for £ < Pr,
the Fermi momentum, which is

= R (F)"



The lowest state of the gas is

ks o> = _\\:ﬁlv E eawgl(i,,so,z.) <o Wy, (2~,$mt~)
vhere f; ... {y represent all the states having a momentum less than
Pf, the Q's represent the N! permutations of the particle coordinates,
and 6& = + 1 depending on whether Q 1s an even or odd permutation.
Consider the distribution of those pairs of particles which are
in space-symmetric and space-antisymmetric states. The space exchange

operator for a pair of Fermi particles (o( , BY is
s Qas = ~H(1+ % B)(14 &)

where Vx and Vg are Pauli spin matrices and 7« szl 7 are the
isospin matrices. From the definition of the pair distribution function,
the desired distributions are

P Ereragy 1 N — -~ -
6 P+(XX) = - <ol = y(iu'x)é‘ﬁis‘x')(’iﬁks)lbsp;n
vhere + and - refer to space-symmetric and space-antisymmetric states.

Using the definition of |0> for the ground state one obtains

T Pi(XX) = zT;«: ‘Emm [(w4<a)wm(a),( I+ Qa) §(-2,)

(x-5) W, @ W @) = (@ windd) , (12 Q) Fc-5) K2 ) l«w?)]

vhere

u( 2, . m2; T
c8 w!(ﬂ)WM(a) = 3 ,Xl ’)' P)a
Using the definition of the space exchlnge' operator

- -~ a

- 2, > ‘4.3 ‘ﬁ.‘ P, - - .
c9 (H:Glﬂ) 8(*‘2.) J(X"Qa) elli‘.el 2 - ell Re.m x'Ieal 'c,mx
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and the orthogonality of the inner product
V2, T V2, T
€10 ((xv ’)*’X Pl:.,/x y, ’x; ha ) -/L

G QAT L Al AR et ’w..h"on) = 3 um STy

equation C7T may be written

$en = b + o L&D Ac-39)
a2 p'..."(x'x‘) T YNy V32 ,ém(?; [( 1xe € )

~ vy m fnc.(e R 1K) i)]

In order to introduce the definition of the Fermi correlation
function, one finds it convenient to change from a discrete to a
continuous sum using the prescription

- oy -
- TR 3 PeAX'-X)
as $ el AERD 5 %35 d°r e’
<1 @rf) Pes g

Defining the Fermi correlation function to be

s
ch Gp (XX') = 1V S i e GX °R)d3 = 9 T:;; (rg 1xx)
(aﬁﬁFA 9 (ﬁ: ';_i.l)s

one may write

as s C;I-o?'-)?)e.-ﬁ-cf-i') - A@l) S s o EM)-(R1%)

R#EML e A2y My

Il

A@-) Cp&-x")

c16 xz;w "S;V?!Wh g_qm .1(§L‘i)e‘.;.,.@;.) _ q(%) ($‘ ’)i Sortn

A XB
x s
Sy @ EATER A1) spx-x)



Thus one may rewrite C12 in terms of Gp(i-f') as

a1 PeGiR) = i k| AGD t AU G

— A(f-1) CrUFXY) T A(é}-l)]

where

c18 2 1= A(a)
Rim< ¥y

c19 = Svym S zn = H €s<3§‘l) = 4 <?; -1)
Rim<ry

26
This result does not agree with that given by Goldberger and Watson.

The average pair distribution function is given by

e P gx) = NiPXX) + N- BB X)
AGA-D /3

= v A [P0 -G )GF(H)]

I
s
i
'-_'s
)
o
3
~
x
}
X
—

A-|
and
4 (a) =~
ca < xx) = A@ [_’L - A ) G(R-%)
1$3=1 v? AT

A
e("’e("‘)("n)[i- 4-4 H']

= (k¥
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——————

2
Note that the result ngove for P( )(3?,5?') does agree vith that of
2

Goldberger and Watson despite the fact that it is obtained with

different expressions for P+(5?,'£').
The average pair dlistribution function may also be defined in

terms of the pair correlation function G(Xex'), i.e.

W l ol L
c22 P(’)(X,x') = R [_’L + G‘(x—x')]
Comparing C22 with C20 one obtains

R - vitvd
s GO = - A S

Substituting this function into the definition for the average pair

correlation length obtain

od
cal §iM = —RS -d‘_‘!) Cr ) xdx
o =1 q
® 3
= A4 59; Tya(Pex) x ok
(Pex)*
Iet y = Pfx
k4
a o A 9 T
c25 ?PAUI‘ - % ﬁ?;‘g '%99 d)'

125
From Gradshteyn and Ryzhik integral 6.574(2)

c26 3? Te@® Jd¢ = M-+t Ya)
o A

24+ p)rr+4+3)
Thus
® a
c27 53'%0’) dy = QP = 4
4 y:l aa p:@;)ﬂ@) am
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and

