A STUDY

THRES-RBODY

by

Mo
i, 0,

Submitted to the Gujarat Tniver=ity

043

lﬂ

|

B3678




o
)

It rocent years there
nterest in reactions involving capture of =  from

an atomic orbit into a nucleus resulting in emission

of a pair of nucleons. Such studieg are d to

provide a congiderable insight into short range correla-

tiong of nucleons in nuclei, This ig due to the

magssive nature and the boson chare of the pion.
Also the pion is more or lems atb
captured, The crucial feature of the reaction is

the presence in the nucleus of two nucleons within
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of the short correlations

in wave function of & pair of nucleong in nuclei would

,.f.
l'\

rongly 1nfluence the cross

stributiong of

o

roing nucleons. Thig ig the main

theme of the present gtudies.

Usually this nucleon-nucleon correlation ig

tudied usi

a phenomenological

tion (five point vortex), or by modifying the wave-

function by introducing the 'Jastrow' cut off factor in

an dadhoc way., Here we use the exscelt waxy unchtions

obtained by solving the |




igtic nucleon-nuc]

includes a

lationg built into the wave functions

related to the potentis

purpose we gtudy

to the work

regarded as

dee

of Faddeev, reasonably accurate solutions (albeit

numeric ai) of the Schrodinger equation for three

availlable, We here

particle systems

3

follow the method of Mitra snd his coworkers who

use the non-local factorable notential +to study the

gystem, We

regcattering term

in the 7N interaction, although in the rresent work

with only the standard ps-pv  interaction

gtatic 1imit). ith this

fully the pion capture by these two nuclei,




to work in

to the

valuahle guidance

-\

Y

hout the work. I am

grateful to him

)

for hisg critical e i tion of

uscript snd

hted 1t

understand different phases of this work ot an

j

T

Professor

scknowled

ful to the

group for helping snd running my computer programmes.

to Miss Y.D. Patel for

of the worlk,




PREFACE
ACENOWLEDGEMENT S
LIST OF FIGURES
LIST OF TABLES
CHAPTER 1, INTRODUCTICH

CHAPTER 2, PION NUCLEON INTHERACTION
AND TW0 WUCLION SYST

A PION NUCLEON INTHRACTION
?2.B NUCLEON NUCLEON INTERACTTON
2,0 PION CAPTURE IN DEUTERON

CHAPTER 3, BINDING ENERGY AND WAVE

P

FUNCTIONS FOR °Ti
3.4 INTRODICTTON

3. B NLS POTENTTAL IN THE
a-N  SYSTEM

3.0 THE THREE RODY BQUATTON

2.D RESULTS AND DISCUSSTONS

5.0 L.o CORRECTION

INUPN SN 4

CHAPTER 4 PION CAPTURE TN tSLi

]

4,4 WAVE FUNCTION AND KINEVMATICS

O THE REACTIOQN
4. B TRANSITION AMPLITUDE
4.0 RESULTS AND DISCU3SION

CHAPTER & PION CAPTURE TN “He

Page



THTERACTION IH THW
THRBE BODY OPERATOR FROM
COMPLETE WAVE PUNCTTON FOR

THREER NUCLEON SYSTEM

TRANSITION AMPLITUDE : Y7, .

" -MODE

RESULTS WITH VARTATTONATL




LIST OF RIGURTLS

Number Caption

¥

1. The spectator functions PR(P), G(P)

and  H(P) are plotted

A

L1 T

L
Pty
Qo
=
o
R
-
)
o
=
2
=
i
d.
@
=
o
*
t 1
O

il.e, B = 4.95 MeV, fThe right hand ‘

scales and

nified plot

of the spectator functionsg for larger

valueg of P " 88

o the momentum spectrum of the
for the C?ff wave function.

The ordinate represents dﬁ/ng in

arpitrary units., Curve I, TII and TIT

show the contributions from the [gG!g

major complete terms respectively.

