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INTRODUCT ION

These lectures will deal with the T nuclear interactions at low
and intermediate energies (S 500 MeV) only, since different hadrons show

little individuality in their interaction at higher energies.

The first and obvious question is : why should we explore nuclear
" properties with pions when so many neutron and proton accelerators with

excellent beams and high currents exist and when so many detailed nuclear
properties already have been explored ? After all, nuclear physics is by

now 35 years old..
There are two basic reasons for this :

1) presently there is on1y>ohe strongly interacting elementary particle
with which to explore the nucleus with ease, namely the nucleon (the
néutron énd'thé proton). Any other such particlé with different
properties and interaction is therefore most welcome and it is likely
to view the nucleus in a different way than the nucleon. It is
therefore important to begin by studying the trivial and elementary

prdperties, which make the pion different from the nucleon;

2) the degrees of freedom of the pionic field in the nucleus, its modes
| of excitation, its coupling to its sources in the nucleus and its

distribution over the hucleus are all fundamental questions of nuclear
physics. Classical low energy nuclear physics virtually ignores the
existence of pions in nuclei. Pionic effects mainly appear in the
range of the nuclear forces due to meson exchange, but the mesons
have been eliminated as explicit degrees of freedom. Among these
mesons, the pion is exceptional by its very low mass which makes it
dominant in the long part of the NN force. While explicit mesonic
effects can occur in magnetic moments by exchange currents, as three-
body interactions or as quantitative modifications of the weak inter-
action in nuclei no clear-cut direct evidence exists. The best ex-—
perimental evidence for virtual pions in the nucleus is that for a
pseudoscalar weak interaction in /L capture, bul this already
involves'/“- mesons. It should be much easier to study all the

problems of the nuclear pion field directly using real pions.



GENERAL PROPERTIES COF THE PIOW

Even the trivial properties of the pion are important in its

applicaticn to nuclei. We therefore rapidly review them below.

Units : m = #H = ¢ =1

length : #/(m. c) = 1.41%.107 17 cm

energy :. I 02 = 139.6 MeV (7(i only)

time  : /(m, 02) = 4_.71-10_'24 s
The pion has three charge states ﬁ‘+,1T— and U © reflecting that

its isospin is 1.

The existence of a negative pion has the very important consequence
that a W‘_ can be bound electromagnetically iato a mesic atom similar

to an electronic atom but for scale.

The pion is a boson. The process N+ 7 =@ N 1is possible if the
energy momentum bal-ace is furnifhed. The required momentum for a pion
at rest on a nucleon is (an M)E’% 500 MeV/c which is usually not
available for a single nucleon in a nucleus [@ermi momentum is about
250 McV/é]. Nuclear pion absorption therefore typically involves several

nucleons.

The boson nature of the pion allows the process U +N & N+ 8
with transfer of the full energy momentum balance irto a high ensrgy

photon.

Since U ° 5 2y is very fast D.2°10‘16 s] there are no U °
beams. Expressed in energy, this correspords to only 6.5 eV, which is
much smaller than the characteristic nuclear transition energies [jOO keV -
Tew Mei]. The 7r° can therefore be considered to be stable in most

nuclear phenomena. The charged pions are very stable cn the same scale
[lifetine 2.6-107° &].

The TC N interaction is quite weak at low energies. Qualitatively
we can sec this by comparing the JTUN and NN scattering lengilhs in units
typical of inter—-nucleon spacing, namely 1/mr = 1.4 fm

scattering lengths 7N : ~0.1-0.2

scattering lengths NIy : ~10

PAPY



The generai properties of TN interaction below 500 MeV arc
heavily dominated by the isospin 2, spin 2, p wave TUN resonance
at 180 MeV. Even at much lower pion kinetic energies the p wave inter-
action is very strong. The qUN scattering amplitude for s and p

wave 1is :

F=l+bED +[c, v, )](L é)ﬂ[d +C(fr)]°“(/¢”é/ (1)

— - . . = b . . N
where T and t are isospin operators and k, k' in- and outgoing pion
momenta. The coefficients in general are energy dependent. In the low

~energy limit they become constants :

b, = -0.012 + 0.004 ; b, = 0.097 + 0.007
c, = 0.208 & 0.008 ; c, = 0.180  0.005 (1.a)
dO = -0.193 £ 0.005 ; d1 =-0.060 + 0.004
The coefficients are related to the AR s and p wave scattering
lengths CLQt and 062t2j
b= 2*Z% 5 b= 3 (=)
o 2 {

o= (9ot 2y * 26dnt ;= bty 2d) (0

’ . N - -

° !

Note that both b0 = -0.012 and (co—c1) = 0.028 are extremely small.
Therefore

1) the s wave 7(—n scattering length (bo+b1) is nearly exactly
equal to the Jr p scattering length (bo~b1) but with opposite
sign;



2)

the
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7T "p p-wave scattering length (00-01) is nearly vanishing;

it is ~14 times smaller than the 7 n p-wave scattering length

(co+c1). There is thus practically no 7 p interaction in this

state at low energy.

Problems

1)

T of the total D+D

cross—section at 460 MeV deuteron energy. What does this

The reaction D+D - T°+'He is g 10~

indicate for the 7 isotopic spin ? [ﬁote : the process
giving 7T'f+1r—+4He has been observed with much larger

cross—section when energetically possible:]

The ratio 2
éPzG‘(P-rD—» Tt + Hc) L
ﬁ: 0"(7?"+3f/¢"""‘b) 3

for the same energy. What do you conclude for the pion spin ?
(Use detail:d balance.)
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SCALE FACTORS AND OBSERVABLES IN THE MESIC ATOM

A mesic atom is the bound states of a negative meson in the
nuclear Coulomb field Zel/r. In the absence of strong interactions
and for a point nucleus this is an ordinary Bohr atom with a boson.
In the absence of any other scale factor lengths and energics are

simply scaled by the meson mass and the charge Z

1 200

Bohr radius B = T ~ z T
m,. (ZeL)? »
Bohr energy = X 3.7 Z° keV

For an infinitely heavy nucleus, the Klcin-Gordon equation gives
the energy Enz for a state. of principal quantum number = and orbital

momentum 4.

E;zz"'_ ;f&) .Z"' ZoL) (44/,_—’2‘)" jz

(higher electromagnetic correcctions are not included). For circular

orbits, i.e.,v L=12 =n-1, the radius of the orbit is B ::nzB.
max n

The initial capture of the pion into a high orblt is a compllcatcd
problem. It is believed to occur for n ® (mﬂ./m )‘ N since the
electron K orbit (meZol.)—1 equals the pion orbit n2(mn Za(.)-1 there.
The atom de-excites by Auger and X-ray emission. There is a strong

- preferencg for populating orbits of n= L4+1 (i.e., circular orbits)

during this process.

The observable effects produced by nuclear size and strong inter—
actions are mainly € ng? Pnﬂ and Ynz;n'z' ;3 the deviation of an
energy from the point energy, the absorption broadening and the yield
of the transition (n'£') to (nf). More detailed effects like hyper-
fine splittings, nuclear J' rays associated with absorption, etec.,

are also accessible for study.

The yield in a transition (n'#4') - (nf) is related to tke level
broadening in the originating level I1n'£" psing the branching ratio

between radiative and absorptive processes :



.' | -[c"'u{n'l"nl
Ynl - P =

o9’ ! — e (2)
ind ny Erad we' [;A: n't/ -

Here P is the original population of the level n'L') while
nlf)l b

ljlad n'L'int and I?rad ntgr are the well-known partial and total

radiative widths for the level n'4! (including Auger emission). The

absorption width to all non-pionic states is -[1;bs Nttt The indirect

method of width determination becomes important when abs n' 4! =

Ilad ntgr  end allows the determination of extremely small widths in

some cases.

The pionic Bohr atom is in practice always large compared to the
nuclear size with a small probability of finding the pion inside the
nucleus. As an example : the 1s 1level of 16O has an important strong
interaction shift which is 10% of the 2p~1s transition energy. The
radius is 25 F whicn is much larger than the nuclear radius of 3.5 F.
There is only 0.3% probability of finding the pion inside 16O in the 1s
state. States with much higher probability seem not observable at present
due to the very high absorption rate of pions in nuclear matter
(~5><1O_22 s).

Problem

For which nucleus is the unperturbed 1s and 2p Bohr orbit

equal to the nuclear radius for /u.", T , K and p *?
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GROSS BEHAVIOUR OF SHIPTS AND WIDTHS WITH Z

A major part of the systematic variation of & ni and [zw
with the nuclear charge Z comes from the change of the size of the
atom with Z. We will here isolate this Z depcendence by simple

arguments.

