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ABSTRACT
A STUDY OF NUCLEAR
PION ABSORPTION
BY

HAITOOK SARAFIAN

Various aspects of pion-nucleus interactions are stud-
ied. The S-wave pion optical potential is studied up to
second order investigating effects due to the modification}
of the pion propagator. That 1s, the ordinary off-shell -
pion propagator is replaced by one which includes the
effects'o§ the average field generated by other nucleons.

S and P wave pion absorption in a finite nucleus and
in nuclear matter are studied. Emphasis is on a rescat-
tering absorption mechanism which turns out to be equivalent
to the quasi-free deuteron model, The results are improved
by including medium effects in the pion propagator, as in
the S-wave séattering case.

The possibility of nuclear opalesence and pion con-
densation phenomena are discussed. The isospin dependence
of the P-wave absorption in He lsotopes in the resonance

region is explained by the rescattering process. Finally

the question of the region in which absorption takes place

and the problem of overlapping sources is discussed.
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Chapter I

Introduction

Information about nuclear structure is usually ob-
tained from nuclear reactions. The pion has become an
important probe, with the production of high quality meson
beams. Because it has zero spin, its interaction is sim-
pler than that of spin 1/2 or spin 1 probes.

The pion has a small mass, m, = 140 Mev = 0.151n~ ,
so it is relativistic even at low energies. It can also be
absorbed by a nucleus. 1In these two respects it is similar
to a photon. However the pion strongly inferacts with nu-
clear matter, it also exhibits strong resonance behavior due
to the formafion of the A resonance in the P wave pion-
nucleon channel.

In this thesis the emphasis is on a particular mecha-
nism for pion absorption, the rescattering mechanism where
@ pion is absorbed by a pair of nucleons, being’scattered by
one and.abéorbed by the other.

There are two such mechanisms, the first being S wave
pion scattering followed by absorption, and the second
involving P wave pion scattering. The first is predominant

at threshold, the'second, which goes via the creation of a

1




virtual A resonance, is the most important for pion.
kinetic energies > 50 Mev, including the resonance region.
Here both & and f mesons are included in intermediate
states.

Experiments on pion absorption by the He isotopes in
the resonance region, show that the ratio of absorpﬁion on
T = 0 nucleon pairs to T =1 nucleon pairs is very large,
and this is explained in a natural way by P wave rescat-
tering in the present model, thus justifying the old quasi-
deuteron absorption model.

However absorption parameters in nuclear matter cal-
culated by fitting the parameters of the model to pion
absorption by free deuterons generally give results which
are too small as compared with experiment. One difference
between absorption by a free deuteron and two nucleons in
nuclear matter is that in nuclear matter,the pion propagator
is affected by the average field of the other nucleons,
expressible in terms of the pion self-energy in nuclear
matter., This is not a small effect, and occurs also in other
physical processes. It could give rise to phenomena like
pion condensation or nuclear opalescence. These processes
do not appear to happen at normal nuclear densities. The
strong momentum dependent P wave pion interactidn with
nucleons which would tend‘to give rise to such phenomena is
damped by processes at short internucleon separation,
usually parameterized by the Landau parameter g', or equiv-

alently by the Lorenz-Lorentz-Ericson-Ericson parameter, A,




( LLEE ) , [Ref. I.1] which derives its name from-an
analogous process in the propagation of an electromagnetic
wave in a polarizable medium. Non observation of nuclear
dpalescence in other experiments means the g'> 0.5 or
As>1.5

The parameters of the theory are the couﬁling con-
stants at the interaction vertices, the form factors Ag

AP at the vertices, which give the effective size of the
nucleons or isobars acting as sources for the meson fields,
and the LLEE parameter A . This is all part of the
standard T + L phenomenology involved in other areas
of nuclear physics such as the excitation of spin-isospin
flip states in 1nelast1c proton scatterlng ’ -

The use of finite size sources, where the size is an
effective one, and may be due to complicated processes at
short distance, indicates that the calculation is likely to
be invalid if the sources overlap, so the region of nucleon
separation in which absorption occurs is investigated. The
‘relation, if any, between source effective size and the bag
model of hadrons is briefly discussed. Clearly an under-
standiﬁg of the parameters A or g' , would involve
understanding the properties of overlapping bags. A recent
attempt in this direction has been made bnyeise [Ref. 1.2].

Two nucleon absorpﬁion may not be the whole story.
Reéent experiments near resonance indicate tﬂat cluster

absorption involving the excitation of two A 's may be

important at resonance energies for large nuclei. This will




not be considered here. 1In any case it involves the same
basic processes, which have been used to estimate the ratio
Qf 4-body to 2-body terms.

This dissertqtion is organized as follows.

In Chapter II the S:wgve part of the optical potential for
pions is discussed. Calculations are carried out up to sec-
ond order, including nuclear medium effects in the second
order term, but excluding absorption. The purpose is to
investigate the origin of.the strong repulsive nature of
this part of the potential observed empirically.

In Chapter III pion absorption by S wave rescattering
is investigated for both nuclear matter and qu . The
nuclear medium efflect is calculatéd, as are. the isotopic
ratios and anqular distribution of emitted nucleons. Some
of this has already been published by the présent investi-
gator;

In Chapter IV P wave rescattering is investigated
for both nuclear matter and “He . Nuclear medium effects
are calculated, as is the isotopic ratio for emi;ted nu-
cleons. The latter has also been published by the present
author.

In Chapter V the question of the region in which
absorption takes place and the problem of overlapping
”Sources is briefly discuSéed. A calculation of the absorp-

tion parameter in an alternative form of the P wave optical

-potential ( 8 -h model ) is also presented.
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Chapter 1II

7N SCATTERING

The kinematical region of interest is pion kinetic
energies of < 220 Mev . In this region, the XN scattering
amplitude consists of at most two partial waves, L = 0 and 1.

P wave ( L = 1 ) scattering, dominates due to the formation

of the intermediate resonance state, A , in spin and isospin
3/2 channels. The S wave ( L= 0 ) channel, although small,
is important at low energies. In this section S wave TT.N

scattering is studied.

2-1 S Wave N Scattering
S wave pions in principle could be scattered by the
meson ( pion ) cloud surrounding a nucleon and also by the

" bare " ( core ) nucleon,

T
\
N
AN

Figure 1II.1 Scattering of a pion by a nucleon

or equivalently
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Figure 1II.2a Scattering of a pion by meson cloud
Figure 1II.2b Scattering of a pion by nucleon core

Figure II.2a shows the scattering of the incident pion by
the pion cloud and Figure II.2b shows the scattering by the
core,

The contribution of Figure 11.2a is small and may be
ignorerd [Ref. II.1] . But part 2b itself, is composed of

at least three dynamicai channels.




L O
I
o = :rv;fv + i’vv(}fv +

*N K+ 4N K4 *N’ K* *N

Figure II.3 Three dynamical channels of pion-core
lnteraction

The channel in Figure 11.3a, due to the exchange of
the scalar ¢ meson, contributes to the isoscalar part of
KN scattering. Diagrams 3b and 3c are due to vector-
meson ( and anti-nucleon N exchange and describe the iso-
vector part.
For low energy scattering it is sufficient to use a

phenomenological interaction [Ref. 11.,2]

T \ T o ab, 4Ry T2 (22
Hum~= _/.‘.A‘cp ¢-PY¥ . 1)7_¢ c.(nxe)d (2-1-1)
, J
. 2 -
where 4 is the nucleon field operator and ¢ and X
> .
( =D{P ) are the pion field and its conjugate operator re-
. - . , . .
spectively, and € 1is the nucleon isospin operator. This
interaction is parameterized through two scattering lengths,

A; and )1 which are given [Ref. 1I.3]




A, = 0003 £ 0.001
(2-1-2)

A.l_ 0.08 + 0.00]

By using these two scattering lengths the S wave [N,
Sy, phase shift in isospin 3/2 and spin 1/2 channel up
‘to 50 Mev and S, phase shift in isospin 1/2 and spin
1/2 channel up to 250 Mev pion's lab kinetic energy are
well reproduced. |

To improve the Sy, phase shifts for higher energiés,

energy dependent scattering lengths are proposed [Ref. 11.4]
. T i Y
)A=00034 0034y ! _o0.0058 (T )
/A-

S T‘ ( 3 (2-1-3)
A~ 005~ 2-[o0033¢ T _o0.058(T)
o} 4 w [ /.‘ | /p ]

where T is the pion's kinetic energy in the laboratory sys-

tem,

2-2 T A First Order S Wave Optical Potential

Adopting the multiple’ scattering approach [Ref. II.5]
to study the A scatterindiproblem, the basic process
would be the scattéring of”;n incident pion via single bound
nucleons. To lowest order [Ref. II.6], the optical

potential ) , 1s parameterized in the follo&ing form

opt
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(&)

2L UoPt =~ 4mb, p (2-2-1)

w
where b  is the first order S wave scattering parameter
and e is the nuclear density.
From the Hamiltonian Equation (2-1-1), the XN scat-

tering amplitude i » in momentum space for this process
is

N Y v
t = YT a) -i(w4e) A E2 (2-2-2)

’ . . . -~
where W 1is the rescattering pion's energy and t is

the pion's isospin operator.

The Fourier transform of the expectation value of this
operator between initial and finai nuclear states expressed
in momentum space in the elastic écattering channel i.e.

W = & results in the spatial representation of the -

optical potential
2w UOpfz _87'7_5_[),(;.6%19_1:3((‘,-(")] (2-2-3)

In nuclear matter and / or symmetric nuclei, where the
proton and neutron densities are identical, Edﬁation (2-2-3)

would reduce to the more compact form




11

U , = 8T
< °pt 2 A‘() (2-2-4)

By comparing this equation with Equation (2-2-1), the
S wave scattering parameter becomes,in terms of the fitted

scattering length A, ,

(

b, = - A (2-2-5)

<
2

From this result one may conclude that the first order
S wave scattering parameter b:, in the kihematical region
of interest is independent of incident pion energy, and
since it is negative, it leads to a repulsive optical po-
tential. But since M, is very small, the first order S

wave potential would not have any significant effect.

Hence, higher order S wave effects should be considered.

2-3 A Second Order’'S Wave Optical Potential

In the second order S wave WA multiple scattering
process, the incident piéé gets the chance of being scat-
tered twice by two different nucleons. The incident on

shell pion gets scattered by one of the nucleéns, propagates

off shell through the nucleus and is rescattered by a second
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nucleon.This process is shown diagramatically in Figure II.4
N4 ‘N
":—C-—-ir---—‘E-—-—‘P_.‘._ T

N* *N

Figure II.4 Second order S wave pion scattering

Applying the interactive Hamiltonian Equation (2-1-1)
twice in this second order diagram in the ‘elastic channel,

the scattering amplitude becomes

(1 2 2 1 2.2 ) an (2-3-1)
= a & (W .
T =(yr) G(U,k)_}.‘.;[A..‘._s_(_/.‘_) ALC z]

an .
vhere G(W k)= =¢ is the off-shell propagator,
2 “3 2
an Yol L b a! a2
is the pion momentum, and T and T are first and

second nucleon's isospin operators.
Fourier transformation of this amplitude gives the
optical potential operator

BT jar
dk (2-3-2)

(v
AW Uopt-'- f T e

(an)® V
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where the F= ?"-t-}; is the relative separation vector of the
two nucleons. The nuclear matrix element of this operator

involves the exchange part of the two body density operator

S R ] J (Keli?y
(e = 72 70 fnlba Kel?-Rl

)T
]("""("1) (2-3-3)

. . q
where A is the atomic number of the nucleus and Piv

t . - . -
and are the spin and isospin exchange operators
. g P

qg ) a2
Po=— (1+5.37)
p= §
(2-3-4)
Pr = 2 (14'T.2Y)

-1, S .
k} = 1.4 fm 1is the Fermi momentum,.and C’ 1s the nuclear
: 3
density. For nuclear matter i.e. (’ = 2/31!7‘ KF and for
threshold pions the following second order S wave optical

potential parameter results

() :
b, = - 6 K (1%a)) (2-3-5)
T 2

Above thresﬁbld, analytical calculation is not pos-
silble and integration hé;»be carried out numerically,
[(Ref. 11.7] .

One may compare this result with the first order

. v n
parameter Equation (2-2-5). The ratio of b, / b, =3
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shows the significance of second order effects. Identical
signs of St)and b:)stress the coherent nature of these

two effects in generating a stronger repulsive optical po-
tential, which is needed for better fits to S wave pionic

atom level widths.

2-4 Modification of KA Second Order S Wave Optical
Potential
Even restricting the multiple scattering to second
order, the method of the previous section is an approxi-
mation to what actually happens. Although only two nucleons
get involved actively in the second order rescattering
process and the rest of the nucleus acts as a spectator, it
does have an effect. That is the off shell rescattered pion
does not propagate between two isolated nucleons in vacuum,
but in a medium which exerts an average field on the pion.
Usually this effect is refered to as the pion's
" Self Energy " JI , [Ref. II.8)] . It should be added

explicitly to the pion propagator

Gtie = - (2-4-1
/,1+ k":-'-wz /“L_‘_ k.ul_ul_‘_Tr

.