(see text) 121
3, Ag in figure 2 but for the (C%T)Y

wave function, The curves are numbered

ag IV, V and VI for the same purpose. 122
1, Curves I, IT and IV, V of figures

2 and 3 respectively for the purpose

~t

of comparison of the (O L and (C+T)Y

contributiong, 125



“W/d/ Y at Y = -1.0 -~ g-parbicle
momentum spectrum when two neutrons
are ejected back to back. The ordinate
represents the quantity of interest
in arbitrary units. Curves I to III

and IV to VI have the game gignificance

as 1n figureg 2 and 3, 127
W/AK¥dY against K at fixed Y = -1,0.
A1l the theoretical curves are normali-

zed to the point at X = 20 MeV/c,

-

"' compare our curves I and V with

the experimental work «f Davies et.al.

(D66a), of Cernigoi et.al. (as given

in Ref. (468Db)), and with the theoreti-
cal work of Koltun-Reitan (K67z) and

of Alberi - Taffara (4681), 128,

aw/ay - the angular distribution of
swo neutrons with respect to the angle

The ordina-

G oy A s . " .
hetween them i.e. ™. ' T
' ! Vlab.

te represents aW/dY in arbitrary units.
The curves I to VI represent the same

quantities ag in figures 2 and 3, 130

aingh K?imb A1l the theore-

tical curves are normalised to unity at



10.

a O T - -
%, b = 1807,  We compare our curves

‘-\.L

TIT and VI with the experimental work
of Davieg et.al., (D66a), and of Nordberg
et.al. (N68a) and with the theoretical

work of Koltun-Reitan (as computed in

(968a)), of Eopalieshvili - Machbeli

(K67¢) and of Alberi-Taffara (168b). 131

)

aw/dz  against GQWM aw/day  is
(VAL

ghown on the ordinate on an arbitrary
e

geale, Other notations follow from

~

figure

)
.
;...J,
Wy
A

nactator functions of the LTrinucleon

i

The 37

-

ayvatem for the different cases. ¥ 1is the
ion for casge (1), whereas
(F+%)  and  (P§G) (which are proportional

to 5~ and  5'- states respectively) are

(F+G) are normalised to Unity at P=0 147

d%/dk, ~ The momentumn

avr
proton for the 07 ,

3 £y e s ey e ey by e e
represensts



LD e

arbitrary units, The
snectrum derived from the

wave function plotted

independent of NLS results., 178

2 spectrum of the

proton against momentum for the

LAV ef
Cy , Oy +

wavefunctions.

av/d i in arbitrary units 177
P Y

3. d%/dﬁp ~  The experimental results are
taken from Zaimidoroga et.al, (%587a).

All the theoretical curves are rnormslised

results of Figureau-Tricson (P592) for

wave function, All these curves are

derived with the assumption of g g, >0. 178



Humbexr

1.

S
O
s

xS
«

[

(S

7 ':'3
o [ DD
The HNLS 1

state of two nucleon gystem, It also

compares the phase shifts derived with

fa—

this NLS potential with the one

given by HI potential in the region

[

of Ty (CM) from 110 to 160 MeV 58
The pion capture rate on the deuteron

for the wave functions described by

the different triplet even potential

exhibitting the

in the wave function.
the effect of PST 66

(three-body)

cerm to the normalisation

the input potent]

52

It

The same variation ag in Table-4 but



rpotential for the

gyatem, It also include

(]

¢

variztion of PD with m% 2%

The comparison of the binding energy

of the ground state (1+) for the

different N-N potential. The

theoretical works of Hebach et,al,

(H67a) and of Alessandrini et.al. (469a)

are gpecified by their a-N potential. 85
The spin identities and the reduced

matrix elements which are used to

derive equations (4.8)-(4,10) 106107
The pion capture rate on the 6Li,

It exhibits the contributions coming

from the different terms of the wave

furiction as well as of the interaction 17
The reduced matrix elements for the wave
functiong and the operators expressed