The normal scale of energies in the Bohr atom is EnNZ2 :

binding and transition energies vary relatively slowly with Z.

The radiative transition rates are dipole transitions. Thus

Ead ny 1o dimensionally [{lengtn)®x(encrey)”], so that
2 3 4
I, < B (5,-E) o< £

1

since BSC 7 ' and (E1—E2)°<.Zz.

The strong interaction effects have usually a much stronger 2
dependence. Assume for simplicity that the strong interaction can be
described by a squarc well Vo up to the nuclcar radius R and that

perturbation theory at least crudely applies.

Close to r=0 the wave function ﬁnz is dominated by the

centrifugal barrier. Tor dimensional reasons, it must then have the

3 A
Foc BUIE)

The complex energy shift AEnZ = £n£--1 Fnﬂ is

2842 sr) o
232Nﬂ+3

2 f+3) 24+3
r CC Z< R .

form

A, = (Vo ¢lar o JT

CC

(1]

_.(2‘F+ED Fi'zl{-z
T
oj A

Since the nuclear radius R°6A1/3, we have
A £+3
4E,, o< (ZA oc

424 +‘3)
)



_5_'

where the last expression results by taking AXZ. The powers of 2

in different states are (note that in practice L=n-1) :

angular momentum | power of 2%
0 4
1 6 2/3
2 9 1/3
3 12

The consequence of the exceedingly strong behaviour with Z in higher
states is that for these the shifts and widths are very hard to observe
for low Z. When they become observable they quickly become quite large

as a function of Z.
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4. A RELATION BETWEEN (COMPLEX) ENERGY SHIFTS AND SCATTERING LENGTHS

The pion is weakly bound in the nuclear Coulomb field. The Bohr

orbits are usually very large compared to nuclear dimensions (see Fig.)

B>>R

The pion is in a state of well-defined angular momentum £ with
respect to the nucleus (we assume central interactions) and it has a
slightly negative energy Enﬁ' It is physically obvious that the inter-

action of the pion with the nucleus is elastic scattering in such a state.

In so far as nuclear scattering properties vary slowly with energy, it
should thus be possible to relate the energy shift and width to low
energy elastic scattering in the same angular momentum state. The 7T

mesic atom should be a natural analysis for scattering phase shifts.

Accurate and model independent expressions for this connection
can be derived using S matrix theory 1)’2). We give below a simple
derivation of the leading term which is sufficient in many cases. The
relation between energy shifts and elastic scattering for afoms is more
general than for pions. The results are, for example, applicable to

é—,/L—} K. and p atoms as well.

The scattering amplitude for a spinless particle is :

. P L.&
- £ Col et Bews |

A (3)

with (E;E') = k200s9 where X is incident, e outgoing momentum.

As k-0, every partial wave has an effective range formula

28+1 _ 1 T, 4%, .
* M&_A£+Z{+ (4)



or, in the limit.of k-0
. 8 )_—_:
Jom (22 Ay . )

Here Az is a generalized "scattering length" [indeed it is of dimension
(1ength)22+1, so it is not a length generalli]. Therefore, if we retain
only the leading term for small k for each partial wave, the contribu-
tion of the 4th wave to £(©) is :

f o= @A AT ©

The trick to relate AL to the energy z& Enﬂ is to exploit
-that the pilon orbits are very much larger than the nuclear radius. We

introduce a short ranged pseudopotential V(?), for which the amplitude

- 'E?:i’ ¢.£:" -
= Zmy ‘
flo)= - i [e Ve or

and the energy shifs{

AEM = f V) ILPM Izd"’?- (8)

Since we use a pseudopotential, we are permitted to use the Born approxi-

mation in both cases, so that refers to a hydrogenic, unperturbed

ng
wave function.

Let us apply this to £=0. In this case we obtain fo(Q) simply
by letting k-0, so that

= - - 2m ()dr = =2 °;2 r)olc
{0(9)_ A, .ﬁ."fV(Jdr m,,_of V) ”



Lo 2
AEII A= > Iﬁo‘} V(r) r&(-f B I 7 (04 oerV{r)dr : 4 (10)
Hence ' 2
. _ ' , Ao
zj‘é% £=0 -7 /sélo(ojl :57;; )

This can be simplified further into a more usual form by observing that
the hydrogenic wave function.:

| _ m ZdL %
(él,kc(vO) B Z( n ) >

so that

--£

AE . = ~4 b no N

&>

4
n

We can easily generalize this result to an arbitrary partial wave. By
projecting out the leading contribution of the pth partial wave from

Eq. (7)
ﬁ(e) - 2 ) My, (af.ﬂ)[fgﬂ (kr) V(r)dr]_]_) (CoIO) -

where jg(kr) ~ (kzrl)/(2£+1)!! + e
fz(Q) - kzzAEPz(cose) as k-0, we have

__ém r* '
At', T [(ufl)”]" Vindr . (12)

is a spherical Bessel function.

Since

On the other hand the bound state wave function



Yo [
. l (n+4)! ] 21 K}_E'.
E[JM(::) B C;:u(') Zm = et Lin-2-101 2n (-" & ""5)+
(14)

Therefore Eq. (8) gives
2 -24-3 24 -
- L (g 3 L [2**V olr
16,y = T [B V= 0u B [ e

where we have introduced a constant ay to describe the numerical
factors in n and £. There is clearly a common dynamical factor
fr2LV(r)d? in both expressions which can be eliminated. The general

relation i1s therefore

él j%jl - 2 }\1 _l_ l!Z:Eél:
AR O Ty A YR Y R (16)

In the special cases of £4=0, 1, 2 and 3

1}_&%0 o Z:\g ) (17.a)
A;:E:, . - Y %«_3 ) (17.1)
S G (1.9
Seny o =gk (1-R) (- E)(-2) 5 . (7

These relations are true for 1& Enz complex, i.e., £'nz—i ILL/z

since we nowhere used that V was a real pseudopotential.



5. EYFPECTED EEHAVIOUR OF SHIFTS

If we take a very nalve and qualitative view of likely behaviour
of strong interaction shifts, we would probably argue as follows : the
TCN interaction is dominantly attractive, as we easily see from nuclear
binding. Hence V(r) is attractive. If we have a reasonable potential

which follows the mass distribution of the nucleus, then :
o0
n
fx' V) de
(7

the nth moment of V(r), should have the sign of V(r), so that
Sypydy... levels of the atom should all have shifts of the same sign.
This is true for example for the finite size shifts in M mesic atoms

due to the smeared out charge (all repulsive).



6.
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OBSERVED BEHAVIOUR AND MAGNITUDE OF SHITTS AND WIDTHS

The energy shifis deviate strongly from this picture (see Fig.)Y
Because of the strong variation of the probability of finding a pion
inside the nucleus as a function of the Bohr orbit, the strong inter-
action shifts and widths are in practicce determined to high precision

by the lower state in an X-ray transition.

| . .
€
2p

€15

repulsive attractive

. It is observed that the binding in the attractive Coulomb field is

decreased for s wave pions, i.e., the interaction is effcctively

repulsive, while it is incrensed in the 2p, 3d, etc., levels, i.e.,

in higher orbits the interaction is effectivelv attractive. This

indicates that a major feature of the intcraction structure is not up

to this point included.

A second interesting feature is that the 1s states have energy
shifts shifts which depend very sirongly on neutron excess. So, for
exanple, for the two boron isotopes 1OB and 11B for which the a priori
probability of finding a pion inside the nucleus is nearly identical, the
energy shift changes from =-3.18+0.18 keV to =-4.23%+0.18 keV, i.e.,
by over %30%. The addition of a neutron produces a more repulsive inter-

action than befcre.

Below we give the typical ranges of nuclei for which strong
interaction shifts and broadenings have been directly observed as well
as typical values of energies and widths. The experimental technique

used is usually solid state germanium detectors.

In addition, indirect measurements of the lij and 'I13d by
intensity attenuations exist for a series of nuclei. They are consistent

with and extrapolate smoothly to the directly measured widths.