Diagramatically the self energy contribution is de-

picted in Figure II.5




A’+ 15 4\N
T () - T

ujf *N

Figure I1.5 The second order S wave pion rescattering
mechanism with inclusion of medium effects

In brief, [(Ref. I11.8], the off shell propagation of
the pion in nuclear matter is considered as the excitation
and de-excitation of an infinite number ofkvirtual isobar-
hole states ( A - h ) . The complete pion self energy
is obtained by summing the chain of A -h diagrams con-
nected by the reduced isobar-hole interactions.

Analytically it is given by

T(K) = ﬂ‘o(k)/ 1A Ttk (2-4-2)
i g

"o is the self energy of pion due to a single A -h

excitation

. | éu«m 1t £ (2-4-3)
Tk = _ - (.7_.) K e (D|+ =)

with the energy denominators
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D, = My -Mmy - (2-4-4)

Daz WA—”‘HN-I-U

N
2 N
the MANA coupling constant -f-m“ /4T = 0.32 [Ref. 1I.9]

mA and m are the A and nucleox{ masses respectively,

and K and w are the incident pion's momentum and
energy, ( is the nuclear density and }“(k) is the

monopole form factor,

-‘"(k):: I\l-/‘z/AI_*. k’:_ g" (2-4-5)

A is the cut off mass parameter [Ref. II.3] and A\
is the LLEE parameter [Ref. I1I1.10]: its range should be
confined to 1 < A < 2, [Ref. II.11] . This takes ac-
count of, among other things, the short range correlation
between nucleons.

IT(k) can be written as

M=k Pf (k) (2-4-6)

Inclusion of this in the propagator means
2 " 2 2 1
K'— k (I‘an)and, as at threshold W ‘-'-'/4 , {Tl‘ =1, ,

this means approximately that '/ku".__«_y- '/kal“_P) i.e.
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the propagator is ampiified by a factor !/ 1-p

Putting in the numerical values, at threshold,

P-= I~IS'/,"O.33). Note that if A was small, '/I—P

could be very large.

Performing the calculation, the second order S wave
scattering parameter then becomes [Ref. 1I.12]
)

bo=-2_ K (1 +u) |- _OmPKE
A [ S401- P Af 7] e

Since P carries all-the information about the nuclear

medium, the overall many body contribution to the problem,

i.e., the 'Il-P factor, amplifies the strength of the

. ‘ ) ) )
scattering parameter b° + The second term in Equation

(2-4-7) simply shows the effect of the form factor.
By extending the above formalism beyond pion thresh-

old, we have shown that the second order scattering para-

meters become

(2) 2
Reb, [k ReI_ _8TPke ] (2-4-8a)
/4 W1-PUA™-})
(2.)1 2
Imb, = _ & 7‘1(). ' ImI - (2-4-8b)
o -

where




A
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2 . 2 4] )
Ke ReI = tmj _LJ,I(KF;() Sin(3kx) 4. (2-4-9a)
o X 2EX
o 2
2 2 .
Ke ImT = 4K | J Ckpx) (Sin(kx) ) dx (2-4-9b)
o K x

By choosing Ag = 1.2 Gev and ) = 1.6 , which is
the appropriate value to use for pion absorption in
nuclear matter [Ref. II.13], discussed in detail in
Chapter III, the combined first and second order S wave
scattering parameter at threshold becomes - 0.066/":l
which is about 2.5 times stronger than the original value
given by ﬁ:’+ ﬂt)without medium effect . This extra
repulsive strength in the optical potential gives better
fits to level shifts of pionc atoms.

At this stage we would like to justify the validity
of the sharp resonance approximation which was used to
construct the pion self-energy. That is, the direct

channel's energy denominator D, , given by Equation

(2-4-5) , does not include the isobar's width. The exact

D, should read
Di=mpy-my L p-sl, (2-4-10)
P 1
where ’
My = _-3}_( Frwa ); L g (2-4-11)
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and K is the pion's momentum [Ref. II.14] .

At low energies, say T = 50 Mev , the maximum value

T
of Ia = 0.02 , which by comparing to the real part of
3 /.

D, can be neglected. At higher energies the isobar's width

|
becomes larger. Consequently, for more accurate calcu-

lations, one should take it into account.
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Chapter 1III

PION ABSORPTION
Introduction

As pointed out in Chapter I, the distinct feature of
a pion which distinguishes it from other probes, is its
absorption by a nucleus. A pion cannot be absorbed by a
free nucleon. It can be absorbed by a bound nucleon, but
more likely by a cluster of nucleons, which contains at
least two nucleons.

Experimental data [Ref. III.1l] in the kinematical
region of 1nterest indicates that pion absorptlon in a ty-
pical light nucleus often results in two-nucleon emission.
So a two-body microscopic absorption model is investigated.

The JTA scattering amplitude in the pion's energy
region that we are interested in containes only two partial
waves i.e. L = 0,1 . So, the two-nucleon absorption pro-
cess is studied separately for S and P wave pion rescat-
tering. In the next section detéils of the S wave absorption

are presented.

3-1 S Wave Pion Absorption in Nuclear Matter
True absorption by S wave pion rescattering is para-
metrized by an optical potential term quadratic in the

21
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‘nuclear density [Ref. III.2] , which indicates absorption

via a two-body mechanism, so
2wl B, ¢ 3 )
W opt =-4n > (3-1-1

Here W is the incident pion's energy, e is the nuclear
density and B, is the absorption parameter. On the other
hand from the multiple scattering pion-nucleus series

expansion the optical potential may be written as

CKIU[K'> = <k'[VIKk) 1<KV ! VIk>  (3-1-2)

E _H_ +i€

where the optical potential <k'fUIKD s usually
denoted by U°P£ , and <k'[V/k> is the nuclear matrix
element of the elementary single pion-nucleon interaction
operator. The pion momenta are K and &’ .

By inserting a complete set of nuclear states
‘%'N‘)(«(lai in the second order optical potential and

splitting the nuclear Green's function into its dispersive

and absorptive parts it becomes

Ufz) | fP
=1 T — (T S(E pw-E ):IT, (3-1-3)
' ['_Eq_'-l-D_E’( ‘ ct f'] £

Here 7;¢ is the matrix element of the two-nucleon pion
absorptive opérator between the nuclear states i and .- f

of energy E. and E, respectivly and L) is the nuclear
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volume. For a Hermitian absorption operator Equation

(3-1-3) beomes

!
£

— 2
L [’ l _ ,-755(E£+u-r='f)]l7{".l (3-1-4)
{ EC-‘-‘«)~E+ '

By comparing Equations (3-1-1) and (3-1-4) we get

<L
RCGBO_:.~ L i ITI ?
_’_ .

Qi«'.'(zﬂ ¥ EHw-E*
2 (3-1-5)
I’)nBQ = L 7: 17;_'I S(EL'\" LJ—E{)
2 .
Q() 0 -f#c

1
In most of the S wave calculations [Ref. ITI1.3-4] the

absorption operator is based on the diagram given below

hl* 1 N
| z_.__#‘-_'i——?
w4 b

Figure III.1 S wave pion absorption via two-body mechanism

Here the S wave pion is scattered by one of the nucleons and

absorbed by the second one. The scattering vertex can be

described by Equation (2-1-1) and the absorption vertex by
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the usual HNNN Hamiltonian density [Ref. III.S5]

A

N = {INN//" ‘I D,s' $ ‘I’. [~ (3-1-6)

By applying the standard Feynman rules, the absorption

operator becomes

22
T=1_¢ 3/(. ! 1[A z ¢ 4y (Q+Q)(ch)J(3 1-7)
Yo pikie 2p

The calculation of the matrix element of 7T is
straight forward. Two cases are considered. The first is
nuclear matter, wﬁére the Fermi gas model is used to con-
struct the initial pair wave function [Ref. III1.3). The
second deals with finite nuclei, where harmonic osc1llator
wavefunct1ons are used to construct the initial pair wave
function [Ref. III.4] . 1In both cases, the final pair
nucleon wave functions are described in terms of out going
plane waves, that is, distortion is not included.

For threshold pions, nuclear matter calculation
leads to Re B, = 0.008/:4 and Im B, = 0.02/:

[(Ref. III1.3,6] . The energy dependence of the latter is
shown in Figure III.2 , and the energy dependence of

Re B is given in [Ref. III 3]1. As compared to the value
obtained from pionic atom level widths, Im E; = C).O42/:
(Ref. 111.7], the absorption value is too small by a factor

of two.
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Figure III.2

The imaginary component of the S wave pion absorption
parameter of nuclear matter vs. pion momentum.
Dashed line corresponds to a rescattered pion

energy of 0.5 & . ‘

Solid line corresponds to a rescattered_pion

energy of 0.5 /*
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We try to improve the result [Ref. III.8] . By the
same method as used in Chapter Il we introduce the effect
of the nuclear medium on the pion propagator. |

Also the medium affects the absorption vertex, so
that it is renormalized [Ref. III.8] .

These modifications can be taken into account by
simply replacing the Yukawa one Pion exchange potential

V() = (14 -;',C)"—"P(-/‘*')//‘*" (3-i-8)

by .the following integral
i

o 3 2
K d, (ke )T CRVL CR)

y‘ (f‘*")-—-»- J dk (3-1-9)
*2 T 3t k)
Ty ek +§,L/‘ +T0(
where the vertex renormalization is given by
- A 2,2, -1-
(k) = l/([__ g Wo(k}/k{n(k)) (3-1-10)

In both of the above equations the pion's effective mass

is /4: V/"l- w'? . The integrand of Equation (3-1-9)
contains a regular pion monopole form factor given by
Equation (2-4-5) .

Based on these modifications for threshold S wave
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pions, the variation of the absorption parameter Im B, is
studied as a function of the LLEE parameter i.e. A .
The results are shown in Figure III.3 . 1In tﬁis figure it
is quite interesting to note that by choosin§ A = 1.6 -
1.8 which is exactly in the region of the p}eferred range
of A [Ref. III.9j » we get the proper enhancement which
we need to match the pionic atom data. Also this result
agrees with the absorption parameter which is used in
phenomenological A scattering optical potentials.

A detailed study of the pion's self-energy reveals
the possibilities of an interesting physical phenomenon.
To make the point clear, one should recall the regular

static OPE potential between two nucleons in vacuum, i.e.

. )

- 0' )
l%(f]): ({mm/) (5, '71/‘ & (3-1-11)

where the coupling constant is given in [Ref. I1.9] and
%? is the pion's momentum transfer. Replacing the

vacuum by a Fermi sea, the pion polarizes the medium.

Polarization of the medium can be viewed as the virtual

excitation of nucleon-hole as well as isobar-hole pairs car-

rying the pion's quantum numbers, shown in Figqure III.4
ying P q g
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Figure III.4 Nuclear medium polarization due to pion
propagation
The polarization is determined by the Strength of the
P wave pion-nucleon coupling, the density e of the medium
and by the strength of the short- range correlation accompa-
nying the driven OPE interaction. The modification can then

be written as

anq) = Vn(q)/é(q) (3-1-12)

where the mesonic polarization effects are summarized in
terms of the diamesic function €9) . 1f, in 3 much sim-

plified picture, the repulsive short range correlations are
o~ _‘1 ’-—\l
parametrized by % ( c.T ) S(F) where g' is

related to the LLEE parameter A introduced in Chapter

I1, g' = A/3
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' 2 +
€(q) = _ 1 2(9,¢) (3-1-13)
L+ [j ({nnn//*) 72_+/‘1] ¢

where Y(?.e) contains the information about each individual
nucleon-hole or isobar-hole excitation, represented by a
single bubble in Figure III.4 .

The size of the diamesic function is essentially
determined by the competition between the attraction from
OPE and the short-range repulsion controlled by gq' .

’/é(?) becomes maximum, at about 7 = 3p and for
g' = 0.4, and at regular nuclear matter density, (’: 0.17
_ﬁﬁa,it becomes infinite. The sinéularity of €(9) at 9 = 3p
comes from the strong amplification of the pion's field.

This amplification corresponds to the existance of g3
large number of pions, and nuclej should then undergo a
phase transition. Nuclear structure would be reordered
such that the ground state would Have a strong pion-field
component and long-range ordering of the nucleon spins would
occur due to the spin dependence of the pion-nucleon inter-
action. However the empirical value of g' is = 0.6 - 0.8,
corresponding to A % 1.8 - 2.4 and condensation is avoided
at nuclear matter densigy.

A nucleus might, however, undergo a phase transition
at higher density [Ref. III.10].

In heavy ion collisions, where creation of exotic

objects with densities higher than regular nuclear densities
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are possible experimentally one might see the phase trans-
ition phenomena.