in the three-body permutation symmetry 154
The explicit formulas for the tensor

product with diffevent index which are

uged to derive the transition amplitude

for the pion capture on ‘e, 155






SOTITOTT

by Evicson (n5o0) and

Mince 1t

Jean (J54a, J84b) that pion int ~tions with nuclei

could be used as a powerful tool to derive a congidera-

hle amount of ugeful information (otherwise difficult

or imposzible to obtain) on nuclear structure, the

subiect has received a lot of attention from theoreti-

ag experimentalists., The absorption of

pion by nuclei can, in particular, yield information on
P 9 Rs b

momentum distribotions of rucleons, as well as on two-

hole excitation states in nuclei. The advantasz

v

pion as a nuclesr probe (over the photon which is alsc

rest mass and three poagible

The m c¢an easily be abwuorbed from a

bound orbit (virtually =t rest) and can thus deliver a

to nucleong ingide

all.

the nucleug,

Its various of

states in Huclei, for example throu

(v~ , 7%) one can

es with o7 =4 erimentally, the

re of pion lies in the 1ihility of obtaining

sity with very

1ong of sufli

resolution., Ag against this ohoton bes

O -~
nernce are

1y obtained from br



@ can deliver nrecise

tic. With pions o

not monochror

and momentum in the nucleus,

amounts of charge, ener
Although reactions of nuclei with protons such as
(p, ), (p, 2p), (p, p') ete. can almo be useful

N

for nuclear prorerties, in these processesn

the incident proton interacts gene with a single
nucleon in the nucleus., On the other hand the plon can

digappear in the nucleus, ejecting

-
4]

pair of nucleons,

thus making the analysisg of the ex perimentsal data on the

final states much sagier

T thiz work we shall only be concerned with

are available, and both can be captured in flight

by nuclel, the 7" can also be slowed down and

cazcades down to lower orbits through successive X180y
by nuclei. In light

akes place mainly from

theoretical paint of view

maly

apture of stopped

and bound e tig, since the pion momentum is then

practically zero. inite pion womentum in itial state

kinematice of final state more

carn only

complics d, and mogt of the theoretical studies have



of bound 7 . The

or a7 ab rest in the nucleus

,,,,, el

ar nature of pion regquires a

~

of parity from the initisl nuclear configuration to the

ergy is given to

ety

T iinw

a single nucleon, it mist acguire a momentum of shout

Since the pion brings in no momentum,

conngservation of momenbum reduires that the nucleon must

have initially 11y success~

nucle

m

feature vield

hundred MeV/c. Hence the pion capture mechanism in which

all the eneryy is taken up by

been proposaed and is now ommonly accepted
that the absorntion of = would cccur on = proton in g

astrons

cox

ed pair of nucleons inside *the nucleus,

the

IT the motion of the centre of

nucleug bhe

cle

ally and

will move away from each other with o relative momentum

( Pn r¢7 / 0 of

A00 MeV/e, A relative momentum



ould be provided by thei

rcleon~-nucleon

cauzed by the rong short-range

ed on the uncertainty

force., An elementary arguase Lt ba

incicle showsg that the pair of nucleons must be corre-

lated i.e. within 2 relative digtance of about 0.658

for plon ¢

25 place on a

1d interscting strongly. The

which are close
capture wvrocess probes in a gelective fashion only pairs

hly correlated nucleons. We have thus in the gstudy

strument for studyin

of this process a very useful i;

short-range correlations in nuclei, and the properties

the picture wmay be
motion of the palir as well as the intersctions of

Actually most of

5
D
=k

=
;
-
e
.
=t
‘L.._l
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o
ot
@
.

in the

this Ffield confirm the eiect

the re

tance for the two-nucleon

distance in




Of course, there remains the possibility +}

the nion capture may take place on a cluster of more-

several

et.al. (RA2a) conclude from the

A55e5 Ol

charged particles in emulsion

that w contain a sizable proportion of he

particles, One can then obtain also

ciong in nucled .

ort multi-nucleon corr
The study of pion capture with ejection of two

nucleons can thus yield interesting information on the

mommentum distribution of nucleons, their correlations,
the validity of shell model wavefunctions, as well as

on the properties of two-hole states in nuclei that

otherwige., 'The study of reactions

lar information, but

) can also vield simi

here the analysis of obser is very complicated

Jue to the presence of three nucleons in the final state.