A-4
A

* = 7
c28 gmni CoEee AC

.@

Now that the formalism for averaging over spatially symmetric
and antisymmetric pairs has been defined, vwe are able to calculate the
very important average of (‘EW T )(Q-Ia ). Expressing these operators

in terms of unit operators and tz values one may write

029 (t"'Zl)(tzl.'T_a) = taTiata Tz + -g"'/p‘é-,lé-i +_é-,5+£+/£;
o]

Noting that

-+ - - - T T
e g [ g e dd 4 TR TR ] N h

- N A - A A e

2

:[ St&,-'l S\'Cq).'l - gz&’_, :%;, - ‘Y’h,a. ;7;51 - Ifn;( qu)l] .é'-'é

+ ~ggt gy
e y™ :'r.. T €t +T'f"ff_]h,%")fn

[’h%'fa‘ét; + =

(3

= [ ST ‘t‘; + { S"h,’l'h“ ‘r’h-l,’ra ( a J"h,’l‘arl J"hu,'l‘a i-}f}]

one may write

— 1) &'
32 Py(Xx) (& T)(&aT) = q_lu-i Vi xéﬁu {[11° *) .)]
M) (X LK
[ ( S\-C\,tm = Sm.,'rmn = :'lm,'rn)f’zl] - [C Em« )12]

[ J\u'\ym ‘r"ﬂ,’l‘n t; 4 ‘r\'l,'l'm :'h,/r,.,ﬁ L S In;';' FT&-;I,'I:'. t*ﬁr_l}
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Using the identities

33 £ Sare = 24@4-)=4-4
REm<tg

C3k Z J\'Q' T+l = 2 f'hu,'r,, = 4(4.) = %l
Rifm <Py REmerg

o £ MWD pad Guex

Limers
i R%m “e; PG Tl x%mqemzm.(;ki)f Tt T
= <n gn e;@&).@q);mwa = ét GHx-%)
c37 —Qi <:i@:':') ) fovm Pnre = ¥ 4 §) GET)
» £ S ) et G

= )%'* ,%‘u l(! #)- (X X)J\W% 'DH,'TA. = 2@)4} CR(F-%7)

‘039 é,,,,m&a,\rm dngm =4 é(ﬁ-') = %1_,4

o S Sugm fngmit = 2 Srvm Eniyrm = 9(4)921%‘
Rim<ry REm<ri

C32 may be written
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on Pi KRV T ) = pur W (4-A-4-404
t( 47 -A-L-A) G - (4-4)GOR) e

= £ e) (£t 4ute) (4A) % 7 %1(15"6"4-4"{)‘}

= give LCATEEA)E +(3A-448) GER) €]

Iy %1 @-¢t +~U{‘) - g‘c;;(ii')(i‘-é*-oﬁf) }

and

. _ 1 a 2
ck2 F’(”(x,x')(z:z-ja)(é,.-'p) = qvr AT { ~2A%ta
- a(%‘LA) CRFX)ta — 9%‘ Gr(¥%1) (¢ ‘fﬂtﬂs)}

% X~% }
43 2. PORIE-T) (6 T) = e § (-4 ~(F-A) e

134

_ la G (%-X") (*é‘i*-rt"é‘)}

Using C21 and CU3 one may evaluate terms in the optical potential
involving virtual charge exchange, e.g.
A A
ckh o] 2 _é| (batbtnT) 7)) (14, T ) Srvi) | 0D

(=t §=
i

Q

= emer)(-h)§ bE+abb -k - [(43 +abbns xy

+ a4t ﬁ;_?_] C’FQ‘;‘I')}
Y



APPENDIX D
Nuclear Density Parameters for Pions from Electron-Nucleus

Scattering Data

Two kinds of information are needed for the pion-nucleus inter-
action problem. For the Coulomb interaction part of the problem one
needs the charge distribution of the nucleus taking into account the
finite size of the proton and the pion. For the strong interaction
part of the problem the distribution of nucleon centers is required.
Usually one assumes that the distribution of neutron centers 1s the
same as that for proton centers. In this work nuclear density parameters
are needed for uHe, 120, 160, and hOCa.

The differential scattering cross sections for the scattering of
high energy electrons are the best source of information about the
nuclear charge distribution for most nuclei. In order to examine the
relationship between the nuclear charge density and the electron
scattering differential cross section, it is useful to consider the
scattering problem in the Born approximation. The differential scat-
tering cross section for an electron in the plane wave Born approxi-

92

mation 1s

@®
n dT = M I_'_ Se”f‘vmd%r: ‘laﬁ:l Ss'm gr V) rdv :
d k4 1T AR

where g = Ak sin®2 is the momentum transfer. Integrating the

integral twice by parts and using Poisson's equation

104
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D2 vivVe) = -;',- 2% ("’ V(")) = 4pzeew

ov2
one obtains
o) (e o]
D3 S sin(g@y) Ve rdr = - nZe’Ss'm gv e rdr .
5 3 Y
Thus
E ® z
I ‘il'Ss‘msr emrdr|
d.ﬂ- ,ﬁlk'l,‘m"a/a %
F °

For a point nucleus the Coulomb differential scattering cross
section is
55 d_f_l:P _ :&zxa{la
do Mkisin'ep
Writing the differential cross section D4 in terms of the point nucleus
differential cross section

<D
p6 4T = d_ﬂ—Pl “_“Ss'm gv e\\")\"d"r = (ﬂ.r, F@g3)|?

iy da | ¢4 dn
one may define a form factor F(qz) which is a measure of the charge
distribution.