For further details on the experimental data, the reader is

rcferred to the lecture by Professor H. Daniel 3).
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4

23

2p-is trénsitions (observed from 'He to Na)
By g (keV) &, (kev) [\ Gem
10
5B 65.95+0.18 -~ 3.18%0.18 1.27£0.25
23 '
41¥a| 276.2 #1.0 ~64.74£1.0 10.3 £4.0
3d-2p transitions. (27A1 to 30Zn)
Byg g (keV) £2p (keV) I"Qp (xeV)
27 =
13A1 87.40£0.10 0.20%0.10 0.36%0.15
220 | 356.43£0.30 3.8140.35 7.3740.70
4£-3d transitions (°%Y to *lpr)
Eyp g (KeV) €5q (keV) I%q (kev)
115
In 442.9 ’-‘EO.5 2'6 iO.S 206 :E006
49
133
5508 | 560.5 1.1 5.4 +1.5 3.% 1.5
5g-4f transitions (181Ta to 2391>u)
Bo,_yp (keV) £4f (ke V) Ilf (keV)
258y | 731.4 +1.1 6.0 +1.1 6.1 +1.0

92




PION MASS MEASUREMENT

‘Since we know empirically the strength of the pion-nucleon inter-
action in a given angular momentum state as well as its scale with 2
it is possible to choose the strong interaction effects arbitrarily small
simply by choosing a nucleus of sufficiently low Z. The energies in
the Bohr orbits are then scaled by the pion mass Mo which is the only
scale energy (excluding vacuum polarization and electron screening).
Hence 77' mesic atoms can be used to measure the pion mass to high

accuracy with strong effects eliminated.

By a crystal spectrometer, Crowe et al. 4) have obtained :

m, =(/33. 5§0 t 0,015) MeV

from the 4f-%d +transitions in Ca and Ti.

Typical energy is @

- = 328t 0.00 9)keV
E e () = (72 ) keV.
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QUALITATIVE ESTIMATE OI' LEVEL SHIZXTS FROM_THUE 7T N INTERACTION

that

The close rclation between energy shifts and scattering lengths
in the same angular momentum state was emphasized in Section 4. It can

be used as follows.

Imagine the nucleus to be a collection of free nucleons and ncglect
effects of pion absorption. If an incident pion has very long wavelength
we would expect the s wave TU nuclear interaction to come predominantly
from the s wave T N interaction. A first approximation for the
scattering length A£=O would then be the coherent sum of fT N scatter-
ing lengths (clearly this neglects rescattering which is quite bad for
heavier nuclei). Further, if the nucleus is sufficiently small and the
pion is in a state of angular'momentum 4 with respect to the nucleus,
it will be predcminantly in the same angular wmo:. ntum state also with
respcct to the nucleons (again this becomes lLi:d s the size of the nucleus
increases). We can then also try to obtain Az#o as the coherent sum
TCN scattering lergths for that 4 state :

] ¢
A‘2 ~ Z a._n.P + N&m . (18)

From the numerical values in Secition 1 [Eqs. (1.&) and (1.bz], we have

since f=0 f-0 2d, +§3

a.. = d"g J C"Tl.l‘) - 3 ' I

b A - @)= [oonh =007 2n!
L=0 ° ' (19)

From this expression, wc see from the sign of bO that the interaction
is repulsive in a nucleus of N=1Z; however, bO results as a small
number due to important cancellations, so that this cannot be based on
this term. We will later discuss the intercsting origin of the repulsive
interaction in the s state. We see further that the addition of
neutrons produces a morz negative, that is more repulsive, Al:O' This
is in agreement with observations on energy shifts although the elfect is

about half of this estimate.



- 18 -

For the analogous estimate for p waves and higher waves, we

average over spin dircctiions. Since according to Egs. (1.a) and (1.b)

f=/ , =l
A = 5 (2ehatdy )= $(catq); @ o 9—'(2433+43 #Yel, +2d, )=

we have

(O 125 N-*Oﬂﬂé)"'z (20)

We note the very small contribution from the T —p interaction and
that the scattering length in this state is positive, i.e., attractive,
so that the effective interaction in this state is attractive. A compa-

rison of € /En_2 for jé as given in Section 6, to the value pre-

2p
dicted by Ba. (20), using Ea. (17.b) to connect 4, . to £

'3/1\{ (E ) = /310 5 (Er ) - 2500

ne2 exp Eh"‘l./'w/cevad

2p gives

In view of the crude approximation for A£~1 the agreement is close.

Similar estimates for Az_2 and AL—B with the measured d and

f wave TUN scattering lengths give
o[-0 4A = E(N-2)] 10" m S
(21)
~Y _-7
A1=3': YA /o Py

We compare these estimates to the encrgy shifts for 13303 and 238

z U
55 92
using the connections (17.0) and (17‘d). This will indicate if such

estimates are good enough for such large systems

133 - -9

SS.CS ! (,E_ii ) = 4310 ‘/; €4 = -035/0
Eh=3 ex(g En-_-: COAW

23§

. -y -¢
Voo (88)) w20’ (G ~ 08/
1 En=‘/} exp Eney Jeoherent
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Clearly the coherent sum over the scattering lengths in these angular
momentum states is utterly_insufficient t0 expiain thes obseived shifts
and they give only a small contribution to them 2). The reason is that
the interaction in these states is doninated by s and p wave T x
interaction on individual nucleons. This will be discusséd in detail in

the following Sections.



A AROMATY TN ToE 7C g

The TC nuclear interaction is repulsive in the 1s state,
attractive in the 2p, 3d, 4f,... states for nuclci experimentally
studied. The repulsaion in the 1s state originates in s wave 7TH
scattering, the attraction in higher statcs from the attractive p wave
TN iateraction. ilipher waves were shown to be unimportanrt in heavy

clements in Section 8.

101
8 \
eZp \
6 |(keV) \‘
\
4t
\
\
2t \
\
\
15 20 25 30 35\
Z—

The obgerved interaction shift for the pionic 2p state is
shown above as a function of Z. It is a growing function of 7Z up to
Z =730, the heaviesl nucleus for which cbservations exist. An argument
will now be given that the proper extrapolation of this curve is a
dramatic downward trend with a ckange of sign for Z &~ %6. The observed
attraction should therefore reverse into rapulsion for a slight further
increase of nuclear radius 5). The corigin of this predicted effect is
the following : for a sufficicntly small nucleus, a pion in a relative
p state with respect to the rucleus will also be very predominantly in
a relative p state with respect to the individual nucleons. Fcr a
largar nuclear radius, the pion can increcasingly be in a relative s
state with respect to the nucleons, and thus fecl the repulsive inter-
action of this state. There can therefore he a critical nuclear radius
for which the attrastion and rcpulsion exuctly balance (with no net
interaction).. A very simple but in essence correct estimate of the
eritical nuclear size can be made as follows : the T nuclear inter-
action slrength is given approximately by the expecciation value of T N
scattering amplitudes on the individual nucleons in the nucleus. In
practice only s and p wave 7 N scattering is of importance, as

mnentioned above. For a single nucleon and a plane wave



. .l ry
expfck'X}=1+‘Lx+"' .
The interaction strength is then

2
I, = a,+3a,k* (22)

where a and a are M N s and p wave scattering lengths. TFor
the bound wave function ﬁ(?ﬁ we have to take proper s and p state
contributions for the individual nucleons. In the neighbourhood of a
point T this is immediately obtained by comparison of the planec wave

expansion above with the Taylor expansion of the wave function,

?S[F—o-i‘) = #3(1"")"*‘ 2(6’@;

With a nuclear density f? (?) and tuc average scattering lengths

ES and Ep, the A particle interaction strength is
b__ . 2 — -~ ,\& - d"’
j;c_- f[c{s p) + 30—,(V¢)jf(') . (23)

The parameters ES and Ep arc 10 be interpreted as the effective
T N scattering lengths in the nucleus. It is obvious from the express-
ion for the interaction strength IA that the net interaction strength
may he repulsive or attractive, depending on the relative si=ze of the
integrals containing ¢2 and (ﬁ;ﬁ)g, since Eq and Ep have opposile
signs. These integrals depend strongly on angul;r momentum and nuclecar

radius.

An insight into this dependence is obtaired by taking the matter
distribution to be uniform to a radius R and the pion wave functicn
g(r)oc rzYzm over nuclear dimensions. These are gross oversimplifica-
tions, of course, of the real situvation. We now determine the critical
radius Rz for which attraction and repulsion exactly balance [1A=é]
.by an elementary integration :

— 2443
R

—_— 20+/



so that

L < ’ (25)

The critical radius is a strong function of the angular momentum. It is
obvious that the higher the angular momentum, the larger the critical

radius. With a_ and a empirically determined, this leads to the

following predic;cd criticeal radii : R1=:6 T, R2: 11 £ and R3=‘15 f,
which correspond to A~100, A~250-350 and A~1000. These indicate
that for real nuclei the effect should be observable for 4£=1, possibly
for 4=2, while effects in L;} 3 scem impossible to detect at present.
A more detailcd numerical analysis on a more sorhisticated basis indicates

that the effect should ocecur around Z=x3%6, i.e., for A=X80.