Other reactions which need to be studied to supplement

Z
N

the from m  capture may be (p, t), (p, He™),

fhe simplest nuclear gystems with which one

can gtudy pion interactions are the proton and the deuteron.

ke oin this field were concerned mainly

with elucidating the properti of the pion and the nature

of the pion-nucleon inte

acetbion. Pion o

wplture in hydrogen



the

the

data of

symnetry, congervation o

dagun

roblem of

in p-p collisiong and process of pilon

absor

ture

[F o BN oL

affects

tracting infor

01

tionsg,

(B51b) who

in any

forces but gimply

v formation,



(n7 + A= star) to fhe crosssection (n + 4 - on),

The fundamental concept that the pion capture primarily

L

involves a pair of strongly scattering nucleons was

clearly formulated,

The next in complexity to the
) ] o B, 4o i e . T
deuteron are "He and He, Messiah (‘ /ﬂ) congidered the

ahgorption of on “He using a wavefunction for “"He

cﬁ.

obtained from a simple variational calculation., At that

time even the knowledge of nuclear forces was very uncertain,

and this may have resulted in large uncertainties in
estimates of high momentum components for nucleon motion,
Since Tamor (T51a) had earlier used the simple ps-pv
theory of pion-nucleon interaction to obtain reasonably

ah’

(\

good results for Panofsky ratio in deuteron, Mes

interest was also to check if the same interaction would
. A i 3 .

give good results for "He, Hig results were undoubtedly

crude and should only be corngidered as order of magnitude

results. A really extensive calculation, elaborating

the ideas of Brueckner et. al. was carried nut by

) AR £ 3+ ; Wi A
Mwakaran (D85a) for “He and Tckstein (E83a) for He,

Their calculationsg are very similar, and we shall

describe in some detail the work of Diwskaran only. It

is argued that since the capture takes place essentially

ori a closely corvelated (spatiallyv) psir of nucleons, thu

separation of the capturing pair is very small compared



to

nucleo

1.

of the wave-

furnnction of

them ag pract:

in nuclei can be

anplitude for pture proce

1 1]

directly related to that for the basic reactions for free

nuclesons

+
P DA P FT o+ A+ D

+
-
=)
+
[
+

the latter reaction being identical with

-
+
I
-

}
|
+
i
+

3

interactions.

by virtue of iso-apin symmetry of

Thue all explicit nucleon-nucleon

(_.u

etails of short-ra

and correlati in nueclei (and all corre 3P0 mding

uncertainties) may bo avoided, and only the amplitudes

interaction metrix element

for pion production in

the calculations., A

free nucleon collisions

capture only

in oloze contact, 1.e. the mabtrix

capture procass projects out only the

wave

components in ction of the pair of



nucleons which are of the form

Althouszh the above

not guite cle

be quantitatively affected by

absorption, and of obt

P

range correlations e

nroduction da In

o
UL,

for

correlation distance

is small compared to the average

nuclei, but is

agsumption of the

coupling c

momeritum
observations on
finite

eneriy Crrors

nucleons is not

and

bound pions

uticertainty appears to

this point.

model

how

the

absorption is

and

and
involved i
clear.

nrevail in

be quite

results would

232U siong of zero-

np

the effects short—

of

the obsgerved pion

the nucleon-nucleon

about O.7F which

inte

distance

mucleon

no means

by

foxr the

and may

€4

nts (g and in

@]

production matrix

Ty e
x,/‘___l'

g

COns-

endent of the relative

are determined from

pions of positive

n extrapolation to
Congiderable

the

literature

014}

apture

aleulationg,



and Lo congider

-
L4 ~ 3

by three- or- more nucleon cluste
capture only from the 15 orbit of the pionic atom,

ol

id for the

The [irst assumption should be quite x

N 5y 6. . . .
simple cystem "He and "Ti considered in our work.