In Figure III.5 we have shown the behavior of Im B,
with inclusion of the medium correction at A = 1.5 vs. pion
lab momentum. This shoﬁs the overall many-body effect in
S wave pion absorption. The curve is plotted for ¢0'=1/2/‘.
By comparing with Figure III.2 one sees that not only does
the many-body effect enhance the threshold value of 1Im By .
but it gives less variatioﬁlwith energy.

In Figure III.6 the effects of the medium correction
at A ='l.5 on the dispersive component Re B, of the ab-
orption parameter is shown. There is no noticeable ampli-
fication at low energies.

To conclude the discusion of the S wave pion absorp-
tion in nuclear matter, from a two-body méchanism point of
view, we should talk about the ratio of pioh absorption in
two different possible initial isospin channels. To be more
specific, for instance one could think of T~ absorption on
initial np or pp nucleon pairs.

The interesting quantity is

R = {mrmp—nn)

3 (3-1-14)
(" pp —np)

The obsérved.ratio for the above quasifree processes
is about 10 . The most sophisticated calculation based on
the two-body absorption mechanism [Ref. IIT.6] predicts

-4
R, =3 . The same work [Ref. III.G] predicts Im B, = 0.036p0
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which is close to the parameter used to fit pionic atom
level widths [Ref. III.7] . Therefore [Ref.III.11] , one
conclusion could be the involvement of more than two

nucleons in the absorption process.,

3-2 S Wave Pion Absorption in Finite Nuclei

Motivated by these results, we have studied the ef-
fects of the pion self energy in S wave pion absorption in
finite nuclei. Here, harmonic oscillator functions were
used to construct the initial nucleon pair wave function and
pPlane waves were used for knockout nucleons.

Since the medium effect is calculated for nuclear mat-
ter, the absorpticdn rate is averadged over the nuclear

density, i.e.

M= f(’cr) [(e)de (3-2-1)

To be consistent we set A= 1.5 and for convenience,
instead of the absorption parameter we studied the absorp-
tion cross-section.

The absorption cross-section is
o &
0= anp/k Z I-T+;-| 8(E£+a'-ef) o (3-2-2)
£

On the other hand the imaginary component of the

scattering length is




35

Ima = _f_’:_. (3-2-3)
I

where the absorption rate [ is

2
r_-.-.arc} P, 3(Ej4w.E:) (3-2-4)

By combining the above three equations we get

o= 4T Tma (3-2-5)
K

Hitherto we have used for the vertex form factors
Equation (3-2-5) the standard value A = 1200 Mev , obtained
from fits to - deuteron absorption. At this point we in-
vestigate the dependence of the S wave absorption both on
medium effects and the vertex form factor. The results are
shown in Figures III.7 and II1.8 , which show the absorption
cross-section and the imaginary part of the S wave pion
scattering length for qu as a function of the pion incident
momentum, for different choices of the vertex form factor
parameter A, and with and without medium effects. As in
Chapter II, for calculating medium effects we take A = 1.5.

Referring to Figure III.7, absorption cross-section

versus pion momentum, we have 2 curves. The top curve,
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S wave pion absorption cros-section of YHe vs. pion

momentum,

The solid line on the scale of this drawing corresponds
to the following three almost indistinguishable cases

one T exchange with
effects

one X exchange with
at A =1.5

one 1 exchange with
effects at A = 1.5
Diamonds correspond

Arx = 700 Mev and with and
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o and medium effects
1200 Mev and medium

pion exchange with
without medium effects at
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solid line, corresponds to the standard case A = 1200 Mev,
no medium correction and the bottom case, emphasized by
diamonds, corresponds to A = 700 Mev, no medium correction.
Thus we see that the absorption cross-section is extremely
sensitive to the vertex parameter A., i.e. the size of the
source, < T")'It= ‘J?/A .

Actually the top curve, solid line, also corresponds
to the standard case A = 1200 Mev, with medium correction
calculated for A = 1.5 » which is indistinguishable on the
scale of the drawing from the case without medium cor-
rection. The same is true for the bottom curve. Thus also
for A = 700 Mev, the effect of the medium correction, for

A= 1.5, is neglegible. Thus medium correction effetts

qu , do not lead to an

for a small finite nucleus, i.e.
amplification of the absorption, unlike the case of nuclear
matter, where medium effects gave ah amplification factor

= 2. The difference between the two cases can be explained
as the low effective density given by the folding procedure
(3-2-1) (surface absorption).

Figure III.8 shows the same result for the imaginary
part of the scattering length. The case of A = 1200 Mev,
no medium effect, solid line, and. A - 1200 Mev, medium
effect for A= 1.5, dashed-dot line, are just distinguish-

able from one another onﬂthiSFSCale. The experimental value

at zero energy is also shown. It agrees with the atandard

n

case A = 1200 mev, i.e. source radius 0.4 fm, with or

without medium effect. It is clear that A = 700 Mev, 1i.e.
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Figure III.8

The imaginary component of the S wave pion scattering

length of YHe vs. pion momentum.

Dashed line correspords to one rx exchange with
Ar=e0 and no medium effects.

Dashed-dot line corresponds to one & exchange with
Ag = 1200 Mev and medium effects for A = 1.5

Solid line corresponds to one X exchange with
Ax = 1200 Mev and no medium effects.

Dashed-dot-dot line corresponds to one ™ exchange

with Al = 700 Mev with and without medium effects

for A = 1.5 .

® is the experimental value for threshold pion
(Ref. I11.7] .
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~

source radius 2= 0.7 fm, gives a result that is much too
small to agree with experiment.

Referring back to Figqure III.7 we notice that the §
wave pion absorption cross-section falls smoothly with in-
creasing pion momentum, i.e. shows a typical 1/ behavior.
So since the cross-section has an appreciable magnitude,

2 15 mb, only up to incident pion energies of <= 20 Mev,
S wave pion absorption is confined to low energies. P wave

rescattering absorption quickly becomes the dominant mode,

and will be discussed in the next chapter.

3-3 On The Anguﬁar Distribution of (' 7¢, 2N )

Experimental data for low energy pions indicates that
knocked out nucleons are emitted back to back and have an
isotropic angular distribution. Iﬁ this section we study the
angular dependence of the scattering cross- section for a
typical (T, 2N ) reaction, assuming S wave absorption
only.

The calculation is carried out for qu . For an
incident 7?.'* beam, we have the following four different ab-

sorption possibilities,
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Figure III.9 The four possible S wave It+rescattering
absorption mechanism

The scattering cross section is

p
4o _an I'l;\.l (3-3-1)
d0. .

where qiis the matrix element of the transition

( absorption ) operator between the initial and final
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nucleon pair states. The operator is given by
Equation (3-1-7). Referring to Figure III.1 the symmetrized

amplitude can be rewritten in the following form

, ' 2
T=(c+T) t + (e, ¢ _ ((E'%E), (3-3-2)

' 3
where the T and T are the usual isospin operators of
the first and second nucleon respectively and (+) stands

for the spherical component of the given isospin operator

' Py L;E
t 7(n~~/,‘~ Aa /'/J; )l(fr)e [
(3-3-3a)
Cos( 9-7)( EI) ‘?r -cS‘ak(lC-]\?)(E'-t&ﬂ) ?
t=“‘fnu~//-3)‘ f/w‘, Y‘(/-«r)e (L)-[-b)[
(3-3-3b)

i 3 ! a2 A . o I 82, 2
@EIREE)T ¢ s ANTENT ]

Here @' and 0"2 are the usual Pauli spin operators
of the first and second nucleon respectively, ? is the
incident pion momentum.";i‘he scattering lengths X, and
1\,_ are given in Chapter II, the coupling constant -f“,m
and the pion effective mass /u* are given in [Ref. III.5].

The modified Yukawa function y(/‘r) is given by Equation
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(3-1-8). The CM coordinate of the two nucleons is

'A = s . .

R =1/2(Ff + 1 ) and the relative separation of two nucleons
.a_—\ -l

r=r - r, .

Since we are interested in low energy pions, the above
amplitude can be approximated. This approximation is a
trivial one, that is

. ‘-5-5 - . S > —~ (3-3-4)

Sm(iq.r)..o 2 exP(n?.R)__l

As the pion brings in no appreciable momentum, the
center of mass motion remains unchanged so we only have to
consider the relative wave function of the two nucleons.
Equations (3-3-3a) and (3-3-3b) become

i
2

’ -\' 2 =
t = {nﬂ" (/‘2 A /u*/fl: X{/‘*r)( a ;«1).$Cos(iq-f)(3—3—5a)
6 = fon ) WA I HIF0r693 50
"7(1mra/f M N WP +09(5 3§ )1%sl§T3-3-50)

To calculate T;;, it is more convenient to label the
initial and final nucleon pair states in terms of total
isospin T and spin § quantum numbers. That is
1>=1T:,8p  ana If>=]T, &>

Hence for If% pn,”pp ) i.e. Figure III.9a,b non-

vanishing spin isospin matrix elements become
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=l oo .
o= <P, ‘L" €-)p (3 e8 e, T17> (3-3-6)
‘_' . .a' -32' ..' - [y,
< PP, 1;:__,) e(Ttx T )4‘ (G +d.1)“>n, :’;:;? >+
< PP, ?*;:I (c'+ey, (8- |Pn, T2,

and for m( nn, pn ) i.e. Figure III. 9¢,d the non vanishing

spin isospin matrix element becomes
T-; ! ™ "1 Tt‘:.'
Tfs'-':<rhi ;"} (C'}C) (8‘0 )lhn - > (3-3-7)

In this special channel only one term survives so we
look at this case.

The complete form of Equation (3-3-7) is

Ty=) ) Te=! (3-3-8)
e = <Pn, ;fs' l (c'+ tt),,, \‘:"I"“, (;=o ?

Since the initial nn pair is in the singlet spin and
triplet isospin state, it's spatial wave function is
even. We confine ourselves to orbital angular momentum
L=20.

A harmonic oscillator basis is used to construct the

spatial wave function, i.e.

e

d(F)= B (DY (7)
clri= Ry (0 (v

(3-3-9)
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where n =1 =m = 0.

We use plane waves to describe the spatial components
of the final nucleon states and since the final pn pair
is coupled to an isosbin and spin triplet state, the anti-

symmetrized spatial wave function is
¢ Z - ‘
(r)= (< (kv e ck,) (3-3-10)
f 4 ) £4k} y’f’";));w“+

KY
where ﬁ; is the relative momentum of the two ejected nu-

cleons, shown in Figure'III.lo

<9}

N"‘L
e SH

Figure III1.10 Schematic ( T, 2N ) reaction

Cos(13.7 i i f th ial
5 is expanded in terms of the partial waves

‘!+) 4 % .
Gs(L3.f)= U 2 ) J gy (7)Y (9) (3-3-11)
i 1 e 2177 T
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where (+) means only even values for 1 are allowed.

By setting 1 = 0 in Equation (3-3-11) , appropriate for

low energy pions, conservation of anéular momentum confines

the final angular momentum in Equation (3-3-10) to 1 = 1 .
With these approximations the scattering cross section

i.e. Equation (3-3-1) becomes

2 A 4
ﬁ = = T(r.k) |y, dpl (3-3-12)

where the radial transition matrix element I 1is defined as

T (3-3-13)
I(f’fk*}: j J,( k{r) J.(éﬁr) )‘ (/'*r) Roolr) rid\'

-2
here RQ ._._e,(‘,(-LOri) and for He we used V= 0,493 fm ",
. 2
The polarization information of the ejected paired
‘ . ~ .
nucleons 1is carried by Yl‘m(k./) . Therefore, by summing

over all the possible polarization directions we get

._d..?.._ =N I /I(/‘f's/)la (3-3-14)
dlL w

where the N contains all the energy independent factors.
Any anisotropy inﬂgcattering cross section i.e.

Equation (3-3-14) is contained in the radial matrix element

I , which depends on "* - But conservation of energy

and momentum give no dependance of k., on & and the emis-

¥

sion is isotropic.
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Chapter v

P WAVE PION ABSORPTION

4-1 In this section we concentrate our study on P wave
pion absorption in a nucleus.

Free QN total scattering cross sections show a res-
onance peak at about 200 Mev pion lab energy, with an ap-
proximate width of 110 - 120 Mev. This well established
resonance is interpreted as the formation of an unstable
intermediate resonance state in spin and isospin 3/2 chan-
nel i.e. the @4 resonance.