The development above indicates that the form factor is what is
determined from electron scattering experiments and not the charge
density itself. Since F(qa) is the Fourier transform of Q(r), it is
necessary to know F(qa) for all q in order to obtain complete infor-
mation about @(r). Experimentally F(q2) is known only for 1 & q £

126
4 fm"l.

As a result €(r) is known only approximately.
With the present range of momentum transfer q that can be obtained
experimentally, it is possible to determine more than one parameter in

the charge distribution. For spherically symmetric charge distributions
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[« =) K
[} - - ;-'Y
7 Flg*) = %’Ss‘m g emrdr = Sc § Ve d3r.
o

If the momentum transfer g of the electron is small compared to the
inverse of the nuclear radius R, i.e. qR<<1, then sin(qr) may be

expanded to give

a®
3 s
p8 F (g2 = "%’l§v~em[$v ‘(%? 4(%) - ]Jr

= ..%z '] .'r'l___.,
1 57<v> +%< >

Thus if only one parameter of the chafge distribution can be obtained
for small momentum transfer q, it is the rms radius.

The form factor F(q2) measured experimentally is the form factor
of the charge distribution i.e. the density of proton centers with
finite size of the proton included. 1In order to determine the density
of proton centers for use in the pion-nucleus strong interaction
potential, it is necessary to remove the effect of the finite proton
size. If one assumes as a first approximation that the nucleus consists
of interacting protons each with an undistorted charge density Qi(r),

then the charge density of the nucleus Gch(r) is of the form
9 Cch(v) = S ep(F-F) £orY) 3!

where f(r') is the distribution function for proton centers. The form

factor for the nucleus F(q2) may be written

no  F(gY) = Sc;i" ech(Mr =SS-F(V')e"K'reP(F—\?‘)d:’rcl‘r'
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Transforming the r variable of integration to X=T- ?', one obtains
By i X d3x
. F(g) = Jfee'Fhdsm | et 8% e

Using the definition D7 for the form factor, one may make the following

definitions:
D12 Fr@?) = S e §% e %) d 3x
D13 Fpe (@Y = S{‘(v') e'$" 3

Then
D1k F@) = Fo(@®) Fpc @Y

where Fp(qe) is the form factor for the charge distribution of a proton
and ch(qe) is the form factor for the distribution of proton centers.
Expanding F(q2), Fp(qg), and ch(qa) as a function of qr for small

gr obtain

t vee = (1~ @* 2 ce- WA Y IE
ms Fg) = 1- §<ro+ = (- £ <wid+ )(2-gren> )

1 - z‘.‘(<r;;> + L)+

Equating the coefficlents of the independent powers of g on each side

of the equation one has

D16 <v‘l.> = <Y:¢> + <Y;>
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or

P17 < Ype > = <> -<¥pd>

This result is in agreement with that obtained by Elf.on.]'27

Two basic approaches have been used in analyzing electron scatter-
ing data. These are based on theoretical notions concerning the form of
the charge distribution.

One approach is based on the harmonic oscillator shell model.
According to this shell model the distribution of proton centers epc( r)

is of the modified gaussian form for p shell nuclei, i.e.

(LR )

where Z ig the number of protons and a is the only density parameter.
The charge distribution of the nucleus including the finite size of the

protons is from equation D9
D9 € = § epFF)@petr)dSY!

In the shell model the charge distribution of the proton ep(r) is

assumed to be gaussian, i.e.

- Y'/q;

J
Bad

B0  €p(r) THa?

Thus the integration may be performed to obtain

P21 Qp®M = 2:a § 30 *-a?) 4«%"}] Y

211‘3/‘1)3 [i+ YL



where

2
pe2 be = a° + apz.

The form factor F(qa) for the nuclear charge distribution includ-

ing the finite size of the proton is given by D10 to be
- 8¢ /4
- 2
bes F(g?) = (1- 22 ag)e
2, 2
In analysis of the experimental value of F (q ) to determine the charge
2,2
parameters, one fits the theoretical F (q ) to the experimental one.
The fit is most sensitive to the first minimum in F2(q2) vhich essen-
tially determines the parameter a. From the shell model viewpoint the
first minimum originates from the interference between the s- and p-
nucleons. The rms radius of the distribution of proton centers is
determined from a.
128-131
Unfortunately most experimentalists analyzing

their electron scattering data have neglected the finite size of the

proton and fit their data using a charge density of the form

~-r¥Ygt
Dal, a l (l+o<’ﬁ)¢ /B = 2-2

Cch™ = s 290 & 3

As a result the form factors obtained have not described the data well.