Since the experimental interaction shifts do not apparently show
any cffect at Z=30, we decided to plot E}j/,IEp’ the ratio of
shifts to widths versus Z. The rationale for this was that this should
eliminate the probability of the presence of the pion in the nucleus,
which scales strongly with 7Z as the Bohr orbit shrinks according to
section 4. The result in ghown below, which strongly indicates that our
prediction may be true. We did not rely on any parameter dependent
calculation to obtain this curve. It is simply the ratio of two experi-

mental quantities versus Z.

It would therefore be of considerable interest to extend present

measurements of 2p shifts to Z values only a little bit higher than



presently observed to establish whether the effect exists or not. This
is extremely difficult since absorption attenuates the 3d-2p 1line to

less than 1% of its normal intensity, but it merits a special effort.

An interaction that changes from attraction to repulsion as a
function of nuclear size is unusual in nuclear physics. Since the ampli-
tude changes sign even in the Born approximation, the nature of the effect
is completely different from the well-known change of sign of neutron

scattering lengths at a nuclear size resonance (anomalous diSpersion).

An interesting corollary of this little cmlculation is worth
mentioning. It is cleér that the energy shifts in 3d and 4f states
depend almost entirely on the p wave N N interaction, since the
dominance of the s wave T N interaction occurs for much heavier
nuclei than those presently studied. Since a;T-YI:: 14a;r—p when
averaged over spin (Section 8), the interaction in the 3%d and A4f states
are almost entirely with the neutrons in the nucleus and hardly at all with
the protons. Any effect in these states which can be linked to the nuclear
size therefore measures the nuclear neutron size, which nommally is an

elusive quantity.
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TG _BRPECTIVE FIELD OR WY T3 THE s WAVE TRTTHRACTION REPULSIVE 2

The U nuclear interaciion will now Le discussed in a more
sophisticﬁted way using multiple scattering theory *). In this picture
{the individusl nucleons have scattering properties which fundamentally
are unchanged by the presence of neighbouring nucleons. The scattered
waves are followed in tlhe repeated scatterings on different nucleons as
well on tre scattering back to a nucleon which already has scattered the

particle previously.

There are two fundamentally differcnt regimes for multiple scatter-

ing : 1) the high energy Glauber limit and 2) the low energy limit.

The higl energy limit considers the nucleus as the equivalent of

a box of transparent glas i .ds (the nucleons) i: - ugh which light ray:
pass (the hadron). The p .- changes for the individual glass beads

through which the ray passes at a given impact paramcter are simply
summed up. The validity of this picture requires that the scatterers
arc extended compared to the incident wavelength, so that many partial
waves contribute in cach scattering. This ensures the applicability of
ray optics. More exactly il requires that the distance between success-—
ive scatterings 1L < b2/k where b is the nucleon size. It is charac-
teristic of this high energy approximation that no scatterer is struck

more than once.

Low energy multiple scattering is largely the antithesis of the
Glauber picture. The scatterers are small compared to wavelength, so
that only one or a few partial waves contribute in each scattering. The
scattered waves do not obey ray optics from one scattering to the next,
but are spherical outgoing waves. It is now possible to scatter more than
once on the same particle. There is also a characteristic modification of
fhe local field, due to the nuclear polarization at low energy. Such
effects, which are associated with the discretc structure of the nucleus
(or correlations), can be looked at in terms of virtual nuclear excitations.

The local effective field is a very important effect at low energy, in

“contrast to the high caergy casc.

*)

A pedagogical and systematic discussion of approximations is

. . 6
given in Ref. . A more complete account is found in Ref. 7)



The most striking effect of the granularity of the nuclear medium
appears in the 71s state of the mesic atom. The physics is obtained from
the following oversimplified model. The U N scattering is taken to be
point-like with a strength parameter a given by the TUN s-wave scatter-
ing length, since the 1s state is dominated by the elementary s-wave
TN interaction.

If we now consider the total wave ;Zf(?) produced by an incident
wave exp iKY on a system of such nuclecons this wave is the sum of the

incident wave and the scattered waves from all the individual nucleons.

The latter in turn are each siuply (effective wave Jéeff at a scatterer)x

x(scattering strength a)x(spherical outgoing wave). Thus

?(f) = QXP{C’E'E] + Z‘. Cxpi;klf-: Ic,} a ¢ e‘(ﬂf‘)

£-r

(26)

CkIF-Ti

eppkipe [€ " agi) p0) e,

where we introduced the mass density of the nucleus.

The equation above
solves no problems since it simply expresses the desired wave function
g(7) in terms of the effective wave ﬁeff(_f).

-
by (V 2+1‘:2) and use the famous relations :

- Ckx
(V+k*) & - —4n 8(R)
(F*k)erptckif= 0 o

If we operate on Eq. (26)

(_V)z+/<7')¢> = -9 Q f(f’)¢e(€/’) ) (28)

If the nucleus were a piece of homogeneous and uniform medium with

no discrete structure whatsoever there would be no ditfference tetween ¢

and ﬁeff. In this case there would be an cquivalent potential V(?)

the elastic scattering

for

Lm,V = - 9ma §) (29)



A nucleus is not a piece of amorphous matter. A pion within the nucleus
clearly experiences the discrete distribution of matter within. In the
neighbourhood of a particular nucleon, the pion sees that the mass of
the nucleon is concentrated into a point with a corresponding absence of

medium (a hole in the medium) surrounding this nucleon (see rig.).

Since a structure of this kind can only be seen by virtually .
exciting the system, this effect is exactly equivalent to calculations
of nuclear polarization using excited states of the nucleus. More
exactly, this hole is described by the nuclear pair correlation function
as we will now show by giving the equation for ¢eff

In complete analogy to Egq. (26) the effective field at a scatterer
i is given by the incident wave and the scattered wave from all other

particles but itself

gL

ckl -"fjl

eff i .')-r c e{fv ’
55 (;;".)= Cxp{tﬁ'fg}*(’é_:‘-ﬁ.‘él a ¢ &) (30)

13

or identically introducing the ruclear pair correlation function C(r ,r )
defined by the expectation value 0| 5 é(r ) 5 -r )|O> g (r,])g(p )

i _ 2
_D+C(r1,r2)]. , J

ekln

{
q) (r) exp} Lr; f—-———s-'- 9(';)[/'/' C( 627&- ¢ezca)dfz

lklro

eff
76” f"—"“" o) 5% (/r/d; (31)



- 27 -

The effect of C(?1;?2) is to describe how the nucleons are
distributed close to T, The fact that there is a scatterer in this
position influences the local density of other nucleons. In particular,
since the average density stays fixed, there is on the average one

particle removed from the rest of the system, so that
- - - -
/f‘(r..) C(’T, r.) 0(”1 =-1. (32)

We may think of the nucleon as having "created a hole around itself™,

The important effect of the hole is now this : in the uniform
medium there is an average wave function ﬁ(;). The wave incident on a
scatterer in the hole is not @(¥), but an effective wave ﬁeff(fﬁ.

In the long wavelength limit, these are related by [éee Eq. (315]

¢&ﬁ=- b -aley, 7‘)6(,1( (53)

The effective field in the middle of the hole has thus two contributions :
i) the average ficid @(Tr) that would result from the background medium
itself; ii) the 1o§a1 modification by the hole, which is a removal of
uniform matter close to T in accordance with our ansatz. At the centre
of the hole this contribution is proportional to the exciting field ﬂeff
over the hole, the strength of scattering a for ong partiéle, and the
average of the inverse distance of the centre to the various parts of the
hole (from the propagation of a spherical wave). The sign is negative

. . . . -
since these contributions have been overcounted in @(r). Hence

| f j
$bef = T qb : (34)-

(f/ * ‘L‘<té;ia/4)

Since the derivation of the potential for a uniform medium supposed that

ge ff

the exciting wave function was @ and not s the potential is

modified due to the correlations :

/= »
Zm Vo -‘/n(l-rcdf)“)f(r). (35)
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Therefore, the scattering length a can simply be considered to be

replaced by an effective scattering length

a

— ~ 4L : |
= aeH B (/+ CZ<’{/C>/,O/<) -[d - Q<“>A.1¢a *] (36)

for ¢ %)hole < 1. This correction is always repulsive in this order
2

since it depends on a.
We now generalize this to a nucleus which has both neutrons and
protons and for which virtual charge exchange also can occur. We identify
1 . 1 .
(E)hole with ( f)corr’ the expectation value of 1/r over the normally
defined pair correlation function. Tor a T=0 nucleus, the leading

order terms are

: 2 ¢
Gty (0, G ) +(2a=%) 2
- - P h - (_(j
rn = 7&[ — .
2mV 7 2 <rwr S (37)
The rcmarkable thing for pions is now that (an+ap):xo. In the absence

of the higher order term, nuclei would be nearly transparent to s wave
pions. The elastic scattering occurs prcdominantly (to about 70%) by the
second order term. The important correlations are the Pauli correlations,

which have the largest range. The repulsive interaction is thus caused

8),9),6)

by the granular structure of the nucleus

The importance of the second term in Egq. (57) can be understood
as follows. The exceptionally small value of the pion mass has led to
the study of pion interactions in the limit my — 0. It emerges that for

0)

2 s 5 2 2 .
(an+ap)0C1mm . Howcver, since as, ap and {an+ap) are all proportion

1 . ) . 2
most models one Tinds an_ ~ap-const-qr + [ierms in mw:j, so that

al to mi also, we find that all terms to this order are systematically

included in the potential

V oc m, .