rards the second assumption, Diwakaran shows by

an explicit calculation that the canture rate from

2F orbit is only about 4 %/ of the radiative transifion
rate from 2P — 1S orbit. Since in Diwskaran - Eckstein
model, all short-range correlations are already included

in the pion production matrix eclements, they assume for

. - . .3y, ., 4 C
the ground-gstate wavefunctions of “"He and “He gsmooth,
gaussian wavefunctionsg fitted to give correct r.m.s.

radius. Ve note once agasin that in this approach, it

o

is impossible to get any direct information on short—

range correlations or nuclear forces.
The calculations of Diwakaran have been
recently revised by Figureau snd Tricszon (F69a), who

use essentially the sare model, They, however, use

revised valuesg for the coupling constants g, and 24
)

obtained with more recent data. Their values for fg

<3 4
and Igllb are 0.64 and 0.155 T~ compared to corres—

ponding Eckstein's values 0.32 and 0.99 7

of several

and Hricmon also explore the e

kKinds of wavefunctions for “He vig gausgian, Irving -

vunn type, tyvpe etc.  All these




wavefunctionsg
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ive

vel they

capture

sive

calculated by

obtained by Diwak
digcuss in detail

Diwakaran, and

)

Another approach to

absorption in nuclei

Chieon who

also considers

nuclecons from
Z

. DT

the “F

Tully e

is
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. m, 8.

asheaell

~model

Cheon uees 4

asible

capture rate

He wavefunction,

rmmetric

and

Gau

1 by a
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absorpti

1% orbit
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correctly.
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i-hoc

ified

to it

rent results for

capture rates

hehaviour

g0 be
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differs
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1 later chapter the resul
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0 o= e dndicating no cor

called the protori-mode and the deuteron—

For the protorn-mode canture

the final-state-intersctions amo

nucleons, The pilon-nucleon inte

whate

calculated the croggsections for

the nucle

mode

bne Nroc

=
He -

actbion usged by

ig the simple primary non-relativistic DEEUd0~

momentum term, i,e,

WO

where &, o ars the iso—-apin

nucleon, 7 T Operate on the pion =

functionsg

in I-gnin gpace). The coupnling const

e}

rd value G7/4n = (moﬁ/?ﬁ

& = and f7 = 0.08.

An interesting result of h

approximation, d gaussian wavefunct

stions (B = =) gives 2 nuch

cory

(twenity five

by the calculations of Diwalear

ls pseudoscalar intersction with zero-

Thi

ls the pion wavefunction

ant

]

o
T

[=1ex8]

lons

L
s

ey

1d nucl

(a

G hasg

with

cime smaller for deut sron-mode )

rator

E836

)
f

12

n,

ctively.

account

three c¢jected

Cheaon

nuc

e

g

g for

201

wealay

leon

Wa Ve~

\/ Y ) i

T

the

vector

the

mr1 L1ﬁ<7u t

abgorption

shows clearly
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that

implicitely

Ly ewpect that

introduction of nuclear correl

iovig would increage

ative

itum compromnents, and thus would

se the capture

However, curiously enough,

the results for capture rates quoted by Cheorn as a

function of the

show that as

does not compare his results directly with experi-

discuss them in de in rela-

tion to our results in 2 later section,

. Only piong of

Thusg the pion m

r osmall, and the

correlations of

Cheon, i.e. the correlation is

g parameter

moetion for

oL s, radiug thug some of hig

results may be doubtful. The total

rate obbai

are congidered,



by these

decreases from @ = o (i,o, asg corvelation inc
this is in contrast to the result of Cheon, snd i3 as

In absence of any experi-

”L‘j
ol
\j

orie would expe

mental results to compare with, Sakamoto and Tohsaki

algo calculate the same crogssecltions using

Tekstein approach with uncorrelsa wavelfunctbions.