In order to be able to fit the electron scattering data many experi-
131 .

mentalists such as Crannell have also allowed & = i;g? to be

varied as a second parameter. Thus one finds that the electron

scattering data have not been fitted in a proper manner for extracting

directly the density of proton centers in the nucleus.

In order to obtain the density of proton centers from the electron

scattering fits, one must remove the form factor for the proton from the
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form factor obtained from D24, i.e.

q+8Y4
p25 Fen(@?) = (.1. - ?:-ch' )e = Fpc @Y Fp(g)

Thus one obtains

D26 F’rc($1.) - (1 - 276—;61 ‘% E /‘/

—E = [ﬁ"—ﬂp]ya
qP = .59 'Pm

2
Taking the Fourier transform of ch(q ) one obtains the density of
proton centers to be

+ 30( Bz) —V‘/BZ
27 €pe(r) = 31153 243" [1 (1 ol ﬁ‘l at]e

131
From Crannell

the best fit values of the parameters &« ' and B for
120 and l6O are
12
c o' = 4/3 B=1.636 fm
160 !

= 8/5 B =1.851 fm

For He a similar procedure is followed in order to make use of

132
the electron scattering analysis of Frosh et al. They fit the
electron-scattering data with the form factor

_bz E X x
s Fun@) = (L-@3g)%)e™ " - F 39 FsY
ae = 316 fm

b = 1.3¢a2 fm

Factoring out the form factor for the proton one obtains
- B¢/
2
p29  F,.@") = [1 ‘(“°$‘)‘] e L4
J 2
Bt = b - QAp



111

Taking the Fourier transform of ch(qg) one finds the density of proton

centers to be

-YY/%?
D30 @p(r) = de [1 - gq(gg)'a 135135 -540s4o ¥*
L 3 5
+syos¥o Y - 205920 r¢ + 3yzaor?®
T4 3 T®

B
—aq96 0 4 ¢y y'? }]
'ZI° TN

For heavier nuclei (beyond p shell) one finds that the shell
model becomes too complicated to use. 1In this case electron scattering
128
experimentalists have used a phenomenoclogical density shape such as

the Fermi density

€o

D Cen® T Ty FWA

133
Uberall has given a prescription for obtaining the density of proton

centers for these heavier nuclei using the Fermi shape.

€,
\2 -
b3 Cre &) | + e~(r-R)/C
where

R+ .3A° 3 £m
c/113

x|
]

D33

0l
"

Lo
This approach was used for Ca in conjunction with the electron scat-
134
tering results of Croissiaux et al. They obtained for hOCa

D34 R = 3.602 fm ¢ = .576 fm.



For the nuclear density parameters required for the pion-nucleus
Coulomb interaction one follows a similar procedure to that above.

First one needs to define

035 Frywe @) = Fon(3) Ry

2
Then taking the FPourier transform of r'ﬂ' (q ) one obtains the Coulomb
Nuc
charge distribution € (r). The Coulomb potential is defimed in

TTRue
terms of Gﬂmm(r) by

D36 VC ) =~ Crvve ') d3y!
1y- v
For this work the form factor of the pion is assumed to be approximately

the same as that of the proton, i.e.

ol Frg) = F@
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APPENDIX E

Vacuum Polarization Contributions to Pionic Atom Energy lLevels

The pion-nucleus vacuum polarization potential to order o due to
formation of virtual electron-positron pairs represented ‘by the Feynman

graph

T
135 Nveleus
is given by

B V00 = a«eSl__q‘S -"',R!-C'F”g(“ )\‘ d §d3v

7-v

where m, is the mass of the electron. Expanding e in terms of
spherical harmonics and integrating repeatedly by parts in oxder to
obtain standard integrals, one obtains the vacuum polarization potential

for a spherical charge distribution

<O
) ! llé_ +_x..3 - SEQ -B_X.:l
B2 V) =-% ;%c Se("”d"'[ a4 a1 ® 48
-]
< k3l
2z (@) {(Mx - o) [ g (1442
~ (k.‘ 2 2 K+l L] 4 q

+ x4 _2_(1.—3"'-&‘) - '?x‘+x:'
k) N



2 (L-&-5 K2 Ao 1R

@ ki) H
ames (r+v')

136
vhere W(2) is the digamma function which is defined in terms of

the gamma function by

E3 Ve = dn @ = re)
dz n(z)

The first few terms of the expression for va(v‘) above were first

137
obtained by Barrett et &

According to Mickelwait and Cor‘benl38 the effect of the finite
size of the nucleus on the vacuum polarization potential is less than
8% for the pionic states 15(Z£12), 2P(Z£30), 3D(Z£82), and LF(z£82).
Since the effect of the extended nuclear charge is small, the nuclear
charge distribution may be approximated by a uniform charge distribution
for calculational convenience. The error made in calculating the vacuum

polarization potential by this procedure is < 1%.