Based on this fact, P wave pion should be absorbed by

a8 cluster of at least two nucleons by the process
/

To indicate the two-body absorption mechanism the
optical potential is parameterized in the following form

(Ref. 1IV.1]

Ve ot 7 (4-1-1)
aJd(épt = -4V °€

where C, is the P wave pion absorption parameter. The
imaginary component of Co is related to the absorption rate

[ by Equation (3-2-4) via [Ref. IV.2]

A7
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ImC _ w r (4-1-2)
YK k‘@‘_(l

where K is the incident pion's momentum and {1 is the nu-

clear volume.
Calculation of the absorption rate per unit volume

i.e. rtﬂ, is based on the absorption amplitude constructed

from the following two diagrams, Fiqure 1IV.1

N N N N
l _lc__.i T g | ‘

A | A

5
|

S —

N o w4 N

Figure IV.1 The direct and crossed channels of the P wave
pion rescattering absorption mechanism with
intermediate one g exchange

where Figure IV.la,b are refered to as the direct and cros-
sed channels.

The direct channel has an obvious physical meaning,
the crossed channel is interpreted as the destruction by an
incident real pion of afn intermediate A which is formed
already in the target nucleus by exchange of a virtual meson.

The formation of the intermediate A resonance on one
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of the nucleons has a direct effect on the energy dependence
of the absorption. Im C° vs. pion lab energy has a resonance
shape.

The # decays not only into ®N, (A—TN ) but
also into eN, (4 — P N ) . Both of these two modes
should be included in the construction of the absorption am-

plitude. So the following processes are added, Figure 1IV.2

N 1 Mﬂ n-._Ni 1w

a A

K pm— s 3
ne AN NA :N

a b

Figure IV.2 The direct and crossed channels of the P wave
pion rescattering absorption mechanism with
intermediate e exchange

To construct the absorption amplitude in addition to

Equation (2-1-1), we use the Hamiltonian densities,

-.\f.\-t = 3
Ho= falp X E VP EAyhe  (4-1-3a)
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H(NA = 9o /am Ytg-f. ( 6;(@)57( + h.e (4-1-3b)

H(’NN = 3(,/&”‘ (14%) xfgf( ?X6)€?,§X (4-1-3c)

where %31/4]‘!: = 0.55 ," = 6.6 and g(,A =6 5 /5 ge(l+7-<)
as predicted in the static quark model [Ref. IV.3] with
RNA coupling constant }:/4,( = 0.32 .

Here & and X are the nucleon spinor and isospinor
and § and ? are the A vector spinor and vector iso-
spihor. The pion isovector field operator is $ and the
rho vector meson isovector field operator is (3\ , the mass
of the pion and nucleon are denoted K and m respectively.

By applying the standard Feynman rules for Figure IV.1

the absorption amplitude becomes

T-_-e_e_._‘l_: Ta- Ky (4-1-4)
9 Vo frm e (el D(k+ph-a’) L
= 2 a o o adn -,
Kk, T, _q.'.( wh)(TXE) Tk

where K; and W’ are the momentum and energy of the rescat-
tered pion. The (+) component of isospin operator z:

defined t+=_(t 40 T ) with an analogous definition for

-a.
that of the GC' T .

The energy denominator D is
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_ : (4-1-5)
D= Wp-- & rA
where
K (4-1-6)
Wpg=mmyp -m+ /Jm\

here m, is the A mass, and the A 's width is given by
Equation (2-4-11) .
For @ meson exchange i.e. Figure IV.2a the absorption

amplitude becomes

T-_c2 VA 142 {
! 1T Go w4 3M D L Kyt mp 't L
5&-;1 [ -':.\ T '&" (s, “?1)(€'XEL)+ -

(4-1-7)

£ [ae)- @ E)]]
Spin and isospin matrix element calculations of these
operators between initial and final paired nucleons are
quite complicated. The results are given in [Ref. IV.4] .

However, for M and mesons, there are the followin
g

relations

&T Yo (/‘*r) —_ §(> yo('m":;r) - (4-1-8a)
A (K0 ——-- - §-(, ).’)('m? r)  (4-1-8b)

where é; and §€ contain all the kinematical factors given in

[Ref. IV.4] and the effective masses of pion and rho mesons
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2 2 xu 'l
are given by f*:%ﬁ -’ and ‘»-? =JM(, - . Thus
¢ exchange adds to T exchange for the central part, but
reduces the tensor part of the interaction.
The nuclear medium effect is shown diagramatically in

Figure 1V.3 .

N N
| st xe

nd Y

Figure IV.3 The direct channel of the P wave pion rescat-
tering absorption mechanism with intermediate
T+ ¢ exchange and the medium effects

The calculation is similar to that of the S wave.

That is, the calculation is divided into two categories. The

first is P wave absorption in nuclear matter [Ref. 1v.2,4] .

The Fermi gas model is used to construct the initial paired

nucleon wave function and plane waves are used to describe

the final knockout nucleons. In the second categofy we deal

with P wave pion aborption in a finite nucleus which is

discussed later in this section. The results for the absorp-

tion parameter Im C° for nuclear matter, using various form
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factors, with and without medium corrections are shown in
Figure 1V.4.

Details of numerical analysié reveals that the trans-
ition of paired nucleons coupled to L =0 to L' = 2 chan-
nel, via the tensor interaction dominates. So, for the sake
of simplicity only the contribution of this channel is shown
in Figure IV.4 .

Monopole form factors i.e. Equation (2-4-5) with
standard cut off mass parameters i.e. A“-= 1200 Mev and
Ae= 2000 Mev were used. These were obtained by fitting to
experiments on the absorption of pions by deuterons. They
correspond to a nucleon source size of 0.25 fm for e 's
and of 0.4 fm for K's .

For threshold pions Im C° is 0.043/56. The value of
Im Ca estimated from pionic atom level width varies between
0.0361;‘to 0.07/56 [Ref. 1IV. 5-7] depending on the LLEE
parameter.

By confining our calculations to the standard cut off
mass parameter i.e. parameters used in Wd—pp [Ref. IV.8]
and by comparing curves—.—._ , T ,exchange only,and--..,ﬂ”—(ex—
change, of Figure IV.4 one can see that the destructive inter-
ference between T and ( exchange in the tensor part of the
interaction is essential‘in obtaining a reasonable value of
Im C,. It is interestiné to note that curve —— - Figure 1IV.4,
that is combined 7r and ¢ meson exchange with the standard

cut off mass parameters, can almost be reproduced by 7 ex-




Figure IV.4

The imaginary component of the two-body P wave pion

absorption parameter of nuclear matter vs. pion

momentum.

Dashed-dot line corresponds to one X exchange with
Ag = 1200 Mev_and no medium effects.

Dashed line corresponds to & + € exchange with
Ag= 1200 Mev and Ae= 2000 Mev and no medium effects

Dashed-dot-dot line corresponds to one /X exchange )

with Ar = 1200 Mev and medium effects at A= 1,5

Solid line corresponds to & + € exchange with
Ag = 1200 Mev and Ag¢ = 2000 Mev and medium effects

at A = 1.5 .

Dashed-slash line corresponds to one ® exchange

with Ag = 700 Mev and no medium effects.

3
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change alone with a reduced cut off parameter, A_= 700 Mev,

n
curve —|—|—|-Figure IV.4 . This corresponds to a nucleon
source size of 0.7 fm for M's , which is closer to the

physical size of the nucleon, and that given by the Cloudy
Bag Model of Thomas et al, [Ref. IV.9]

To include nuclear matter effects the central and
tensor components of the OBE potential i.e. Equation

(4_1-ga,b), are replaced by the following integrals

2
[k 7(n (% kn*l\jn‘kr)

/‘z_f kl_ u"'.‘- k)

dk

Yﬂ ()"r) J#n.ﬂ J
TH °
(4-1-9)

vhere the vertex renormalization [(k) and pion's self-
energy M(K) are given by Equations (3-1-10) and (2-4-2)
respectively.

By comparing curve-—--, standard parameters with no
medium effect, and—,standard parameters with medium effect
for A= 1.5, we conclude that the many-body correction in-
~ creases Im C, at all engrgies. Thé P wave pion absorption
calculation for “He préceeds as in the S wave case.

The result is shown in Figure IV.5 . The general
feature of Im C, vs. pion momentum is similar to the be-
navior of "Im C_ in nuclear matter. The dashed curve shows

e waaennlt. without medium correction. for the <tandard
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Figure IV.5

The imaginary component of the two-body P wave pion
absorption parameter of YHe vs. pion momentum.
Dashed line corresponds to @+ @ exchange with
Axr = 1200 Mev and AP = 2000 Mev and no medium
effects.
Solid line corresponds to M + @ exchange with
Apr = 1200 Mev and AQ = 2000 Mev with medium
effects at A = 1.5
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parameters. The effect of including the medium corrections
for the same parameters 1is shown by the solid line. The
overall amplification due to the many-body effect is quite
similar to the amplification in the nuclear matter case.

So one concludes that, contrary to the case of § w%ve pions,
the medium correction does have an appreciable effect even
in a small finite nucleus, for P wave absorption.

To conclude we have calculated S and P wave rescat-
tering absorption and the second order S wave repulsive
contribution to the optical potentials using parameters fit-
ted té pion absorption on the deuteron. These give, in
general, too small an effect. However, values are amplified
when we take into account an effect not present in the
deuteron, the self energy of a propagating pion in the
average nuclear field. In fact the pion interacts so strong-
ly with the nuclear medium that this amplification could
become extremely large ( nuclear opalescence , pion con-
densation ) but for the damping casued by two nucleon
correlations and other effe;ts parametrized by the LLEE
variable A or Landau parameter g' .

For g' = 0.4, A = 1.2 nuclear opalescent effects would
be prominent. However g' 1is usually estimated to .be:

g' = 0.65 - 0.85 with A = 1.9 -2.5 . Weused A = 1,5
so we probably have a slight overestimate of medium cor-
rections. The results are the same for P wave absorption,

whether we use the conventional T + e exchange with nu-
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n

cleon source size 0.4 fm, or T exchange alone with
source size = 0.7 fm . However the S§ wave effects, which
depends on pion exchange alone would become negligibly small

in the latter case.

4-2 Isospin Dependence of Pion Absorption by Nucleon
Pairs in the He Isotopes
The P wave rescattering mechanism also predicts the
ratio of the absorption of a pion on a pair of nucleons in a
T = 0 state to that on a pair in the T =1 state, which

is the only channel for the process T+ ( PP )= pn .

This ratio R “T"°)/0'(T") was measured recently by

Ashery et al [Ref. IV.10] in experiments with 165 Mev 7t+

e

and X on aHe and “He . They found that R 50 , with
large errors, i.e. absorption on two nucleons ina T = 1
state 1is extremely improbable.

The absorption amplitude is the sum of two terms, one
from the direct, the other from the crossed channel, shown in

Figure IV.1 .

The amplitudes are

- = -! -s.r.: A+
7; = ;TWN//“ /ﬂNA//A. g, k; T *Ir(kl) SJ. k' . LéD(PA) - (4-2-1a)
33-??,;) + 1259
a2 = 4 D A 2
Ty = From fnnb//‘ G,.k T lk) S;. K, T, §(Py)
at s 2 - (4-2-1b)

S3. k) 4 1=2
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where the coupling constants {HNN and nNp  are given in
the previous sections. The & and f\ are the usual Pauli's
nucleon spin and isospin operators, the 3 and i’ are the
transition spin and isospin operators of A isobar
[Ref. IV.11] .

GD and Gc are the direct and crossed channel iso-

bar propagators,

G, — ™y -m 4§ :P:/de -W- rA (4-2-2a)

[
2

If we take the pion orbital angular momentum relative
to the nucleon pair to be £m==l , we can easily see that
the direct channel gives no contribution to absorption by a
T = 1 nucleon pair in a state of relative angular momentum
L = 0 , and hence by the Pauli principle S = 0 . The inter-
mediate state A,rl, then has spin parity J“==]? . It
could have isospin T = 1 or 2 but as it has to decay into
two nucleons, only T =1 1is allowed. So the final state
NN has to have J‘= 1? , T=1,1i.e. 8§ =1.L=20 or
2 and T =1 . But sué% a state is forbidden by the Pauli

principle. So the only contribution comes from the crossed

channel, _Similarly the only contribution to absorption from




61

a T =0 initial pair state comes from the direct channel.