With the same values for strengths g, and g4 of the

absorption matrix elements as taken by Eckstein and

Diwakaran, bthey obtain a total capture rate which

<o

corresponds to £ = 1,39 7., With the newer values

of g end g, (¥69a) 6 turns out to be about 1,2 I

54 i bl

This value of the correls

e shall only briefly mention the present

4

status of 7 capture on 2. The experimental data

1

scanty and contradictory, the principle

controversy being about the rate for triton mode,
He — "H + n, Ammiraju and Lederman (ABS&)
find the relative probability of capture in triton

1 1/60, wher Sehiff et.al,

&
o]
:F
/w-,
1—a

mods to be leso
(3512)

cnlculations of Clark ((hia) and of Petschek (PH3a)

find it to be about 1/3. Farly theerotical




[
&

wefunctions (s

were baged on

use direct non-relativistic

done by
pseudoscalar inferaction. They obtain 3 7/ and 29 ¥

respectively for the relative probahility of caphbure

in triton mode, work of Fekstein (BE3a)

(which we have already described in connection with

Diwakaran's work on shiows that the capture rate

the relative phase of the strength

and

she obgervationg of Schiff et.al.

a recent colculation by Koltun and Reitan (K68a)

o

uses wavelfunctions obtained with Homada-Johnston
potential, thus containing correlations, and the
ps~pv intersction modified to include effects of

rescattering of pions on nucleons. These authors are

primarily inter in establishing the role of the

rescattering (or pre-scattering) termsg in the pion-
nucleon interaction, and czleculate only the rates for

ejection of two fast moving nucleons (nn or np)

(rather than triton mode which got more attention

previously) and the momentum—distributions ag well

7

tlar distributions of the ejected pair.

The main substance of their results is to show that

additional terms in the pion-nucleon interaction



— arrd lar-distributions

affect strongly

nf the ejected n-n  pair.

There have also been a number of calculations

the literature on capture of pions on nuclei in

ir

fart

p-shell. The most interesting one is of course "Ti
which is a close analogue of deuteron. It ig known

ey B o , : :
now that "Li is somewhat anomalous in the p-shell., Tt

appears to be a rather open struc cture, and apart from
the standard shell model, it has also been treat =d asg
an  w-d  sbructure or as a three-body problem « + n + D.
In view of the very high stability of the a-pafticle,

and the rather loose sbtructure of Li, it is possible

gstructureless unit and to

d_
(@]
L_
;
-J_
o
1
[
o]
v
=
;._J
o
j—
@
5]
o]
W

anti-symmetrising the nucleonc

-_4
58]

e effects of

\_J

constituting the a-particle (s-s shell-nucleonsg) with the
p-shell neutron and protor. In all calculationg of pion

capture, the a-particle is assumed to be an inert

-
i

spectator, =md the pion capture is assumed to take
place on the n-shell proton or the neutron, according

or positively charged. Tf

the pion were red on a nucleon-pair in the

a-particle or by a pair consi sting a nucleon in

\/ﬁ
O
e

—-shell and

W

v nucleon in p-ghell, the eme 1ng a-particle

would not be in the zround state, and the kinematics

of the experimental smet up would digtinguish such captures.
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Indeed the experiments of Davig et.al, (DA6a) show

that

of a-particles in

theoretical calculations re

and Tafera's work, (A68k) d

capture Alberi and Tafera

on the

. .4
case for capture in “He nuc

of pion is assumed to

The available

that of Davis et.al. (D86a)

By time of flight technique

at an angle 180- 8, where
om0 i o o \
120 in the Ref, (N682),

the total mome

of the neubtrons =

mogt

referentially

Y
[N

5

arc ejected with 0,

a-particle in its ground st

are made for cases when the

cle in an excited atate or

the capture in

ntum of

and total momentum } &1 +

Adlmost all

cround gtate,

orted to-date, except Alberi

r;

zal only with this mode of

do consider pion capture

gpecific model. Ag is the

lLei, here also the capture

15 pionic
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distribution of total i for the htotal enerzy