Using the charge distribution

2e r'e R
Eh e(r') = i-'l'Ka
0 v >R

vhere the uniform radius R is defined in terms of the rms radius by
R =-@ T ms’ the expression for the vacuum polarization potential may

be integrated to obtain
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k)
5 Ve = -2ae [(-%-%\Vang.m/g%q)g)z

+(4 +4 Y0 -dum meTCls) + (g({)z_“%%)
4
3

In(1-%) + (2 F)-a-48)en(1+x) + anmeck
%

FCGRN-3- 2R () + (3 gy
()" + e’y ]

and
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5 Vip (v2x) ;:r:‘[ [ - -E'-;,bn/l;_c_r-‘l’(l))
A GRE EFREIVDELCHECRE 34 )
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~amec Iv-#1§
From the mass dependence of the € 4 factor in equation

El for the vacuum polarization potential, the contribution of virtual
muon and more massive fermion pairs is expected to be negligible.
According to Fricke the formation of virtual muon pairs yields a
vacuum polarization contribution of only -261 ev for the ls state of
muonic U238. Due to the effect of the strong interaction, the contri-
bution from virtual pion pairs is unknown. F&dckel35has calculated
the contribution for a boson with mass equal to that of the pion
neglecting the effect of the strong interaction. He found the contribu-
tion to be very small (-27 ev for the 1ls muonic state of U238). The
fourth order contributions to the vacuum polarization potential propor-

tional to c<2

give a negligible contribution of fractional value
1/500.

The vacuum polarization contribution to the energy of a particular
pionic atom energy level may be obtained by numerically solving the
Klein-Gordon equation. First the Klein-Gordon equation is solved for
the energy of the nl state with the Coulomb, strong interaction, and
vacuum polarization potentials. Then it is solved with just the Coulowmb
and strong interaction potentials. The difference in the two solutions
for the energy of the nl state gives the contribution of vacuum polari-
zation to the energy of that state. Tablehf gives a listing of the
vacuum polarization contributions to various states of a number of

139
nuclei as calculated by Terrill and Lucas using the strong interaction

21
potential of Krell and Ericson.



APPENDIX F

Method of Solving the Klein-Gordon Equation for Pionic Atoms

The time-independent Klein-Gordon equation is usually written in
the form resemblimg the time-independent Schroedinger equation in order
to insert the nonrelativistic strong interaction pion-nucleus optical
model potential that was derived from multiple scattering theory via the

140
Schroedinger equation. Thus

Fl [ ﬁ Vz + (E - VC(V'))I_/M;KC" \F(-;) - VST(Y) (P(;.)
QMg c? A Myc? ,
- B [40-veV)¥0)

vhere Vy4(r) bas been separated imto local and nonmlocal parts g(¥) and

% (7)

G = —4m “b" o) ~ Ha1 8" etn +an%c°v1e_m
2
X(¥Y) = —4n “Co" e —qni IIC y e'?(r)

vhich have been written in terms of effective parameters "b,", "c,",
"B", and "C".

For muclei vwith only small deviations from spherical mass and
charge distributions, assume q(;) = q(r) and o((?) = oX(r) so that
the orbital angular momentum £ is & good quantum number. Using
separation of variables in the wavefunction Y (%) = Rl( )Yy pf©, P)

obtain for the radial equation
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L 2 vReOM _ a4 R (r)) + (Em“@“")z"’"f;cvx )
F3 ('+°‘("))(7 v =% e N

= 30 R - x') 2Hu)

where n = n' + £ + 1 is the principal quantum number having only positive
1k
integer values. (n' =0, 1, 2, ...)
This nonlocal wave equation can be transformed into a local one

by making the substitution

Fh P = [1 + x®] %5 v Ret®)
to obtain

p (Emg-Vd\'))‘-/Mn‘c" )
B g = [xg;g Y A

+

x';n 4+ “,(Y)z + °<"(Y‘7 } ] ')
v HCI+%0v)

Note that the total energy may be written

| /
F6 EM& = /MrC : 4 EMQ
such that
! ¢ 2

P71 (Emg-%W)*-mnc! = Ammc? (Eng - Ve®) + (Emg = V%)
So l 2

" @+ 2 mgc(Emy - Ve®) + Em -VeW)
¥o &0‘) = 4 Y2 B l+x<ﬁ { Alc?