It is a dynamical feature that the second term is the dominant one

numerically.



11. THE GRADIENT POTENTIATL

The I N scattering contains a very important dipole component
from p wave scattering. The previous results can be generalized to

include this effect.

Consider as before point scatterers which now can interact both
in s and p states with the pion. The TCUN amplitude is then

schematically
[0. + C(/C'é/] J(f‘f:) . (38)

We use the same picture of the nucleus as previously. The effective wave

,ﬁeff . , =eff

falling in on a scatterer is. in the s state and E in the p

state.

For the dipole scattering in the nucleus a scattered wave from a
. - . ﬁeff B ] .
nucleon is I:exc:Ltlng field :] Etrength of p wave scattering c:] X
x [outgoing p wave - (expik|™-T l/l ])]

outgoing p wave from a scatterer =

ckl? o)) =

= - C V7 -['171:]-

E C‘) (39)

It is therefore immediate to generalize Eq. (26)
a“"’ri ck I, e
=

) - expl¢EF}+ f\r— af{r}fg("/“’f ('e 7 ) cy(»T),i--(,'/c(r,

In the last integral we can switch gradient from T to ?1, S0

that a partial integration gives the simpler form :
Ck(P-T / - B
sb Cl r} /‘ ﬂfsbe(— C(V:' § ge,#} Ar (41)

We can therefore immediately write the equivalent relation to
(28)
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(%2+£1)¢ _ ‘/ﬂ[af¢e{f—— C(ﬁ f;?fyj (42)

In the first and oversimplified approximation of a homogeneous and uni-

eff _ Q’ e ff

form medium @ and E =§ #, since the average and effective

fields are the same. This gives a velocity dependent potential equivalent
to Eq. (42) :

2m V = _gnfagp-(7 6917)_]. )

This equation is of course to be expected since we could have obtained it
simply by replacing E—v—iﬁ} in Eq. (42) using a P N amplitude with

both s and p wave scattering.

The velocity dependent potential is a special case of the more

general potential
2m V= J(7) + (7 L)) (44)

Since the principal effect of nuclear polarization is a renormal-
ization of the exciting wave, its effect is to transform Eq. (43) into

a case of Eq. (44). We will now investigate this in more detail.
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THE NUCLEAR LORENTZ-LORENZ EFFECT

We made the assumption in deriving Eq. (43) that the p wave
effective field is simply ff B, where ¢ is the average wave in the

medium, which gave an equation of type (44) :

[T (1-a®)P]¢ + k'd = 9@ p (45)
with
9= -9naf@
A = g1 P,

While this assumption is good for a very dilute medium (.f(xﬁ small),
we must look at it with some suspicion in general; it is well known
from the theory of‘propagation of a (dipole) wave in a classical di-
electric that the effective field seen by a scatterer is modified by
induced dipole charges on the surface of a small hole cut in the medium

(Lorentz-Lorenz, 1871).

This modifies the refractive index

+
for dense media. A similar effect i
+

occurs for the dipole scattering of

the (pseudo) scalar pion field #.

To obtain the necessary modification (we only discuss the effect for
p waves and higher order terms are neglected !), we consider the
scattering from a small homogeneous sphere of radius R with a scatter-

ing strength QL as in Eq. (45). The wave function is continuous on the

¢ (R) = & (R), ‘

The condition on the derivatives are obtained by integrating the equation

along a short line perpendicular through the surface

(/‘i)(é% ¢“)R = (0%, ;’)‘)R . (46)
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If the radius is small, the inside and outside solutions are

£
4{. /\ r )QVH.
-1 | (47)
¢+ = EB(JTl-f 6'17 ’)>§Mn : 4

so that the logarithmic derivative gives (note no derivation on Yzm !) :

—24-1
(-0 i - L-AHOR
R(1+ &R

or

-2~ /

(’ ’:z%w"‘) . (48)

AR = = (1+6R

This expression was first obtained by M. Ericson Therefore if we
excite such a small system by an initial wave Brz, the effective wave
reaching the centre is a factor 1/(1- og/(24+1)) different 11). In

particular for dipole waves (£=1), this is a factor 1/(1— d??).

The effective field for p wave scaticering in the nuclear medium

is now easily obtained.

In the homogeneous medium the p wave field at a point is §7¢.
Imagine now that the homogeneous medium is made up of a small, spherical
hole around this point with a corresponding active "plug" which fills
the hole. Imagine further that the plug is slightly smaller than the
hole (see Fig.). According to Eq. (48), the incident field proportional
to r’ in the slot is a factor (1-(£&/22+41)) stronger than the field

inside the plug, so that for dipoles (£=1) we have

%

Eft(1- ‘w 7
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£ (1-¢) vp sy
| .

in the limit that the size of theAplug goes to zero .

If we now inspect Eq. (42) which contains the p wave scattering

contribution and compare this to Eg. (44) we see that by Eq. (49)

ouc‘)vgb: yn crE"”= yncp (1- %) 7d (50)
Therefore if we introd#ce the.notation o( o = 4Tc ? we have

d: dc(".d/3)
or (51)
- olo
o
| (1+%)
An alternative way of writing Eq. (49) for the effective field which

connects more directly to the T N scattering strength ¢ is therefore

Sy
3 | |

Substitution of Eq. (51) into the potential equation (44) gives
. 5 o, R
oZM,,\/’ 7 + (V (,+ o‘;—o) V) (53)

The s wave part of this equation, q(¥), is simply Eq. (38).

*)

Equation (49), or its equivalent, can be derived in several ways,
of which the more rigorous ones start from the pair correlations

function 7)’8>.

The crucial point above is that matter has to
be left at the centre of the hole because of the singular con-

tribution from the centre.
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The approximations made here in the derivation of ﬁeff and ﬁeff

seem presently sufficient for pionic problems. However, there are in
general modifications of the effective fields with decreasing wavelength
both in the medium and between scatterings. These cause in general a

¢eff and ﬁeff. Some of

the approximations are discussed more in detail in Ref. 7).

mixing of s and p wave contributions to

Problem

If a wave equation has the form
[V-(1-an)71d + g p= 0

and if

d— = d' -fo.t. I‘<I'°
d = d?_ -fé.[ .r>.r°

show that '
(/—oz.,‘-(é({b o = (=) (d?'?)ru
(=)

) ()

(Integrate radially from r

with T the values T just below and above the limit layerxr.
)

g- to rg+) and let the difference go to
zero !)

Compare to the behaviour of the field E’:—Vﬁ in electromagnetic

- - .
theory ! What is D= €E for a pion ?

Problem

V) = v,0n + & (7 97es7)

is a short range interaction with .g (r) uniform inside a small

sphere of radius R and zero outside,



9t»( (¢, Rylr) - zw\ IIBQ

at the origin for unperturbed wave functions with BL a constant.

The energy shift
AE, = ]gg(?/ V(i) Y, ) o
Calculate the perturbed energy as R-O0.