1566 #eV can be easgily fitted

in the

in terms of a simple a-d model

A

3

Sakamoto (565a) calculated the energy spectrum

of the recoiling a-particle using the a-deuteron model

the parameters of Tang and Wildermuth (TA%a)

for the initial wavefunction. For the rm-nucleon interac-
ticn he has used the Tckstein-Diwakaran form discussed
earlier, and also neglectsz any final state interactions,
presumably gince the ejected nucleons have large energies,
Davig et.al.'s result is veryv well fitted by Sakamoto's

expregsion with a mean sguared value of about 45 MeV

=
O

entum of a~particle relative to the

n. of the p-shell nucleons. This value implies =z

e w-narticle

separation of about 3.5 - 4.0 F between th
and the p-shell nucleon pair, and is in good agreement
with the result of the analysis of Jackson (J50a) of

) . 6. .
the data of electron scattering on “Li.

In a Turther paper Kopaleighvilli and

(K57@) calculate the sama process usi for the pion-

nucleon interaction the gtandard non-relativistic
pseuoscalar-psuedovector interaction, with the strength

fen (G85a), Tor the ground

state of "Li they usge the shell model wavefurichion

(with the p-shell nucleons described by & superposition
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3 5. I . . o
of 1, D1 and f1 states), the a-deuteron model as

well as the three-body model. In the ghell model wave-

function there are no explicit short-ran correlationsg,

and only the long-range resgidual interaction is considered

in oxder to obtain the superposition of 5 ;Ql and }1'
Tri the a-d model alsgo the nucleon-nucleol correlations
sre only brought in via the quasi- deuteron wavefunction,
and depend on a proper choice of the parameter describing
this deuteron wavefunction. In the three-body model

Fopaleishvilli and Macl

et

: . - . 13T .
through an ewmpirical Jastrow-function exp(»z) /2) with
a2 suitable.value of L . Thus explicit nucleon-nucleon

)
I

o
.

orces and their short-range character is not considere
Again in the final gtate wavefunctions, final-state-

are not taken into account. Kopaleishvilli

find that in the shell-model or three-body

1 | , _
model the contribution of the “P, state of p-shell nucleons

to capture rate is zero. This is what one would expect

from selection rules, since the final states can only be

1 1 35 . o . N

o’ Do o7 Py a1l forbidden from conservation of total
[ -

arzular momentum, and required change of parity. They
further find that the contribution of the D-gtate to the
capture rate ig barely 7 Y . This resullt is in sharp

m

ontradiction to that of Koltun and Reitan (K67a) as we

«hall discusg below. The authors conclude from the



comps of the results of these three nmodels with

data of Davig et.al. that the q-d model

gives best results, It is not how the parameter

P odescribing nucleon-nucleon correlations was chosen,

nor ig it clesr how change of this parameter would affect

the regults,

In a recent paper Alberi and Taffara (A68hH)
have also calculated 7w capture in "Li uging a simple
alpha~deuteron model. They calculate the matrix element

in Born anproximation us the simplest non-relativistic

Peynman diagrsms describing the process. The nmatrix

vvvvv slement for "Ii - o + d becomes eg

&}

entially the form
factor for the relstive motion of o and deuteron, and

7T + d - %n and 7 + o — d + °n

the
are related directly to the elementary caplure rates
obgerved for these reactions. Thus both o« and deuteron
are regarded as elementary structureless particles.

Thia approach is again very similar to that of Hrueckner

et.al. (B51b the model one can obtain no

information orn nuclear corre

lations or pion-nucleon

ctions. Since the model only involves simple

itics snd phase-space corngiderations, it is not

surprisging that the final results for Lar and momentum

distribution of two nucleonsg are in reneral accord with

eXperimental sults.  These authors have however




additionally also caleulated the relative crosssection

for = + L1 - ndn+ded ag ariging Trom capture of

- - . . D, - - 4 - .
mooon a-particle in "Ii (¢ + o - n + n o+ d) and obtain
good results for the total kinetic energy of two nuec 2leons