3 ‘
do(T=0) =, ﬁb’ as first pointed out by

Then for én =1,
do (Tal) q‘

Chai and Riska [Ref. IV.4] when discussing the ratio of
final nn to np pairs produced in the capture of pions
from the 2p level in pionic atoms. This gives a ratio about
= 200 for 165 Mev pions, and is independent of any
mechanism except the assumption that absorption is a two
step process, proceeding through the formation of a A .
ft remains to be seen whether other pion partial
waves,‘3%7= 0 and 2 contribute to the small d0°( T = 0 )
cross section. To simplify the calculation, we used only
pion exchange with a cut off parameter Au-= 0.8 Gev instead
of W+ (3 exchange with A“.= 1.2 and Af = 2.0 Gev as
in the standard model, as we have already seen that this
gives equivalent results in the calculation of the absorp-

tion rate. The results are given in Table IV.1
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Initial I T s L a
klu] =0.5 1.0 1.s 2.0 2.5
T=0,5=1,L=0 0 1 1 1 0.027 0.40 2.9 9.7 1.3
1 1 0 2 1* 4.9 21 52 30
2 1 1 3 0.006 0.11 1.0 4.2 36
T=1,5=0,L=0 0 1 1 1 0.008 0.086 0.44 1.1 0.63
1 0 1 2 0.076 0.17 0.24 0.26 0.26
2 1 1 3 0.002 0.023 0.14 0.40 0.26

TABLE 1IV.1

Pion absorption cross section in several channels as a
function of pion momentum k are compared, where 1 is the
angular momentum of the incoming pion. These numbers are

normalized to the (T,S,L) = (0,1,0) *o (T ,S'.L') = (1,0,2)
transition at k = 0.5 as indicated by *

This shows that ln = 1 1is indeed dominant in the
T = 0 channel, but that the other partial waves are more im-
portanti except at threshold, in the T = 1 channel. Adding
up the éontributions from all three partial waves we find
the ratio is reduced to R = 40 at 165 Mev consistant with
the expérimental results [Ref. IV.13], as plotted in Fiqure

IV.6.
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58 |72
| T

R = dO'(T=OI)
do(T=1)

0.0 1.0 2.0
k [m ]
Figure 1IV.6
. T dor(T=0) ,
The pion absorption ratio R = 7 vs. pion
momentum, do (T= )_
Dashed line corresponds to l«m= 1l and & exchange

alone with Ag = 800 Mev.
Solid line corresponds to all of the possible partial
wave contributions.




64

REFERENCES FOR CHAPTER IV

iv.1 E. Oset, W. Weise, R. Brockmann, Phys. Lett.
82B (1979) 344
G. Miller, Phys. Rev. Cl6 (1977) 2355
R. Rockmore, E. Kanter, P. Goode, Phys. Lett.
77B (1978) 149
1v.2 C.M. Ko, D.O. Riska, Nucl. Phys. A312 (1978) 217
Iv.3 é. Haapakoski, Phys. Lett. 48B (1974) 307
Iv.4 J. Chai, D.O. Riska, Nucl. Phys. A329 (1979) 429
IV.5 J. Huffner, Phys. Rep. 21C (1975) 1
IV.6 L. Tauscher, W. Schneider, 2. Phys. 271 (1974) 409
1v.7 C.B. Dove, Ann. of Phys. 79 (1973) 441
Iv.8 D.O0. Riska, M. Brack, W. Weise, Nucl. Phys.
A287 (1977) 425
Iv.9 G.A. Miller, A.W. Thomas, S. Theberge, Phys. Lett.
91B (1980) 192
S. Theberge, A.W. Thomas, G.A. Miller, Phys. Rev,
D22 (1980) 2383
IV.10 D. Ashery at al. , Phys. Rev. Lett. 47 (1981) 895
Iv.11 G.E. Brown, W. ngse, Phys. Rep. 21C (1975) 1

IV.12 H. Toki, H. Sarafian, Phys. Lett. 119B (1982) 285




Chapter v
AN ALTERNATIVE TREATMENT OF P WAVE

PION ABSORPTION IN THE OPTICAL MODEL

5-1 We would like to mention another way of incorporating
P wave pion absorption in the optical model, i.e. the A -h
model. previously we parameterized the absorption as a term

in the optical model

Y [ 3

2w Uabs___ - yr VC.@ v (5-1-1)

where C, was calculated via the absorption rate, Equation
(3-2-4) . This gave a resonant term in the optical potential
adding to the resonant behavior without absorption. Both
terms are due to the formation of the intermediate A
resonance, so it may be better to display this explicitly

( 8 -h  model ) . The P wave part of the optical potential

is written without absorption,

J“Uopi - \'7\ tnrco(?‘ (5-1-2)
where
] %
HITe P - -?i_{ //,;"[ Gory Uyt ] (5-1-3)

LR
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and
(5-1-4)

Here [;rve is the isobar width given by Equation (2-4-11)
due to the process A _5 W+N .

In the presence of nuclear matter r}ree is modified
1) Dby Pauli blocking in the nuclear medium f;"g — Q':free
2) by true absorption A+ N—= N+ N . This second pro-
cess depends on the nuclear density. 1Its effect is to
increase‘the width by an additional width, the absorption
width [g.= r.(("’/(’o so in this formalism the effect of
the nuclear midium is to change rf'" , f;rte—vqam'fr;e‘r)(:.
So UA‘“’ — UA(“’) , where

JA((—:)z (’(r)/ux..u .jg' (@l;cmc + I;(’lr)/‘oo) (5-1-5)

and
awd,, . 4 {*; 2 ?[G (W L0, ( (,,)](7‘ (5-1-6)
opt = ? i A L .

The basic task is then to calcvulate I', i.e. the
rate of the process A4 N — N + N .
As we have already seen, the dominant process in’
. + ++ . .
absorption goes from, for ', a (A n ) intermediate
state with qlxantum numbers T =1 L =0 S =2 which goes

via the tensor force to a final state of two protons with
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quantum numbers T'= 1 L'= 2 §'= 0, so we consider only
this process. The calculation is done for qu replacing a
proton by a A++ isobar with the same spatial wave

function, and the standard "+ @ " model is used for the
process.

The transition rate is

Fr=aw T J(Ef -k -w) IT*;IA (5-1-7)
7

For pion exchange the vertices are given by
Z N = {//“ ¢ D;.f,, 9, . ¢ (5-1-8)

£WNA= "//-* "7 avTA $¢v+h.c. (5-1-9)

where 4‘ ’ 4) , ‘A, are the nucleon, pion and isobar's

fields and T and T are the nucleon isospin and isobar's

transition isospin operator [Ref. V.1] , and coupling con-
2 P

stants are f /4t = 0.08 and #/41{: = 0.32 ,

The transition operator is then

¥ £3 At a -StA
TIN5 NN) = tf )/ Jar L $1-9 Y00 *StAZ{"ﬂ":'E‘S’l’lO)

¥ [ 2
L3 . . . ,
where /‘ =%; -’ 1s the pion effective mass and
' . 3
© =1/2 4 1is the resacttered pion energy, ¢ 1is nucleon
- - . cy s .
spin and S is the isobar transition spin operator

[Ref.V.1].
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Only the second term is important

Y, (%) = (14 3/y4 32Dy, (20 (5-1-11)
\g'a 3 33,.70..2.1- S"a; (5_1“12)

The matrix elements of the isospin operator give

CTanmn, a1 L
32y % T.‘\S)MT>=(-) yTT' MM, ! (5-1-13)

3y Vl T N ¢
L, v b <tngiascanens>
while for the spin operator

s ‘ + - * A
(s(%;’_)o[:,d:(éf);); JJ'E!'” YAM(") (5-1-14)

where M is the z component of the initial spin state.

For “He the harmonic oscillator basis wave functions
are exp(-_;'-.\’",i) , up(-_‘.’\’*f') , for each " nucleon " so that
initial pair wave function hehaves as e‘P(.vRI)exr[.‘_:orl) .
and the final pair wave function becomes

4“ (L,2)= [f(_ CKP(‘.k‘aC'S(:.;‘:‘.) here CM and relative co-
2

ordinates and momenta are defined as

- S - -ty -
R?- i‘-(r'-‘-?z) - =kl+k2.
/ (5-1-15)
- a ? S a a
r: r‘-_ rz k}si'-(k)“s_)

To handle the final state relative wave functions,
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expansion (3-3-11) is used of which only the 1 = 2 term
gives a contribution.
To calculate the rate, the 5-— function giving con-

servation of energy is

- - i 0 2 1 . B
L 3(5-Eco0) =5 RICYELIAL) J»;aa,? (s-1-16)
where E, =-B , B is the nucleon binding energy and m is

the nucleon mass. The integration yields

_ 2 ,
[= 381 Io,1 (5-1-17)

where ,I,zzis given by
i ¥ 2 (5-1-18)
N z -
Ty [ dalkmy,lp dexpl-Lvr’) v'dr
Yo
where K{.A = J‘M(/'—B) , and r is a cut off in the
<
radial integration to take account of short-range corre-
lations.
We now put in form factors at the vertices. To

simplify matter we take half-dipole form factors

: =
{(?1)____(1 "/‘I/XI-}'?) 2

at each interaction vertex instead of the reqular dipole

(5-1-19)

form factors, but keeping < rl > the same, i.e. A = 9J5A.

These form factors modify the radial integral
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/4 .(Jz“‘J')Yz( r)cxPl--\ﬂ‘ )vdr_,_ (5-1-20)
"J J;U‘ r)Y {Ihr)expl--vr )ridr -

I Jr (g ©) Y, (Ar) exp (lvr ) dr
and also " f; gains a multlpllcatlve factor (A-VPA% “9
e - exchange is taken into account in the same way as
in Section (4-1) .
Figure V.1 shows the behavior of [| vs. cut off

radius r_ for the standard parameter set. I is rela-

1 fm.

n

tively insensitive to this parameter up to r.

We cénclude that short range correlations are not
crucial, with the standard form factors, to the eval-
uation of [} . The value of [[ 2 55 Mev . This is in
order of magnitude agreement with the empirical value of

T, < 100 Mev.

Medium corrections would presumably increase these
values, in better agreement with empirical values, but we
have not done this calculation.

It should be mentioned that to get agreement with
experiment using the 4 - h model, a more complex non-
local expresion has to be used, where the single particle
potential seen by the A in nuclear matter, including a.
strong spin-orbit interaction, is important.

A comparision of £he forms of this simplified

A-n optical potential labelled " microscopic " with the
Kisslinger tyﬁe labelled " macroscopic " , is shown in

Table V.1
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A plot of the Real and Imaginary parts of these
potentials f,g at f<= 1/2 (5 + @ a function of energy,
together with that given by the impulse approximation,co,is
shown in Figures V.2,3 . The principal effect of changes
from the impulse approximation is to increase the imaginary
part at threshold, and to push the effective resonance
slightly upwards in energy, in qualitative agreement with
empirical results.

lastly we consider briefly and qualitatively the
region of validity of the model taking into account the fact
that nucleons and 4 's are extended objects, roughly
" bags " containing three quarks. If there was general
agreement about two nucleon dynamics at short distances,
this would be simple, but there afe at least three competing
versions of the bag model,

1) the strong coupling model of G.E. Brown and collaborators
(Ref. V.2] . This has a nucleon bag radius of 0.4 - 0.5
fm, with a strongly coupled pion cloud around it. This
model preserves conventional nuclear physics with meson ex-
change including the standard " & + ¢ " model. Baryons
are " hard " and kept apart by strong forces. Advantages
claimed are that six-quark bags of overlapping nucleons are
very massive, giving strong repulsion at short distances;
and that the excitatioﬁﬂépectrum of baryons is given cor-
rectly. 2) The second model, the cloudy bag of ‘A.W. Thomas
and collaborators [Ref., V.3] , has a nucleon bag radius of

0.7 - 0.8 fm, with a relatively weakly'coupled pion field.
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Figure V.2

The real component of the P wave pion-nucleus optical
potential vs. pion kinetic energy.

Dashed-dot line corresponds to the microscopic treat-
ment (g) with @ = 0.5 nuclear matter density.

Solid line corresponds to the impulse approximation (co)
Dashed line corresponds to the macroscopic treatment

(f) with f = 0.5 nuclear matter density and A= 1.5,
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The imaginary component of the P wave pion-nucleus
optical potential vs. pion kinetic energy.

Dashed-dot line corresponds to the microscopic treat-
ment (g) with @ = 0.5 nuclear matter density.

Solid line corresponds to the impulse approximation (cy)
Dashed line corresponds to the macroscopic treatment

(f) with f = 0.5 nuclear matter density and A= 1.5
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3) The original M.I.T. bag [Ref. V.4] has a radius of =z 1
fm and makes the nucleon very " soft " . Nucleons
interpenetrate easily, but remain in quark clusters of
three. Inside a nucleus these clusters of three quarksf
behave like a nucleon of mass 0.75 m which, it is clafmed,
is seen in e e' p experiments in nuclei. A disadvantage is
that six quark bags are not very massive, so that the
repulsive force seen in N-N scattering experiments must be
due entirely to the large, = 2 fm, non locality in the
interaction arising from quark dynamics. The point is that
if nucleons\are bags of radius R then, when their centers
are a distance r = 2R apart, the bags begin to touch and
quark-gluon dynamics rather than meson exchange begins to

be the predominant interaction. Actually the percentage
overlap increasese only slowly with decreasing distance
between centers. At r = 1.2 R the percentage overlap is

= 12% . At this point we might expect the bag to collapse
into a six-quark bag, as the quarks are relativistic and can
rearrange the distribution instantaneously. We could take
this to be the upper limit for a critical distance, r, below
which the meson exchange model would be invalid. The

lower limit for re we could take empirically from nucleon-
nucleon scattering as the hard core radius = 0.5 fm.