$(“) + e(___) + O('(V) -+ “__"__m } ] ¢&(")

2 MO 2



In this equation for ¢i(r) the energy Eng' and the strong
interaction potential terms g(r) and & (r) are unknown. To solve for

the parameters in q(r) and &(r) one needs to know E Pionic atom

ne'’

experiments measure the pionic atom x-ray transition energies E‘. =

En+l,£+ 1 - En,L and linewidths [' ng* Since the strong interaction

significantly affects only the lower energy level of a transition, the

energy of the upper level E can be determined by solving the
n+l, L+l

Klein-Gordon equation with the appropriate Coulomb and vacuum polar-

ization potentials. Then the real part of the experimental energy of

the lower level Enl' can be obtained from the relation
{ - E / - E
F9 Emx = FEauen g

Now there is a complex energy shift AEnL of the pionic atom
electromagnetic energy levels due to the pion-nucleus strong interaction

represented by Vgi(r) where

[ Y
F10 E/,ﬂl = EMQ + AEM
- +1 AE
Fl1 AEm = AE"ML =
o
Fl2 E MR = unperturbed electromagnetic energy of nAf state

The time dependence of the pionic atom wavefunction is given by

. e.;s,’.utm i e-i(En'g+AERM)'t/,ﬁ e O8ap t/h

Thus the probability density for finding the pion in a certain state nfg

at time t, which is given by the absolute square of the wavefunction, 1is

t -Mmat
Flk e,aAE-‘m. ‘4 - e” ™M %
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Therefore the imaginary part of Vst(r) which gives rise to AEIng leads

to an exponential decay of all states nf and results in a broadening of
the energy levels from which pion capture occurs. The width of the
observed transition x-ray gives directly the width due to the strong
interaction of there is no unresolved fine or hyperfine structure present,
since the electromagnetic radiation width of the levels due to the
probability of making a radiative transition is negligible in the range
of observation compared to the strong interaction absorption width. So

the lmaginary part of the energy shift is given by
- - lnnl,/a
F15 Ja\ E:M“

Note that the wave equation describing plon absorption must necessarily
be complex, since the energy of the shifted state is complex.

In general the equation for q&gr) is quite complicated and must
be solved numerically. However, it is possible to separate the solution
for all of space into two regions, i. e. the inner region in which the
short range strong interaction potential and finite size Coulomb potential
are important and the outer region in which only electromagnetic
potentials for point sources are important. The wave equation for g&gr)
can be solved exactly in the outer region for a Coulomb potential. By
using the logarithmic derivative of the outer wavefunction at the
boundary of the two regions as a boundary condition on the inner wave-
function, it is possible to greatly reduce the region over which the
wave equation must be numerically integrated. In practice the inner
region need be only a few nuclear radil for high accuracy in the
solution.

Now the vacuum polarization potential is also present in the



F16

outer region and destroys the simple exact solution possible for the
pure Coulomb point charge potential. However, the vacuum polarization
may be treated separately using perturbative methods, since it gives
rise to only a small shift in the energy and wavefunction of the state.
To do this the wave equation is solved numerically for the energy eigen-
value using the Coulomb potential, the vacuum polarization potential,
and an approximate value of the strong interaction potential. Then the
same wave equatlon without the vacuum polarization potential is solved
for the energy. The difference between the two energies obtained gives
the shift in the energy of the state due to vacuum polarization. Now
this energy shift may be subtracted from the experimentally determined

energy of the ng state E and the wave equation solved with this new
n,

Q'
energy Enn" in the absence of the vacuum polarization potential. This
method of handling the vacuum polarization potential 1is particularly
convenient, since the vacuum polarization potential is fairly long-
ranged (500-2000 nuclear radii for 1 % accuracy) and rather time con-
suming to compute on the computer.

For the outer region the wave eguation to be solved is

") + { - M + amac? Emg - Vc(ﬂ) -I-(Ed’l'{ - Vc("'))2
4 ra it

]¢&Q‘) =0 =0

where Im Engu = r'ﬁu./a and

= -2 - - 2 he
F17 Vc(“) —Y'- Y'

Writing out all powers of r explieitly obtain

i3

[{] nh 2 2
n - Mo+) + amac*Eme 4+ Eme  + ammC” 24
F18 ¢l o) + [ ’%’ At At hc

[
+ ABmr 20 4 21 = O
he ¥ v $ )
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let
_Ell k3 Ya,
Hc
F20 A= 2% (Emg+mect) 2
he )

Substituting in obtain

P21 B + [-— %’ + AS - 12“2;3"0("] B = O

A g
Dividing by 82, letting € = dr, and replacing ¢!(r) by ¢&(€) obtain

re2 Pye) + [ L+ 4 M@i‘] F@ =

136
Now Whittaker's equation 18 of the form

" -L ¢+ Kk 1 g-M* =
3 w'e +[h+ &+ 1 T we
with solution that is finite as |e€] —> CO

- M+Ya
roh Wkn@®) = N & %(‘ Y ( mth-k, 1+au € )

vhere N is a normalization constant,

a
o=+ [erasi-vadR® o [aar) - v2%]" )

F2
5 > >

and W(&,Y¥,2) 1s the confluent hypergeometric function of the second

142
kind with complex arguments given by

ros V(%2 = 0V F(‘r)[ )k 2"

PCI+a-¥) k3o Pgrek) k.