1y

[ﬁse that at the origin v/z==Y£mrzAz inside R and Yzm(r£+a£ 2

outside R (show this with Az and a, constant and proceed as in

Egs. (46)-(49) !}

Will the Born approximation hold or not in the limit R-0 ?
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NUCLEAR PION ABSORPTION (SHORT REMARKS)

One of the most characteristic processes of a pion in contact
with nuclear matter is its rapid strong absorption. This important
phenomenon cannot occur for a free nucleon because of energy momentum

unbalance. The lightest nucleus for which it occurs is the deuteron by

wT+D & N+N,

The energy momentum balance is then satisfied using the relative
momenta of the two outgoing nucleons. It has becn observed experimentally
since the earliest days of pion physics that 7T absorption in more complex
nuclei predominantly leads to the emission of two nucleons anticorrelated
in their direction. This led very early to the gquasi-deuteron model for

2), elaborated later by Eckstein 13)

M. Ericson and collaborators 14)’8).

nuclear pion absorption ! and by

From the point of view of strict multiple scattering theory the
whole problem of pion absorption is, to some extent, an embarrassment
since it falls out of the framework of multiple scattering. We will here
only make a few remarks in the spirit of the two-nucleon absorption model
in spite of the abundant experimental and in particular abundant theore-

15)

tical literature on this topic [éee Ref. for further referenceé].

The most economical and simplest assumption is that nucleon pion
absorption is the same process in nuclei and in the deuteron but for

scale factors 8)’9)’14).

This assumption amounts to saying that very
complex, many-particle processes are not vital to pion absorption. It
further assumes that the short range structure of the (np) wave
function in the deuteron and in the nucleus are closely similar but for -
a scale factor. These assumptions are not necessarily correct, but we

will try to get away with them.

If we consider the absorption of an s wave pion on the deuteron,

the threshold absorption rate is

,3/1 %(0)/2)
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where ¢D(?) is the deuteron wave function [:i.e., rate = (absorp_tion

strength 11)§<(probability of finding the two nucleons at the origin

19,0)1 2]

‘Within our assurﬁptions above the nuclear local absorption rate is
proportional to the same IB 11 and the probability of a chance en-

counter of a neutron and a proton at a particular point
. 3
local absorption rate ©C ﬂ" T 3.,1 ,?F . (54)

The factor 3/4 is simply the weight factor for the three deuteron spin

states out of the four possible spin states of two randomly oriented

nucleons. -
To the expression (54) one should al] - d1d the absorption on a
nucleon pair in relative singlet state as v ''! ug absorption of pions

which are in a relative p state with respect to the two nucleons.

The singlet absorption can be scaled from TU production experiments of
the type n+p-p+p+ n'o and they are found to give relatively small
contributions. This small empirical value has an importlant (and obscrvod)
consequence : in U B absorption on nuclei the (nn) pairs emitted arc
much more frequent than the (np) pairs, since the latter only come from
singlet absorption 14).

We can therefore from this view point describe nuclear T[T ab-
sorption by essentially two parameters : the s and p wave absorption
strength on the deuteron, which have been experimentally determined. If
we make the approximate further assumption that _?n ~ g p N 3/2, we
can simply generalize Eq. (53) to have absorptive components of q(7T)
and d,o(?). If we denote their strength by the constants ImBO for
s waves and ImC0 for p waves (these are of course proportional to
‘311, etc.), we have '

Jmqr) = —lbn TmB, 5 § = —yn ImB, §°
2
Imol (r)= = I¢T Im G, Sn§, = - ¥n T, Cog. (55)

From Eq. (55) we note that this looks formally as if "deuteronic particles™

were floating around in the nucleus with a given absorption strength, and
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these "particles"™ are simply added into the multiple scattering equations

as a new, additional type of scatterers.

As will be seen shortly, this simple, semi~phenomenological, des—
cription of the absorption is surprisingly good. It is in fact much more
gquantitative in the description of experimental data than more ambitious,
detailed approaches which attempt explicit, dynamical descriptions of the
absorptive process. One should realize, however, that the price for
accuracy is that only total ahsorption rates and the ratio of emitted

(nn)/(np) pairs can be described.
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ANALYSIS OFF DATA ON PIONIC ATOMS

Early experimental data on pionic atoms were analyzed using
perturbative expansions in the interaction as well as nuclear matter

11),8)

distributions of the square box type The technical problem of

analyzing 7T mesic atoms with high pre;ision using recalistic matter
9

distribution has recently been solved and a detailed analysis can

now be made with ease.

It is useful to perform the analysis in two steps

1) the determination of the effective parameters in an effective

potential of the form (53);
2) +the comparison of the effective parameters to multiple scattering

predictions.

The non—local potential (53) depends on the mass densities S? n?

fp and y = ( ?n+?p> as well as on constants by by, etc., re-
lated to s and p wave N N scattering lengths Eﬁq. (W.aZ] and
production amplitudes. The leading terms neglecting s wave effecctive
field effects are :

9 = —on[bg + b (6amf) + £ ImB, § [+ correchin
| (56)
o= LGl + G (Pn-fp) 4 Tm G, ?z] + correchiony

The parameters are considered to be "effective" parameters. Simple

kinematical binding corrections are included in "corrections™.

The pionic atom is described by the Klein-~Gordon eguation

Ve [(6‘— Y (e))%- mn‘] = 2, Vi (57)

where Vc(r) is the Coulomb potential for the extended nuclear charge.
(Vacuum polarization effects in the presence of the strong interaction

have, of course, to be included.)
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9)
2p shifts and widths for pure isotopes with reasonably well measured

10B to 5900 fulfilled

this criterion). The proton distributions were parametrized by the

The analysis proceeded as follows we first took 1s and

charge distributions (18 elements in the range

Saxon~Woods shape

N
S = [ enpliln3 I | (se)

with ¢ the radial parameter and t the surface thickness (90% to 10%

variation of ‘f’) and N normalizing to the correct number of particles.

We then assumed the neutron and proton matter distributions to
coincide : this is a very innocent assumption for shifts (possible ex—

59

ceptions near Co) and for widths in T=0 nuclei. It may not be quite
so good for widths in T#O and could introduce there minor systematic
deviations. The constants of Eq. (56) can then be directly determined
and they are in fact strongly overdetermined. The results are given in

the Table :

Exp. Theor.
b, ~0.0%0 | =0.025 +alt)
b, ~0.08 -0.09
e, 0.22 0.19
c, [0.18] 0.017
InB, 0.040 0.017 5
InC, 0.08 0.07

The dependence on the constant ¢y is unimportant so its value
was introduced theoretically. The parameters agree surprisingly well

with previous analyses of less sophistication.

To obtain a feeling for the properties of the non-~local potential

(53) with parameters (56), we transformed into a local representation
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[éee problem at the end of this Sectioé]. The corresponding local
40

potential for ' Ca is seen in the Figure. The Coulomb interaction is
included for comparison. The local repulsive potential q is of the
magnitude of the Coulomb potential over the nuclear region, but with

opposite sign.

110tm)-2
or

201 (1.4 MeV)

POTENTIAL TERMS FOR %Ca

=== ] electromagnetic term
—— [ real part of locol term
e [I: real part of gradent term

The gradient intuvsiwction corresponds v :. dipole laycr with
attraction in the nuclear surface and repulsion inside. (Note that the
maximal attraction is even outside the radius of an equivalent, uniform
matter distribution !) Since the centrifugal barrier makecs wave functions
of high £ small in the nuclear interior, bigger further ouvt, they feel
the outside attraction of the dipole layer predominantly and give attract—

ive energy shifts.

It is intercsting for many applications to know how the wave
function is changed by the strong interaction. The Figure below shows
the probability density of a pion in the 1s state of 1bO For various
assumptions about the interaction. It shows reduction by a Tactor of
three in the nuclear interior, but this reduction is nearly model in-

dependent. Outside the nucleus wherec there is no interaction the wave

PION-DENSITY IN THE 1s-STATE OF %0

1078 ‘"0"';_3 : without strong interacting potential

: with tull nuctear potential (standard)
 only by=-0 030

. only Im(B,) = 0 040

: Byz -0 030, Im(B,) =0 040
€o20.24; Im(C,) 20 14

"
L Lok
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function is exactly determined by the measured energy, and it is seen
to deviate stromgly from its unperturbed value very far outside the
nucleus. Inside the nucleus any interaction giving the correct energy
shift gives similar values for the probability density. It is mainly
the.repulsion in the 1s state that decreases the wave function, while
the absorption plays no noticeable role. The gradient interaction en-
hances the repulsion in the nuclear interior somewhat by decreasing the

mean free path, but it has no effect outside the nucleus.

The parameters are not much correlated. An extremé example is
seen for the 1s states in the next Figure, where the energy shifts
have been fitted using an interaction without absorption and without
gradient terms (which-is a wild change). The fit is nearly identical
with nearly identical values for b0 and b,. These are the only para-

meters of importance for describing 1s shifts.
' SHIFTS OF 2p-1s TRANSITIONS

€(1s)
(kev)
10 ;] 2 A

(3N ] 7 CERN data

%0 Ts 0,12
calculated with:
-60 o gtandord set
..... by=-.030; by=-.080
2 €2 Im(B,) 2 Im(C,) = 0

The absorption parameters depend importantly on the strength of
the real part of the potential. The major part of this dependence is
of trivial origin, however, since it only reflects that the probability
of presence in the nucleus is changed : this is nearly model independent
as just discussed. The absorptive parameters are therefore also very
stable.