The form factors used i; our calculation would correspond to
nucleon size if the root mean square radius given by the
parameter A T bag radius R.

The meson exchange model might be expected to give the
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dbminant contribution to absorption if most of the
contribution comes from that part of the radial integrals
from distances r > r, . Ignorring this for the moment,-
Figure V.4 shows the P wave absorption parameter Im Cos

as a function of pion momentum for 4-cases, pion exchang%
only with form factor parameter A =800 , 700 and 400
Mev, corresponding to root mean square radii of 0.6 , 0.7
and 1.2 fm respectively, and the standard " & + ( "
model with Ak= 1200 Mev, or root mean square radius of 0.4
fm. It is seen that & exchange only with A = 700 Mev, or
radius of 0:7 fm, agrees with the standard model. However
R - exchange alone with A = 400 Mev, i.e. radius 1.2 fm
gives much too small a result. So if the M.I.T. bag radius
is correct, nothing comes from meson exchange and everything
is due to quark-gluon dynamics. However, A = 700 Mev with
radius 0.7 fm, corresponding to the cloudy bag model is 0.K.
The stsndard model is consistant, naturally, with
G.E. Brown's little bag model.

Now let us look at the effect of a lower cut-off due to

overlapping sources. Figure V.5 shows Im C, at threshold

as a function of the lower cut off radius r in the radial

4
integral. For the case of interest, pion exchange alone
with AR== 700 Mev or 800 Mev, and the standard model, the
results are quite insensitive to a cut off radius up to

-t

% 0.9 fm, and so consistant with the cloudy bag model, but
again not with the M.I.T. bag radius.

We conclude that as far as the'P wave absorption is
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Figure V.4

The imaginary component of the two-body P wave pion
absorption parameter of nuclear matter vs. pion
momentum.,

Dashed line corresponds to one z exchange with
Arg = 800 Mev.

Solid line corresponds to X+ { exchange with
Ag = 1200 Mev and Ae = 2000 Mev (standard set).

Dashed-dot line corresponds to one =« exchange with
Ag= 700 Mev.

Dashed-dot-dot line corresponds to one 7€ exchange
with Ag = 400 Mew.
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Figure V.5

The imaginary component of the P wave pion ab-
sorption parameter in nuclear matter vs. the cut
off radius,.
Dashed-dot-dot line corresponds to one 7 exchange
with Ag = 1200 Mev .
Dashed line corresponds to one 7 exchange with
- A = 800 Mev .
Solid line corresponds to 7+ (¢ exchange with
Ax = 1200 Mev and Ap = 2000 Mev (standard set).
Dashed-dot line corresponds to one gzt exchange with
Ag = 700 Mev .
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cbncerned , the standard model is consistant with the little
bag, the calculation with N - exchange only is consistant
with the cloudy bag model, but elimination of the ¢ may
not be consistant with other nuclear physics phenomenology.
In particular it is not consistant with S wave absorption,
where An = 1200 Mev is required to get any appreciable
absorptiqn. If the M.I.T. bag size is correct, then the
parameters of the model have no direct physical meaning,
they simply are a parameterization of a non-local inter-
action in local form.

The question of bag dynamics has not been directly ad-
dressed by any one in this context. The calculations of
Kisslinger and Miller [Ref. V.5] assume absorption of the
pion by a nucleon to forma @A , which then coaleses with
~a nucleon to form a six-quark bag. But as we have seen,
formation of the A fixes the quantum numbers of the in-
termediate state, in this case the 6 quark bag, so that
everything is undistinguishable from the standard model, the
only difference is the calculation of the rate of the re-
action 4+ N -» N + N via a 6 quark bag. This just
changes the absolute scale and is parametrized anyway.

In conclusion calculations of pion absorption coef- .
ficients in nuclei, using the standard " T + ¢ "
two-nucleon rescatter{;g model with parameters fixed from’

K d absorption gives results in reasonable agreement with
isotopic ratio and angular distribution of emitted nucleons.

To get the magnitudes right, nuclear medium effects on the
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pion propagator must be taken into account. The theory is
not complete as higher order processes have been shown to be
important. From the fundamental piont of view, the model is
consistant with the " little bag " model. It might be
consistant with the cloudy bag model if another mechanism
could be found for S wave absorption. If the M.I.T. bag
model is correct, the model is purely parametric, containing

no reference to fundamental processes.
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We calculate the relative absorption ratio of a pion by 7'= () and T = | nucleon pairs in the He isotopes measured recently
by Ashery et al. Standard theory based on A—isobar intermediate excitations mrees with the experimental observation that
for cnergies around the resonance, pion absorption by a 7'= 1 nucleon pair is strongly suppressed.

Very recently Ashery et al. (1] performed the
(7*, 2p) and (n—, pn) measurements on 3He and 4 He
at pion kinetic energy of T, =165 MeV in order to ob-
tain information on the cross sections for pion absorp-
tionby T'=0and 7= 1 nucleon pairs. They found sur-
prisingly large ratios for do(n*, pp)/do(n~, pn), on the
order of ~100. By counting the numbers of initial nu-
cleon pairs with the isospin 7= 0and T= 1 in those
nuclei, these ratios were expressed in terms of the iso-
spin of initial nucleon pairs. It was then found that R
=do(T = 0)/do(T= 1) ~ 50 [1]. If one estimates this
ratio in terms of the isospin geometry for the forma-
tion of A isobars, one findsR = 2 [1,2].

In this short note, we would like to demonstrate
that our current understanding of the pion nucleon in-
teraction and the A isobar formation provides a natural
explanation for the observed large value of this ratio.

In recent years, there have been a number of theo-
retical derivations of the pion—nucleus optical poten-
tial parameters from the pion—nuclear many body
theory [3—11]. In particular, the imaginary part of
the two body optical potential has a direct relationship
to pion absorption. The S-wave and P-wave pion absorp-
tion mechanisms seem to provide a microscopic under-
standing of the optical parameters derived from pionic
atoms and pion—nucleus elastic scattering cross sec-
tions [12]. The S-wave pion absorption mechanism ac-
counts for the experimental fall off of the nd — pp
cross section with increasing pion energy and becomes

negligibly small above 7, ~ 50 MeV. On the other
hand, the P-wave pion absorption mechanism, in par-
ticular through the A isobar intermediate excitation.
becomes dominant above T, = 100 MeV.

Since our interest is in pion absorption in the reso-
nance energy region, we concentrate on the P-wave ab-
sorption process through the A isobar intermediate ex-
citation alone, as depicted in fig. 1. The wavy lines de-
note the spin—isospin dependent interaction which is
usually described in terms of the pion and rho meson
exchanges [13]. The T-matrix for pion absorption by
the pion exchange mechanism is obtained by the
Feynman graph technique in momentum space;

T, kyi k)= [fk, i) (o, -k, )1, D (k)
X Lf " ) (83K, ) TGP ) KV S, KT,
Ak ) (R )vyD (k)
XU (e M) (Syk ) TyG (P )

X [f()u) S3kTy, +(1 =2). (1)

Here k is the incoming pion momentum in the labora-
tory frame, which after absorption gets distributed as
ky and k, among the two nucleons 1 and 2 involved
in the process. o, t are the spin, isospin Pauli matrices
and S, T the corresponding transition operators be-
tween a nucleon and a A isobar. The "NA coupling
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(o) (b} (3] (d)

Fig. 1. P-wave pion absorption mechanism with A isobar inter-
mediate excitation.

constant /* is related to the 7NN coupling constant f
through f* = 2f (Chew—Low relation) and has the
monopole form factor /*(k) = [(A2 -- u?)/(A?

- k2)] f*, where A is the cutoff mass. D, is the pion
propagator and u the pion mass. The A isobar propaga-
tors for the direct (figs. 1a and lc) and the crossed
(figs. 1b and 1d) graphs are

GD(PA)_l =m, -m +Pi/2mA - w -3,

GC(PA)'l =m, -m +Pi/2mA + W, (2)

where the A isobar mass and nucleon mass are denoted
by m, and m, and the pion energy by w. We take the

static nucleon approximation and therefore TNE

= k|2 for G, and I}’AI2 = mw for Gc. For the width

of the A isobar, we take the empirical relation {14].

I'= {0.47/[1 +0.6(g/u)?) } ¢3/u>. (3)

The pion—nucleon center-of-mass momentum q is re-
lated to the incoming pion momentum through ¢
= (m/\/s) k, where s is the s-channel invariant mass.

The T-matrix [eq. (1)) together with a similar ex-
pression for the rho meson exchange process can be
further worked out using the technique developed in
ref. {6] . A lengthy expression is then obtained for
pion absorption in terms of two body transition opera-
tors in the nucleon space, the details of which will be
published elsewhere [15].

In principle, many pion partial waves contribute to
the absorption cross section; I_(pion partial wave)
S k*R (nuclear radius). However, for the sake of dis-
cussion let us take the dominant partial wave I_ = 1,
absorption of which by a 1S-orbit nucleon leaves the
intermediate A isobar in the 1S-orbit [1]. In this case,
the ratio R does not depend on any details of the mod-
el parameters and is simply given by the ratjo of the
squares of the A—isobar propagators Gp and Gg of
eq. (2);
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R=do(T=0)/do(T'=1)=1G,/GI2. (4)

The caiculated ratio using eq. (4) is shown by the
dashed line in fig. 2. Because of the resonant behavior
in the direct channel, the ratio has a peak at k =~ 2u
(T, = 180 MeV). At the experimental energy, 7.,
=165 MeV [1], this ratio is ~200. This behavior is
understood as follows. While I, = 1 pion absorption by
4 7= 0 nucleon pair is wlowed by the direct absorp-
tion mechanisim (figs. ta and 1¢), this is forbidden for
a =1 nucleon pair. For the latter case, absorption of
al =1pionbyaT=1pair (S=0,L =0)leadsto T
=1,J" = 1"* intermediate states. Those quantum num-
bers are not allowed by the Pauli principle for the final
nucleon pair. Instead, pion absorption by a T= | pair
proceeds through the crossed absorption mechanism
(figs. 1b and 1d) with exactly the same matrix elements
as the direct 7= 0 absorption process except the A iso-
bar propagators.

A question to examine now is if other partial wave
contributions in particular for T= 1 pion absorption
are small enough to keep the ratio sufficiently large.
One thing to note in this respect is that absorption of
[ # 1 forces the intermediate A isobar to move with a
finite angular momentum (1, # 0). This fact, together
with the large momentum transfer (Ag ~\/f%) be-
tween the two nucleons required for pion absorption
[16] (short range process) tends to cut down to a
great extent the spatial transition matrix between the
initial and final states.

fn the pion absorption operator, there is spin—spin
interaction as well as the tensor interaction [6] . The
large momentum transfer requirement forces two nu-
cleons to be in the short distance (r < 0.5 fm), whereas
the strong short range correlations prevent them from
coming together. This interplay makes the contribu-
tion of the spin--spin interacuon negligibly small {16].
Therefore, we shall take only the tensor interaction
terms in our calculation. Furthermore, the ratio R
weakly depends on the angle between the outgoing nu-
cleons and we choose the angle such that the relative
momentum of the nucleon pair is perpendicular to the
incoming pion momentum. The results with pion ex-
change alone with a cutoff mass of A = 0.8 GeV are
shown in table 1. When this value of A, is used in the
m exchange model, it gives results similar to those of
the standard (n + p) exchange model, where a larger
value of A is used [16]. The results on the ratio are
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Table 1

Pion absorption cross sections in several channels s a function of pion momentum
tum of the incoming pion. These numbers are normalized to the (T.S.L=(0, 1,0y 10 (T", S 1Y=(1,0.

as indicated by *,

Initial ; r s’ L

m

T=0,5=1,L=0 0 1 ! 1
1 1 0 2
2 { ! 3
T=1,8=0,L=0 0 1 1 1
1 0 1 2
2 1 1 3

not very sensitive to the choice of A, within the rea.
sonable range.