(> -]
-_1 2 (H-K-Y)k %k-;hr
M@ ko fGr k7

where

F27 () = ok (XH)CK4) -+ - (Kk+k~1)



F28 ) = A
let m = g + 1/2, then

Py B = Wyu@ = N €™ Vim-aame)

Using the recursion relation for Whittaker functions from Whittaker and
143
Watson p. 352

FO @ W) = (A- &%) Wau® - La*-A-4 Ty 4@

one obtains

[
P @ WAR® - \-ef - [a-Q)Y] Wain @
Wa,u (€) Wa,u @)

Now

P2 Wan® o ™Y Wiy -0, 1438, €)
WA)“ ‘e) e“*'ya e_qa \P (A"’Ya ..(\’ 1ta M 7 C)
= Y(m+3m-a, l4an,e)

V(m+Ya =A, Han, e)
. Thus the logarithmic derivative of ¢g(€) is given by

P33 CPL€ - A-%3 - [(my)'-(-5)"] Vami-d am, €)
" AQ) V(m-A,am €)

or

‘ _)=-AA-D] womi-A,am, €)
o Bl = HE [__5.-4% - [/QOcl) AQ ]wf:;(\"wl e)]

Let the boundary between the interior and exterior regions be

spherical with radius Toe The derivative of ¢,_(€) at the boundary where

€= @, is given by

-L+A -
F35 ¢,:(e)}e=e‘ = 9‘(6\)[ s e

L mon-0-A@-1)] W+, am &)
<. Y(m-A am, Q)
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Now the interior equation is an eigenvalue equation for the parameters
in the optical model potential. Since the eigenvalue is independent of
the normalization of the wavefunction, one may for convenience use an

unnormalized wavefunction at the boundary such as ¢2(e.) =1+1i. In

this case the boundary conditions on the interior solution are

F36 P (@) = I+i

N -AQ-I) Ym+i-a, M, es)
77 @], = () ["'15 +4 -Lak e)¢ L wg:-,\, om, &)
3 €=Q ‘
In addition to these two boundary conditions on the interior solution
there is a third condition resulting from the fact that Rg(r) must be
finite at the origin, i.e. ﬁ(ﬁ) ok rfggr) -~ 0., Thus the third
r>0

boundary condition is
F38 ¢‘t(€=°) = 0

The interior equation to be solved is

1
w . T a@+) — I LA e . V()
s #o = [ - gl 1 sk Y e

| d x@©4))?
i} ’—%’Q SR S 4(|+o<(e/.r))(3'e )

+4 9 “(%)] P2 @)

2 de?
In solving this complex equation it is convenlent to separate %( e) into
real and imaginary parts. However the use of a complex dependent
variable € complicates this separation in the case of derivative terms.
The most desirable procedure is to rewrite the equation in terms of the

real variable € = €/€o = 1/ r,. Thus
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ro Ble) = [ Aty 1 {-S’Yo‘ — ASVEVeEn)
I+ &EY) q Tecke

+ Yo V‘(er. -qEevwrd + L d «xlv) + I i“@'.))z
“’Cz < ) ? € de q('+q€r‘) de

+ L d g
L a_éz:x(er)gl %€

Z Fge) gy(e)

with boundary conditions

Fh1 #e© =0

) go) = 1 +1

r3 @@y, =0tY) [ -ip +A- L) =00 Yot i)
V(m-A, 3m,S)

Separating the real and imaginary equations obtailn
1
- - €)
Fll e ) = RS Eep€) ~ RO $©

B gy @ = R@%® * R® %1 &)

Let us define a matrix type of notation and write the second order

differential equations as two first order equations.

X, €) = % &
Xa(e) = #,©)
X3€) = $ @
X@) = ¢y @

Xt
"

FLo



In terms of this new notation the differential equations become
1
BT X, €) = Xa€) = f(x¢€

e Xa(e) = Fr 40 Xf€) - F € %@ = £5 X,€)

"

P9 X3 @) Xy€) = £3(X€)

]

0 X4 @ = ROXE + RO X© = £y (%€

In order to solve for one real and one imaginary parameter in the
optical model potential such as Re("b,"”) and Im("B") the following

equations must be added

F51 Re (\\ L,") /

52 TIm ("3")'

Xs @ = 0 = Fs(X,€)

1
]

Xe@) =0 = £ (X€)

The six boundary conditions needed to solve the six simultaneous first

order differential equations are in terms of the new notation
53 X €=0) = O

P Xa(e=0) = O

$5 X, (e=]) = 14

F6  Xa(e=1) = 4

BT Xa(€:1) = Re 8@

ovt | €=l
P Xe(€) = Im #o |
out 'E=I

Now the first order differential equations are nonlinear in the

variables X;, X,, x3, X),» xs, Xg. Their derivatives can be linearized,
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however, by using a type of Newton's method called quasilinearization
in which the derivatives of the variables are expanded in a Jth order
Taylor series, i.e.