The extent to which the absorption can be described is seen in
the widths of the 2p and 3d states presented below. These span both
over more than five magnitudes each and are described mainly by LnCo

over this range.



M
oV

0

0

43

s + CERN
»' E o BERKELEY
0° =
w0’ -

2 i 1 4 1 1 i
10 0 50 60
e
eV
0°E
10° =
10’ =
1’ E

E

[

i ¢« CERN

[ ]

10° = BERKELEY

;
10° e
0%

!

A i 4 1 1




_.44'—

The precision of the best measured X-ray lines, those of the
2p~1s transitioh, is so great that it is necessary to use a reduced
scale to reveal the details of the strong interaction shifts. It is
clearly seen in this scale that the 1s shifts have a strong dependence

on neutron excess, particularly apparent in 11B—1OB and 180—160.

767 910Nz % 1B 119 23 2z A 332

Williamsburg data

| $d
* \ ; é r;: Berkeley data
| | ¢ s

calculated with:
o standard set

_ » ,but b=0

10

S
S
<

Cg ‘S! _‘og

IEQ -2

Present analyses have reached the precision that some information
on neutron distributions can be obtained. So, for example, Jenkins et
al. 16) have measurcd the difference of the 2p 1levels for the 60Ni-58Ni
pair and find them identical within experimental errors, although two
neutrons were added. They interpret this to mean that the neutron radius

with high precision is the same for these two elements.

Problem

Consider the wave equation
-5 - L B -
[9-(1-«®9] ¢+ k $=9(0)¢
corresponding to a non-local potential

2m V= 90 + [C athi],

Show that the substitution @(T) = (1- d(7))"F(F) gives a wave
equation for 5 which exactly corresponds to a local equivalent
potential for a suitable choice of n [éee Ref;'9i]. Which is
tiie value of n for which this happens ? Show that the equivalent

potential is - 2
~ -1r L v
2ra Ve (1o [2 -kt -4 ).

Note that ¥V is energy dependent since k2 appears explicitly !
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'COMPARISON OF EFFECTIVE AND PREDICTED PARAMETERS

The theoretical predictions of the experimental parameters
(given in the Table of p.40) are in general in good agreement with

predictions.

The limitation on the predicted value for

Corr

f = Caty) _ 2(edearConl gy

[see Eq. (38)] is the very badly known value of (an+ap)/2 for the

7qCN scattering lengths, of which even the sign is disputed. About 70%

of b° is expected to come from the effective field correction. We

may turn the argument around and us? ;he mesic atoms to give a value for
. -1 +) _ ‘

(an+ap)/2 and final -0.010 my <a = (an+ap)/2 < 0.

Beyond the multiplé scattering contributions to b0 dispersive

- corrections are expected from absorption. These corrections are generally

believed to be small Eof order (I'15/ 61 )bO:I, but the question is still
open. A recent estimate for deuterium 17) indicates that they may be

coﬁsiderably larger than previously believed.

The only parameter falling out of line is ImBO, the absorptive
parameter for s states, which is predicted a factor of two weaker than
actually observed. In a sense, this is a very good result in view of the
simple quasi-deuteron picture used, in particular since the p absorption

(LnCo) describes widths extremely well for wide ranges of nuclei.

This is, however, the very real possibility that this discrepancy.
reflects a modification of the nuclear s wave pion absorption by the

presence of other nucleons, and this should be further explored.

It should finally be remarked that the parameter b1 can be
compared to predictions of generalized soft pion theorems. For nuclei
these predict the Born approximation of the potential universally 18) and

there is agreement up to about 15%.
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* ¥ X ¥

In the final Sections, we will briefly comment on some features
of the JU nuclear interaction which are directly connected to the

structure of the nuclear pion field.

X ¥ ¥ ¥ ¥ X
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T.OW ENERGY PHOTOPIONS AND RADIATIVE 77U ABSORPTION

In addition to the strong absorption of pidns in nuclei, electro-
magnetic absorption (photoproduction) occurs with a typical strength of

several per cent of the main absorptive process.

There is a strong analogy between radiative pion absorption and
/Lk-capture processes both kinematically and dynamically. This can be
seen as follows : assume these processes to occur on individual nucleons

in the nucleus. The basic process is then

TK+NZ N+y + (39 MeV
—_—
MENE N+%‘+ o6 MeV,

In both casses a massless particle [X or ){_] is involved and the

momentum transfer is also similar.

At low energies of the pion, the (WTJ ) process can, to a very

good approximation, be described by an interaction

ol Qa - - L = _ =
H = ((r:-g_) 'Z.-,_ g(x'xd)
ny 4YM (59)
n
. . 2 2 : 2
valid for s wave pions. Here e /4W = of and g°/4n (mg /2Mn) =
f2 = 0.08 is the TN coupling constant. The photon polarization

. -
vector is g .

The weak Q/“,‘gﬁ) capture is described by a (currentxcurrent)
interaction between the lepton current and the nucleon current. The
effective /LL capture Hamiltonian has an axial part which is in the non—

relativistic limit proportional to
oL S A - ol - -
= . ( . - T L(X-X.), 60
}ﬁ“‘ J}qdan :[l 4) e CJ: ¢ ¢ )‘ (60)

In this approximation the nucleon part of Eq. (59) is therefore extremely

similar.

Assume now that these processes occur in the same way on nucleons

in the nucleus. Then the nuclear effective Hamiltonians are



\

H‘ €9 S (-8) T4 (X=X (59')
ny < | |

and
—
“ -5 )= O
= o -x. )= x)
H o > &TH4 X )= I (eom)
Yk e
In this approximation Ege matrix elements for the two processes
ok
contain the same operator 0 (—') The conclusion is therefore that

the nuclear states which are excited by the two reactions under other-
wise similar conditions (for example if the initial angular momentum

state is the same) must be very similar. In particular, one concludes
that the ordinary /u-capture theory from atomic orbits can be immediately
transposed to radiative TU capture 19)’20).

Equations (59') and (60') refer to the effective Hamiltonian. In
the case of the pion, the wave function is modified importantly in the
neighbourhood of the nucleus by the strong interaction (see Section 14).
The probability of presence for an s wave pion in 16O is changed by a
factor ¥ 3. It is therefore necessary to use correct pion wave functions

in numerical applications of the (776') effective Hamiltonian.

The similarity between the weak Jfb capture and the threshold
(Id’) process extends beyond the impulse approximation. It can be
21)’22) that the threshold (77( ) amplitude for soft pions (i.e.,

hypothetical pions of mass mp - O) has an effective Hamiltonian

shown

ol

/L{X (m=0) = f—%—t (J_!:' 5} (61)

where JK” is the nuclear axial current and f_ the pion decay constant

for the m - a4V reaction.

This is therefore the same axial current which occurs in /AA_—
capture. Equation (61) is the nuclear analogy to the so-called Kroll-

Ruderman theorem for the nucleon.
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It has further been proved 23)

by dispersive techniques, that the
correct extensioh of the zero pion results to actual pions is mainly to
include the distortion effects of the ST nuclear interaction, so that
Eq. (60) can be interpreted as the effective Hamiltonian also for real

pions. .
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THE PION-NUCLEAR SOURCE FUNCTION

L.

The field is related to its source strength by the Klein-Gordon equation

. (U ~mnz) ¢°‘(x_,) :.jn'o((;)’ (62)

Since the virtual emission of a pion in general transfers the nucleus

The nucleus is the source of the nuclear pion field ¢

into an excited state, both field and source functions are operators in

the nuclear variables.

The virtual emission of a pion gives a momentum transfer of order
m, to the nucleus. The characteristic nuclear excitation energy is then
of order ms /2Mn <:mm . The nucleus is therefore approximately static

and the excitation energy can be neglected.