We show in table 1 the pion absorption cross sec-
tions in several channels for I, <2 as a function of
pion momentum k. The I, =0 and 2 contributions are
indeed very small as compared to the dominant one
(=1,T=0->7"= 1) even up to large momenta con-
sidered here particularly for the initial isospin T'= 1
case. This is due to the small spatial matrix elements
for/_ =0and 2 as compared to those for /_ = I, typi-
cally about 1/5 in the resonance region, and strong
cancellation between the two competing terms for T

o sg 172 T (MeV)
[ N )
| p=d0(T=0
| R do(T=1)
zoo’» ,"\\ h
II ‘\
) L=
’ "\
4‘. \
100k N Yo

0.0 1.0 2.0 k (my)

Fig. 2. The pion absorption ratio R = do(T=0)/do(T=1)asa
function of the pion momentum & (Ty = kinetic energy). The
dashed line denotes the Ix = 1 contribution only Teq. (4],
whereas the solid line includes all. The experimental data taken
at different angles at T = 165 MeV are depicted by the points
with error bars.
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& are compared, where Iy is the angular momen-
2) transition at k = 0§ I

Lo}

kfu) =05 10 1.5 2.0 2.5
0.027 0.40 2.9 9.7 7.3
I+ 4.9 2i 52 30
0.006 0.1 1.0 4.2 3.6
0.008 0.086 0.44 1.1 0.63
0.076 0.17 0.24 0.26 0.26

0.002 0.023 0.14 0.40 0.26

= 1. Note that the explicit distinction between the di-
rect and crossed A propagators Gp and Gc, which was
neglected by Ko and Riska {6], is important for this
cancellation. The higher partial wave contributions
(; = 3) are smaller by an order of magnitude. The
summed values for the 7= 0 and T = 1 injtial paris are
then used to derive the ratio R as a function of the
pion momentum, which is depicted by the solid line
in fig. 2. The ratio is now down to~40at T, = 165
MeV. The experimental results taken at different
angles are also shown with error bars [1].

Finally as stated at the beginning, the S-wave pion
absorption process (/, = 0) is important at low pion
energies. Therefore, the calculated results have to be
used with caution below T, =100 MeV. The capture
of pions from the 2p level in pionic atoms [17] might,
however, be compared with the present result at T,
=0 MeV [6,10]. Furthermore, we have been neglect-
ing the P-wave absorption process through nucleon
intermediate states. This is certainly small for T=Q
pion absorption [16], but might give an additional
contribution for absorption by a T'=1 pair.

In conclusion, we have demonstrated that our
knowledge of the pion—nucleon interaction and the A
isobar formation gives a natural explanation for the
large ratio of the pion absorption cross sections by T
=0and T= 1 nucleon pairs in the resonance region.
The resulting ratio R = do(T = 0)/do(T = 1) shows
only a slight resonance behavior. It would be interest-
ing to measure this energy dependence and also the
angular distributions fora T= | pair, which should
show an interesting variation with energy due to the
interplay between the three (7, = 0 + 2) partial waves. .
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It is shown that the effects of the nuclear medium on the pion propagator and the renormalization of the »NN interaction,
described in terms of excitation of virtual isobar~hole pairs can enhance the predicted absorption rates for pions at threshold

to values close to the empirical ones.

Recent attempts at explaining the empirical rates
for nuclear pion absorption at threshold in terms of
simple two-body rescattering mechanisms have led to
underpredictions of the order 20-30% {1]. Similarly
the predicted values for the main absorptive two-nucleon
component of the S-wave pion-nucleus optical potential
have also been considerably smaller than those suggested
by optical mode! studies of pion atom data [1—4]. We
shall here show that the effects of successive excitation
of virtual isobar--hole pairs in the nuclear medium on
the propagation of the rescattered meson, and on the
P-wave 7NN interaction, can enhance the predicted
absorption rates by the amounts needed.

The absorption of S-wave pions at threshold is usually
described in terms of the two-body rescattering mecha-
nism illustrated in fig. 1a. Here the pion undergoes an
initial S-wave scattering off one nucleon, and then prop-

* Research supported in part by the National Science Founda-
tion, )

0 b

Fig. 1. S-wave pion sbsorption mechanism without (a) and
with (b) medium effects.

agates through the nucleus until absorbed on a second
nucleon by the usual P-wave 7NN interaction. The pres-
ence of the nuclear medium adds a self energy I to

the pion propagator and renormalizes the final P-wave
interaction. These medium corrections are schematically
indicated in fig. 1b.

For the pion self energy we employ the picture of
Barshay, Brown and Rho (5] and Baym and Brown [6]
which involves excitation of isobar—hole pairs, We shall
use a similar description to obtain the 7NN vertex re-
normalization, following the suggestion of Rho [7].

In this picture the pion self energy is made up of the
single isobar hole pairs connected by the reduced
isobar—hole interaction (R), with the single pion ex-
change contribution subtracted out, as illustrated in
fig. 2. :

The self energy contribution from the single isobar—
hole pair is, with account of both time orderings of the
Ay 4 resonance,

nes(f e (hed) o

Here k is the pion momentum, g the pion mass and p

@ g gl

Fig. 2. Model for the pion self energy 1 involving the reduced
isobar-hole interaction R.
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the nuclear density. In (1) f, is the usual 1NA coupling
constant (f2 /4 ~ 0.32-0.35) [8] and £, (k) the form
factor associated with the 7NA vertex. Finally the iso-
bar energy denominators D are, with the pion energy
being p1/2 for threshold absorption,

Dy=m,~m-yf2, Dy=m,~m+yf2, )

and with m, and m being the nucleon and 443-res0-
nance masses respectively. Because of the low energy of
the virtual pion we have not included self energy cor-
rections to the isobar propagators in eq. (2). Although
the free width of the isobar vanishes below threshold
an additional width in the nuclear medium can arise

from coupling to P-wave absorptive channels below
threshold.

The complete self energy is obtained by summing the
the chain of isobar—~hole diagrams connected by the
reduced isobar—hole interaction (R) indicated in fig. 2.
The result may be expressed in the general form

1 -
ki,
1- (Mo(R)/k21HR) | R(K) } @)

where R, (k) is the isobar—hole interaction in the iso-
spin 1 channel with the single pion exchange contribu-
tion removed, and multiplied by (f, /u)~2 (following
the notation of Weise [9]).

The model we consider for the nNN vertex in the
nuclear medium is based on the isobar—hole chain dia-
grams illustrated in fig. 3. The final isobar—hole pair
is connected with the active nucleon by the reduced
isobar—hole — particle—hole (Ah—ph) interaction in the
isospin 1 channel R', from which the single pion ex-
change contribution has been subtracted. The other
isobar—hole pairs are connected by the reduced isobar—
hole interaction R defined above. We define R' so that
the explicit pion-exchange strength factor ff /12 has
been divided out in analogy with Weise’s definition of
R [9] (fis the pseudovector N coupling constant),

RI
RI
. R
-—-- + (ij i + :))—Ji

Fig. 3. Model for the #NN vertex factor I" involving isobar—
hole pairs connected by the reduced isobar—hole interaction
Rand ah-~ph interaction R,

M(k) = My(k) Tr | KT

cow =
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With that definition, the medium renormalized aNN
vertex factor may be written-as

272 [} _
ri) =1r | i1 L TRV ONR' )~ R(k))
1= (Mo (k)R r k)T R(K)

(4)

We have not included here the exchange diagrams for
the vertex normalization effect. These should be expect
ed to be small according to the discussion inref. [7].

With the results (3) and (4) for the self energy and
the renormalized vertex factor ['(k) for the 7NN inter-
action we can now consider the effects of the medium
on the S-wave absorption process illustrated in fig, 1.
Assuming that the initial S-wave rescattering interac-
tion can be described by a phenomenological zero-range
hamiltonian, the two-body rescattering amplitude be.
comes

Tk 2k
T=_18_" (k) fa k) oDk
ST e g2 24 M)
X )\113—17 1+;—)(r Xr );' . %)

In this expression A} and X, are the two coupling con-
stants for the S-wave hamiltonian [10] which have the

. values A;=0.003 and A, =0.050 as determined from

the S-wave 7N phase shifts. A

The simplicity of the expression (5) allows one to
calculate the absorption rates for pions in nuclei at
threshold using the expressions given in ref. [1] for the
case [1=0, I1= 1, with the simple replacement of the
Fourier transform of the pion propagator (Y) in the
radial matrix element expressions with the more general
expression:

- 3 2
Wy o2 o SN0
0

K2+ 3u2+ (k)

To proceed we need explicit models for the isobar—
hole interactions R(k) and R'(k) in eqs. (3) and (4).
The simplest model is obtained by considering the inter-
actions made up solely by pion and p-meson exchange.
If the short range correlations between the successive
isobar—hole lines are taken into account to the minimal
extent that they eliminate the §-function components
in the meson exchange interactions, one obtains for R
the resuit [9] ;

Ryn(K) =38, [F2() ~2C, f200], (D)

Q)
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where f, (k) is the form factor associated with the pNA
vertex and C, the strength factor for the p-meson ex-
change interaction:

Cp =(gpA/2m)2(“/fA)2 . 8

Here g, is the pNA coupling constant [8]. With the
same “minimal” account of the short range correlations

the reduced Ah—ph interaction R’ can be cast into the
form

Ronn(k) = 8,1, [£206) + 2C, £2(K)] )

with the p-meson exchange coefficient

C‘I’:(gui:lz(l”))(fi}_i)k ‘

Here g, is the vector p-nucleon coupling constant and
« the tensor coupling strength,

The first (pion) terms in these expressions for R and
R' represent the classical Lorentz—Lorenz~Ericson—
Ericson effect [11] as derived by Barshay, Brown and
Rho {5] for the self energy and by Rho [7] for the
vertex renormalization. It was shown in ref, [9] that a
more accurate treatment of the nuclear pair correlation
function reduces these pion terms to a fraction of the
value in egs. (7) and (8), whereas the p-meson terms are
only reduced by a moderate amount, Accordingly we
shall neglect the pion terms in R and R’ and incorporate
the finite range corrections approximately into fp(k).

Note now that

C;; _ gpN(l + ")/gpA
A

This ratio is unity if the ratio of the aNA to 7NN
coupling constants is the same as the ratio for the pNA
to pNN coupling constants as predicted in the static
quark model. In that case R’ = R and thus the numera-
tor correction factor in eq. (4) for R vanishes, and the
simple vertex renormalization model of Rho [7] results.
We shall use that simpler model here with the justifica-
tion that recent studies of the resonant rescattering con-
tributions in the reaction n*d + pp indicate that the

(10

(n

m and p coupling constant ratios should be close [12,13].

In the quark model {8,9]
Co=Cp = (8poN/2m)* (14 K)2 (u/f )2 =2, (12)

with the values given in ref, [14] for the p-nucleon
coupling constants. .
Using these results and the substitution (6) we have
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used the formula given in ref. [1] to calculate the param-
eter Im By, for the two-body absorptive part of the §-
wave pion-nucleus optical potential. Taking the form

factors f, (k) and [, (k) to have the usual monopole
form

Az_ﬁ12

el )

with 7 being the mass of the exchanged meson and A =
1.2 GeV/c2 we obtain Im By >=0.048 u~* in reasonable
agreement with the empirical value 0.042 u~4. Note
that with no medium corrections the corresponding
result would be 0.020 u=4 [2], which is too small by
afactorof 2. The value A= 1.2 GeV/c? for the pion
form factor is the same that has been used in studies

of #*d = pp [12]. On the other hand, in studies of
n*d - pp, A is usually taken 1o be much larger than

1.2 GeV/c2 for the p-meson vertices [12,13]. The use
of the smaller value here simply serves to mock up

_neglected finite range corrections to the nuclear pair

correlation function as mentioned above. If A were
taken to be 2.0 GeV/c? for the p-meson form factor
we would obtain the far too small value 0.016 =4
for Im B!

The values for the residual isobar—hole interaction
R given in eq. (7) were obtained with the schematic
model of a step function for the nuclear pair correla-
tion function. Using a more realistic model for the
pair correlation function, Weise [9] found that the
whole denominator factor in eqs. (3) and (4) could be
well approximated by an almost momentum-indepen-
dent expression of the form

A To(%)

— — (14)

3 k2 f'2r
with IS A <2, depending on the specific details of the
correlation function. In fig. 4 we show Im B as calcu-
lated with this simpler mode! as a function of the param-
eter A (neglecting the pion form factor). Clearly Im By
is a sensitive function of . The desired value 0.042u—4
for Im By, is obtained with A = 1.7, which agrees well
with the “optimal” value X = 1.6 found in recent com-
prehensive optical model studies of pion-nucleus scatter-
ing data [15]. (If the pion form factor (13) were in-
cluded in the self energy the desired value for Im By-is
obtained with A = 1.5.) The fact that the absorptive
optical potential may be explained with a similar value
for the Lorenz—Lorentz factor A as used in studies of
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jmao(}i-q)

0.08
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0.04

0.02

' 2 3 3
Fig. 4, The parameter Im B describing the strength of the p2
term in the pion-nucleus S-wave optical potential.

other aspects of the pion-nucleus interaction should,
in our opinion, be viewed as strong support of the valid-
ity of the present picture of the medium effects.