: - 2
F59 Xz ®) oy = JF;,-(X,e)lk +(X1€) eny ~X{€)x) b‘F:r("‘ )
2 X,€)

K

+ (X;LE)k,“ ‘Xa(@)K) a'FJ(RIG-) +
0Xa\€) Ik

vwhere 'i(e)k _o represents the initial approximation for X(€) and '}?(G)k +1
represents the corrected or improved approximation to‘fﬁi). Keeping
only those terms through the first derivative in the Taylor series

expansion, the quasilinearized equations are

FEO0 X,(e) kol S Xa € + (Xa €y~ Xa(@k) 1 = Xa(€) ka
Pl Xa@ ke = Fo,'€) X€) ] K 51@:7X3(e7lk + (X & g4 ~ Xk )
Fa® | - (Xs@ot =X 1) Fag @2 + (s

- Xs(€7k)( BF‘ui’) x,@ - 2@ Xs@) I X
0 Xs X5

+ (Xe@®ien =X €) ) ( e x,@) - 2Fy@ x,@),
2 XdE) 2 %€

P2 X3@kn = X3€ + (Xe@py ~X €)1 = X3@%y
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F&3 ).(q ©rn = R, € Xz@ )k + Fy € x,\e))k + (X @i X €k )

+ ( Xs€)iep)— Xs€)y ) ( 35637 Xg® + 2Ry © x,Le))
)

k

+(Xe@hu ~ %@ ) ( 2P4E) X, + 2 ©) x,(e7)

%O 2 Xc€©)
+ ( Xe@ — XCLE)/‘)( dFy € x,) + A€ Xp(€7)
%O 2 X€©)
Fok Xs €y = ©
FG5 X¢@k#t =0
1hk

where k = 0, 1, 2, ... According to Bellman the solution to the
quasilinearized equations will give an improved approximation for fﬁi)
provided the initial guess is close enough to the proper value.

In solving these quasilinearized equations, one finds it con-
venient to start with some arbitrary linearly independent initial
conditions. When arbitrary linearly independent initial values are
used, the solutions obtained must be combined with arbitrary constants
to form the general solution. These constants are determined by the
actual boundary conditions.

Let the homogeneous equations be solved with the initial

conditions



X &e)\ Hin @)
H 21(€)
Hsi@©

1L

|
/ o Xa€)
- (e . S - XS@)
F66 X () = o To obtain X(€) = Xy €) Hy©)
() X5 (€) Hsi(€®
o we, \wo)

o H1a€)

' Haa @)

- ' = - H’a@

7 X©) = | © +o obtain X@ = g%
© H @

© Hea €

etc., and let the inhomogeneous equations be solved with the initial

conditions

TH,©)
THy€)

. - THa@
“+o obtan X(G) = I“q(e)

THsE©
T H¢E€)

o]

o

= . _|o

P68 X©) = o
O

O

Then the general solution obtained by adding the homogeneous and inhomo-

geneous solutions is given by

res X, €) = C HuE€ + Ca Hia© +CaHis®) +Cqy Hiy®

+Cs His® + CeHic® + TH(E©
Flo Xa@€ = € Ha(€) + CaHxp® +Cs Has €) +Cy Hat®)
+cs Hais@©@) + c¢ Ha;@) + T Ha(€)
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etc.

To evaluate the C's use the boundary conditions
P72 X.(o) =0 = (C, =0

3  Xg(©) =0 => Cs=o

Ll XS-(O) - Re (\\L°II) = Cs = Re (“bg”)
P15 Xe¢®© = Im("B) => C¢ = Im("B")

6 X, ()= 1 = CaMia() + Cy Hiy@® +Re ("b)His()

+Tm ("8") Hie) + TH(D =4

P17 Xa®) = 4 => Ca Hag®) + cy Hay @) + Re("'b") Has)
+Im ("B Hag () + THa() = 4

P8 Xa() = Re @) = CaHap® +CyHoy® + Re("b")Hastt
ot ezt

+Tm ("8")Hact) + TH() = Ke &E)
out |g:=)

F79 Xy () = Im WE) . ,=> CaHya (1) +Cy Huy (1) 3 ke ("b.1) Hus )
oV =

+ T ("B") Hy¢® + THy()) = Tm y!.’e),
ovt lé=l

Equations F76-F79 can now be solved simultaneously for Cy C Re("d,"),

L’
and Im("B").

Once the C's are known the improved approximation for X(€) can be
constructed. Using this improved approximation for 'i(e) as the initial
value a still better approximation may be obtained. The whole procedure
is iterated until the improved approximations converge to the proper

value of 'i(e). In general the approximations will converge to withim
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one part in 10‘6 of the correct solution of the wave equation in 3 or
L iterstions if the initial guess for X(€) has the proper order of
magnitude.
In practice the integration is not started at € = 0 but at
€ = 10’6 of the integration step size due to the presence of 1/€ terms

in the wave equation.



APPENDIX G
Fortran Computer Program for Solving

The Klein-Gordon Equation for Pionic Atoms

In this appendix is listed the actual Fortran computer program
used to analyze pionic atom data. The notation in the program conforms
closely to that of Appendix F. Due to the extensive comments one can

easily follow the logic of the program.
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