Every point of the source gives rise to a Yukawa-like virtual

pion field e'mﬂx/x, so that

oL e VI A = _ Va4
Cf (%)= ~ j“n (*7 én TR Ax”, (63)

Assume the nuclear source to be the individual nucleons considered to

be static ancdé pointlike. Then

"ol )C W e o - =
J408) = G L (GE7) TEIER) ) e
114 Y ]nn
where 'E=-dfa is the pion momentum. Substitute this source into
Eq. (63) and consider the asymptotic region outside the nucleus, for

which || >> [X,] : Y
- n ¢

p0) < et T @D S me

|K=%¢/
L W\ my X o, X (65)
= )L (B e™) ) dl e
n .3 ¢

-Mma X

= ¢ (‘m)".rf.n (5." \7) (9-',-(\—- n) ;
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where the direction E%r is the direction of X. The operator
2 o ;’-".u‘ ;"c

at =z Z 0 Tte (66)

.t.
introduces transitions between different nuclear states because of the
virtual pion emission. The asymptotic region outside the nucleus contains
therefore a superposition of nuclear excited states and it is a dynamical
structure. In principle, 2% can be determined by measuring (i]E""If}

between nuclear states.

Which are the transient nuclear states in the region outside the

nucleus ?

Take the specific example of a nucleus with a saturated spin-
isospin structure like 4He, 16O, etc. These are nuclei with equal proba-
bility for any direction of spin and isospin of the nucleons. For such a
nucleus - ok
Z 9. ;. oo =0,

t

(67)

The exponent me X is a relatively small number and an expansion can
be made in this quantity. If the leading term of the multipoles is

retained, one finds :

3
1) 4 =0. Since 25.<F2‘ti|Q> = 0 there are no such positive
i

parity states to this order.

2) L =1, The states are Zl ézi 'C; (En ;1),O> which have negative
parity, isospin 1 and angular momentum O, 1 or 2. These states
are analogues to the nuclear giant dipole excitations 2; Tf;zilq> -
but correspond to spin-isospin waves in the nucleus, instead of
isospin waves. These are the dominant contributions in lighter

elements.

%) Higher multipoles are relatively of less importance.

The nuclear states which occur in the asymptotic pion field are
very similar to those which are associated with radiative pion capture
at rest [bf., Eq. (59'i]. The reason is that the spin—-isospin structure

is the same and the momentum transfer is nearly the same.
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THE EFFECTIVE TU NUCLEAR COUPLING CONSTANT

A massive particle acquires no kinetic energy by a change of its

1 . ,
2+m$‘ )2=0 can therefore be freely

momentum. A pion of energy &J = (94
emitted and absorbed by a massive system whenever quantum'numbers allow
this. This reflects itself both by the singularity (5’2+m'2r,)'1 —ur "2
in the Fourier transform of the asymptotic field and in a pole at f' =0

in the pion dispersion relations.

Even the nucleon is nearly massive in this sense. For a massive
nucleon with a TCN forward scattering amplitude‘ f(“f)==f(+)(hf)-
(_'E)‘E))f(_) (W) [normalized so that < [fl2> = (dO'/dQ-)Oo:], the anti-
symmetric amplitude f‘ /(6S) obeys the unsubtracted forward dispersion

relation :

2 so -) ! ¢
) 2 2 J (w')dew
Re (W) = -(:J‘f —+ :,-r.‘d?m wztf,e._wa) +. (e8)

This equation can 1+ used to determine the 7T N coupling constant
£2 ~ 0.08 from measured real amplitude and Imi(—)(uf) = Z%F
oo_-q-, ]- -
2 —

np TP

The complex nucleus also emits virtual pions, in general associa-

X

ted with virtual excitation of the nucleus. In the static limit in which
excitation energies are small compared to the pion mass (Section 16),
there will be an effective pion pole at &f = 0 with an effective 7T

nuclear coupling constant (fz)eff 24). In the particular case of an

isospin % nucleus, there will be an antisymmetric amplitude analogous

to Eq. (68)

2 > (-) /
o 2k o [T g Ty o
n

Two questions are natural :

1) what is the experimental value of (fz)eff ?

2) how is (fz)eff related to the pion field and what is
its relation to fz ? (This question is discussed in

L]
Section 18.)
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The only nucleus of T=% for which even marginally useful data
on Re f(-)(u) . and Imf(-)(w') exist is JBe which has J7 = 3.

Relatively good measurements exist for the total cross-section for | T
and for the ™ 9Be scattering length as deduced from U mesic atoms.
The input values of Eq. (69) can therefore be obtained from Im f(')(u‘) =
= Tlr% Q‘(‘)(LJ'), where

&) = 11 T - T)= 1 G Ton)- T,

There is no measurement of 0~1l.‘+ 95 @), bvut the total cross-section
e

on neighbouring T=0 elements can be used as a crude interpolated

value for —%EG'N"L 95, * Q;_ 9Be] , since
T=0 Two : e N T=0
g = = +(q ag.
T 07;* T2 ( n*t * Va )

The extent to which such an interpolation can be done is shown below.

Oxl2c

[mb)

A 1 L L 1 1 1 1 1 A ... d
200 400 600 800 1000 1200 (MeV]}
Exmzw - |

A similar procedure gives the threshold amplitude Re f<")((.u'=m.'t ).
With these values, Eq. (69) gives

(‘fz)eH = (Q 0({ % 003) (70)

Be. This value is very close to the nucleon value.

for 9
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A simple way of obtaining the nucleon value is to approximate

the nucleon pole-by a .coherent sum of nucleon poles. This gives uni-

CFZ” = 'F& | (71)

This approximation is too simple, however, since it ignores that (fz)eff

versally

consists of contributions from many nuclear excited states. If a relation

like Eq. (70) holds in the nucleus, it must necessarily result as a sum

rule over these states.

Problem

A pion of energy (Qf = Jai+m% is incident on a nucleon at rest
on which it is absorbed. For which energy aro is the process
allowed ? Compare this energy to the pion rest mass. What is the

nucleon recoil kinetic energy ?
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18. (£2),pp AND THE ASYMPTOTIC FIELT

Since forward scattering has no momentum transfer, orne would
expect it to depend mostly on the peripheral nature of the interaction.
This is indeed the case. The poles of forward dispersion ‘relations
have residues directly dependent on the Yukawa strength outside the
interaction region. So for example, if a pion described by isospin
index ol is scattered and emerges as /3 on the nucleon, there is a one-

nucleon pole contribution (65) for E2=—msr

f lcc [fﬁ?) T."é 'f@":?) 'C‘-’L — f (‘&-",«;')z'c"" ]C(g’f.f')z'f]
pole
$imy L2570, (12

The two orderings of the isospin indices o& and ‘3 as well as
the two signs originate from the two possibilities :
a) absorption of ol and emission of [8 which has
sign (+);
b) emission of ﬁ in the presence of ot with sub-

sequent absorption of ol which has sign (-).

The situation is exactly analogous in the nuclear case. The
effective pole strength has a similar form like in Eq. (72) with O" Z‘
replaced by the operator a (m.n_) which describes the asymptotic field

and the virtual nuclear excitations. More exactly

o {§7 ZP)) £ (7 ECR0)- £(T i“ﬁ%)){(?'-iﬂ(f%)g
T aER))]

n ;f) B
e X=X of
EZ}: K. )

pele

= f2[(7d"R), (
£°) G5)(95)

(73)

"
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where we simply substituted Eq. (66) by m_ = dm_ . Since now,
p P o n T
l tj’ i:l = Si.j [Ti’ ti]’ i.e., it vanishes for i#j and since

(a']'_f_ﬂz = q2 = —m%, we have

. 1 f
P Ieoc Zmnz L S‘J [ch 7_.‘.13] = 'F mhz Z‘,[?—'}f Z"-/- (74)
o 4

A comparison between Eg. (72) and (74) shows then immediately
that (fz)eff is simply the coherent sum of nucleon poles (72) in this
: oL
approximation. This can be made even more vivid by introducing [Z-,'Z

= £ff 1:‘ , the third isospin component. We can then express Eq. (74)

: 2 v 4 Y AN |
-f?olgoc 'F "n ab’ Z\.Z:‘ = (f)eng (75)

as

i.e., (fz)eff is a universal constant f° and the pole strergth is
proportional to the total isospin component T* independent of the

25) |

structure of the nucleus and its size

We re-emphasize the assumptions used :

1) single nucleon sources with no meson tecrms and no

multi-nucleon terms;
2) a static nucleus.

Although these restrictions are important, the result (75) is far from
trivial. Individual nuclear states do not exhaust the sum rule in
general. It is therefore of considerable interest to establish more
exactly from experiment to what extent a guantitative universality is

valid or not.

At present, the crude estimate above for 9Be as well as the good
description of the (HBJ) capture in 3He from the Panofsky ratio-23)
constitute the cnly two direct determinations of the asymptotic pion
field (65) in the first case and the pion-nuclear source strength in

the second case.
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