The combined medium effects on the pion propaga-
tor and 7NN vertex enhance the predicted value for
Im B,y by roughly a factor 2. As this parameter repre-
sents the absorption rate in nuclear matter, the medium
corrections will be much smaller in light nuclei, which
have large densities only in the central region. To illus-
trate this we consider the absorption rate in 4He at
threshold. We calculate this as an average over the
nucleon density p(r) for the 4He nucleus

I‘=fd3rp(r)F(p), (15)

with I'(p) being the resolt obtained by replacing the
plon exchange Yukawa function in the explicit expres-
sion for I given in ref. [1] by the medium corrected
form (6). Using the harmonic oscillator model in (15)
we find that the medium corrections enhance the cal-
culated absorption rate by ~40% for the a-particle if
Ain eq. (14) is taken to be 1.7. Depending on the value
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of A in the pion form factor (13) the imaginary part of
the scattering length for 4He falls between 0.017 u=!
(Ap=1.2GeV)and 0.034u~! (A = =) which should
be compared to Ima(exp) = 0.03 u=!. Without the
medium effects the corresponding range of the calcul-
ated scattering length would be 0.012 p=4<Ima<

0.021 u~*, which demonstrates the need for the
medium effect.

In conclusion we have demonstrated that the me-
dium corrections to the pion propagator and 7NN
vertex in nuclei enhance the predicted absorption
rates by roughly the amount needed to explain the
values extracted from pionic atom data. The pion
self energy by itself induces a far too large enhance-
ment which is moderated by the vertex renormaliza-
tion. Both effects must therefore be considered to-
gether.
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We show that virtual pion rescattering in a nuclear

Hamiltonian. The first few terms in the densit
appreciable in nuclear matter.

[NUCLEAR REACTIONS Pion-nucleus ioteractions: S-

Considerable, if inconclusive, attention has been
given in recent literature to the “Barnhill” am-
biguity in the S-wave 7NN interaction in nuclei.'s
The ambiguity concerns the strength parameter A
in the Hamiltonian for this interaction:

H:xf«p‘&-vﬁ-&w. 1)

Here ¥ and 5 are the nucleon and isovector pion
field operators and ¥, a symmetrized gradient
operator acting on the nucleon fields.! In (1) f is
the pseudovector pion-nucleon coupling constant
(/%/47=0.08) and u the pion mass.
Straightforward nonrelativistic reduction of the
Lorentz invariant pseudovector nNN interaction
Hamiltonian leads to A = u/2m (m =nucleon mass).
The unitary freedom inherent in this reduction
leads to the ambiguity in A.! The physical reason
for this ambiguity is the lack of a definite treat-
ment of the binding effects in a nuclear medium
that force the nucleon under consideration off
shell,>** Only in simplified boson exchange models
is it possible to make definite predictions for A.°
Therefore it has been suggested that the paramet-
er be determined empirically by means of (p, ")
and (v°,p) reactions interpreted with a single nu-
cleon stripping model.®? Apart from the obvious
criticism that the simple stripping model may not

" be adequate, we shall in this work show that size-

able density dependent medium corrections to the
etfective'one-abody operator (1) are caused by vir-
tual pion rescattering. Thus A will not have any
universal value valid for a range of nuclei, and
attempts at empirical determination of A will be
futile,

The main rescattering process that contributes
to X is that involving two nucleons: an incident
S-wave pion rescatters off a nucleon (which is
ejected) and is absorbed by a particle-hole pair,
or it rescatters off a particle-hole pair and is
absorbed by a final nucleon (which is ejected).
This s illustrated in the diagrams in Fig. 1,

medium gives rise 1o an effective S-wave 7NN interaction
Y expansion of the strength parameter are estimated and shown to be

wave intera ct:lon.]

which include direct and exchange terms, These
processes take place in addition to “true” two-nu-
cleon absorption processes in which two nucleons
are ejected from the nucleus, .

The diagram in Fig. 1(¢) represents distortion
of the incident pion wave function and should not
be inciuded in the basic nNN interaction, as the
distortion can be treated with an optical potential.
The corresponding exchange term in Fig. 1(d)
shouid be excluded for the same reason. The am-
plitude for the diagram in Fig. 2(a) vanishes in
spin or isospin 0 nuclei because of the spin-vector
isovector nature of the sNN absorption operator.
Therefore only the remaining exchange term di-
agram [Fig. 1(b)] contributes tc the S-wave ab- )
sorption interaction.

In order to construct the amplitude correspond-
ing to Fig. 1(b) we employ the phenomenological
zero-range Hamiltonian

H=4n%$5-$¢+4v%$;'6"w (2)

to describe the S-wave rescattering vertex
(m=23,0). In (2) the coupling constants A are de-

/ /
o b
Q.
// //
¢ d

FIG. 1. Pion rescattering contributions to the effec—
tive S-wave NN {nteraction.
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FIG. 2. Three-body contribution to pion absorption
with double pion rescattering.

termined from the S-wave pion-nucleon phase
shifts to be 1, =0.003 and 2, =0.05.* This Hamil-
tonian leads to a satisfactory prediction of the S-
wave pion-nucleon phase shifts at low energies and
is used in the standard derivations of the first and
second order S-wave pion-nucleus optical poten-
tial, It has also been used successfully in the two-
nucleon model for nuclear pion absorption,®*!° aj-
though it implies a very simple direct off shell
extrapolation of the pion-nucleon interaction. For
the final absorption vertex we use the standard
P-wave 7NN interaction. The two-body rescatter-
ing amplitude is then

02K p=ay . =
T=—4vi(—%)%:—;; 273, =i (T x7),], )
with k being the momentum of the exchanged pion.
The isospin index of the initial pion is i.

Taking the matrix element of T over the closed
particle-hole line in Fig. 1(b) yields

itk y
T=i-4- -L, (x,+x,)k,’fd‘r, k( 7)
LA r
(4)
dak 6” E _“'._'
(27) B3+ u? €
Here k, is the Fermi momentum and F=7, - F,.
To reduce (4) to an effective one-body operator
we take the 0-range limit g ~ <, which leads to

3

T==t 327(%) (Baoni-G b, @
Here p, and p, are the momenta of the initial and
final nucleons, which appear after a partial inte-
gration, The employment of the zero-range limit
can be expected to overestimate the two-body con-
tribution in Eq. (4). It is, however, « better ap-
proximation than that which the static pion propa-

_gator in Eq. (4) would imply, because of the self-

energy. correction to the propagator which reduces
the kinetic energy term. This point will be dis-
cussed in detail in conjunction with the higher
order corrections below.

The amplitude .(5) can be generated from the in-

EFFECTIVE S.WAVE NN INTERA CTION IN NUCLEI

1223

teraction Hamiltonian (1) with the density depen-
dent parameter A

2 3
A= ﬂ? (M+M)n=g(%f-) (A +2y), ®)

In nuclear matter k, ~1.35 fm™* and thus A,

~ 0,08, which is similar in magnitude to that of
the usual one-body Galiliean invariance counter
term (A, = u/2m =0.07) obtained from the rela-
tivistic pseudovector Hamiltonian,

The magnitude for A;; given in Eq. (6) is clearly
an overestimate, as the effect of hadronic form
factors and nuclear wave function correlations
will tend to reduce it, Although the simple zero-
range approximation used above will not permit
a realistic estimate of these elfects, a first estim-
ate of the form factor reduction is possible, As-
suming the pion-nucleon vertices to be-described
by a monopole type form factor (A% = p3) /(A% + )
the expression (1) ought to be multiplied by a facto
(1 - p?/A%). With A~1 GeV/c?, this would lead to
a ~5% reduction of the previous estimate for A,
remains the same as that of AL

Equation (6) represents the second term in a
density expansion of the parameter A, The next
term involves a secondary pion rescattering, as
illustrated in Fig. 2. Here the dominant contri-
bution will come from the P-wave component in
the second rescattering amplitude. As the nucleon
pole terms in this amplitude represent binding
corrections to the two-body amplitude above, we
only consider the intermediate states containing
the Ay, resonance treated in the sharp resonance

e f

FIG. 3. Three-nucleon contributions with Ay; {nterme-
diate states to the effective S-wave TNN {nteraction.
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approximation,

Considering both time orderings for the A, re-
sonance intermediate state contributions there will
thenbe atotal of 36 three-body diagrams in which two
of the final particles remain within the Fermi sea,
compared to the four two-body diagrams in Fig. 1.
After exclusion of all those diagrams that properly
represent distortion of the incident pion wave func-
tion, and the corresponding exchange terms, and
all those that give no contribution in isospin O or
spin 0 nuclei, we only need to consider the six
diagrams in Fig. 3.

To construct the scattering amplitudes for these
diagrams we use the rNa coupling Lagrangian

.c,“=iuA X't Voex+H.c. (7
Here £ and y are the spfn and iéospin field oper-
ators for the nucleon and E and ;the corresponding

J

operators for the A,, resonance. From the decay
width of the resonance one has f,?/47 ~0.35, For
the isobar contribution to the general three-nu-
cleon two-pion exchange diagram in Fig. 2 one
obtains

8 ffAZ ?'Ez
Im,—-m) u? (Elz+ “z)(l;z., u?)

X, Ryl20, 70— 0, (P x 7, ]~ 152+ (K, xK,)
X[20, (T2 x 1), = i2,(F} x (72 xTN ]},  (8)

with El and E, being the momenta of the primary
and secondary exchanged pions. The mass of the
resonance is denoted by m,.

Carrying out the spin and isospin sums over the
closed particle-hole lines indicated in the dia-
grams in Figs. 3(a) and (b) and taking the Fouriér
transform of the amplitude (8) yields

. 8 ff’fd’k 1 1
= —_— A POERAD WP | SN TNET S0 BT SRR AR 18 ] —
T 47t 9(”’4"'") e Zn)° ety Iy Ty g ik, (ryry PR PCrwr:
X (T koK, Ky $K,257 K, + $K,251K,) 9)

The same sum for the diagrams in Figs. (3¢) and
(d) give rise to an identical result.

To complete the evaluation of the particle-hole
line matrix elements for these diagrams [Figs.
3(a) and (b)] the expression (9) must be integrated
over Fz and FJ, folded with the relevant three-body
density

ke Jilkeraa) Jilker ) ] (10)
LER T kyriy

The three-body density appropriate for the dia-
grams in Figs. 3(c) and (d) may be obtained from
(10) by the replacement F,,-— F,.,. Finally, because
of nuclear correlations the & function in the brack-
et in Eq. (9) should be eliminated by the replace-
ment k% - - p2,

In order to obtain an approximate one-nucleon
amplitude we again resort to the zero-range limit
of the pion propagators in Eq. (9), i.e., u? =, In
that limit the integrations become trivial and the
combined result for all the four diagrams in Figs,
3(a)~-(d) is

pe_; 32 (h)‘ ff 2

= 243p b my-m

(Xx + 7‘2)6 : (§/+ 6;)74 .
(11)

This amplitude can be obtained from the interac-
tion (1) with A=), .-

u
— (A, + 2
", -m (s +2)0

128 (1,2 PEARY
= A N = [ZF
243n° (47{ ) m,—-m (IJ-) (Al"'xz)- (12)

In nuclear matter A,,, ~0.024, which is roughly
30% of the corresponding value for A, _

We finally consider the diagrams in Figs. 3{e)
and (f). These can actually be summed to all or-
ders in the internal isobar-hole propagators and
then simply represent the self-energy corrections
to the pion propagator in the two-body amplitude
(4) corresponding to the diagram in Fig, 1(b).
They may thus be taken into account by the re-
placement

1 1
k2+“2 -k2+uz+n4

(13)

in Eq. (4), with T, being the isobar-hole contribu-
tion to the pion self energy'®:

f.2 (3217 pk?
=LA (2 ¥r
n, 47\ 9 u’(mé—m) : (14)

This self-energy expression is reduced by taking
into account the isobar-hole interaction in the one-
pion exchange approximation to!*

-1

n,-m, (1'71;' EL‘aA' R {(15)




if the nuclear pair correlation function is taken
Into account to the minimal extent that it elimin-
ates the 8-function terms in the interaction. The
main role of this self energy will be to improve
the accuracy of the zero- range approximation used
in the other many-body diagrams above. Since the
magnitude of 1, in (14) and (15) is N,~-0.6%2, it
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reduces the kinetic energy terms in the pion propa-

gators to less than half of its unmodified value. We

therefore feel that the Zero-energy approximation
should be accurate anough for a first estimate of
the medium corrections to the S-wave NINN vertex
in nuclei,

The net three-body correction to the parameter
A is thus that given in Eq. (12), and it is again
necessarily an overestimate as hadronic form
factors and nuclear wave function correlations
will reduce it. With the same argument as used
above to estimate the form factor correction to

i
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Ai1» we would find X, reduced by at least ~10%
due to the form factors.

The relative smallness of A, compared to A,
in nuclear matter suggests that higher order re.-
scattering mechanisms will be of little significance.
In any case the large value. of A;; compared to the
“Iree nucleon” value A = u/2m shows that the ef-
fective one-body S-wave pion absorption operator
(1) will depend strongly on the nuclear density,
The interaction strength will thus vary from nu-
cleus to nucleus, and there will be no possibility
of determining a universal value for X by pionic
stripping and knockout reactions. It appears that
the only realistic approach to the S-wave pion-nu-
cleus interaction will be to take into account its
two-nucleon and many-body components explicitly.
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