LL as the crosgsection

emitted in this process, as w
relative to that for emigsion of a-particle in ground

state

VR Z e

Koltun and Reitan (K672) have also calc ulated

T capture in "Li from a somewhat different viewpoint,

Ag we mentioned earlier in discussion of their work on

4. . . . . . . .
He, these authors emphasize the need for including in

the pion-nucleon interaction not only the usual ps-pv

cinally suggested

term, but also additional terms (as ori

by Woodruff) describing the s-wave scattering of a pion
from one nurleon before it is absorbed by the other,

5

that the presence of such terms is

0l

The argument i

e

abgolutely essential in the nnderstanding of the reactions

T

pro - d o+ n+7 PrEp p+p+ﬁ0 etc.  They further introduce
nucleon-nucleon correlations explicitely in the initial
as well as the finsl wavefunctions by taking into account
the Hamada-Johnston potential. The initial state of

p-shell nucleons then containg not only the

PR R T o
xture of "S. and D atates,

correlationgs, but also an
They show that both thege factorg play a very important

role in yielding the final results., In dirvect contrant

]

14

s
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to The results and Machabelli the

state of ftwo nucleons

-x

contribution of

igible, and

Sa 4
o} 1 8 Late

to the cavture rate iz by

actually is much

bive momenta of two nucleons i.e. small

of the a-particle. Since the contribution

of “Dl = "P. amplitude hac
.

the "5, - "P_ amplitude,

is veally severe, The cond

to be very importa-

are also
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two nucleons.

lative momentum k of

in 08§ state

are more
of relative motion of the two nucleons than in the
18 state. FHowe 2ver, a cloger look at their table T

hat neglecting both the “D. state

Ay
o
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é
ot
O
n
VL
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=
ot
D

el aa e e N E > 7] : :
well as lae rescattering termg of the Hamiltonian

O

be too bad an approximetion. It is rossible

[

rensor force

da-Johngton potential zives

a mich larger D-state probability (7 %)

a21re over—

@
-
b
@]
(&
[ua
0

required for nuclesr phvaics, and itz ef:

L1 further discuss all thege results

gotimated, e
o

e D . . .
ort "ILi in a later section in relation to our own results.

IH N e ey Al e 2 - T . . ERE
Ihere are no detailed calculations available of
o'l

the capture of pions in T4 The exper T +
prure of piong in " Ti., the experiments

~

S J'\ » R - Do, .. . . ~
et.al. showed that whereas for “Ti the distribution of
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who studied captu on € and AL

scintillation counters to detect neutrons and nrotons,

a gimilar

Later and more extensive n

apparatus are reported by Hordberg et. al. (N68a) for

Liy, Be, B, C, 0, 0, A1, Cu and Pb targeta. An out-
standing result of all fhege measurements is that the

relative angular distributions of the

peal very strongly at 180",

increasges from 0O, The two-riucleon capty nism

postulated by Brueckner, Serber and Wateon recelved a

n

ture, The width

very strong confirmation
of the pealk is a measure of the internal motion of the
c.m, of thé two nucleons in nuclei, Nordverg et.al.
point out 2 rather curious, =and as yvet unexplained

than the

feature that the width of -1t pealk is

n-n pesk, and appears to be so in almost all cases studied,

They conclude that about 40 Joof t stopped 7 absorp-
tion events lead to a 1807 - correlated palr of nucleong.

However in their eXperimental arrar 16 1t i1g not

le or multiple

possible to obtain a me

nucleon ejection mechaniam.

Another impor experimental data

that has received con wbtention in the literature

ig the ratio P  of the ejected r-n to n-p pairs of

nucleons, We note that capture on an n-p pair (p-p pair)



bo
&

n-n  (n-p) pair, The

upon whebther one takes into

within the na

o

Towceolle ol

o oonly the palrs emitted

v O
with 1807 - correls

\ n
-
hey
e}
=
s
O
]

-

i
n
—
]
L
ey
N
=
1
6x

i R= 3.3 + 0.9 Tor all paireg and R = 5.1 + 1.6 for

‘ L .0 : .
pairs with 180 correlation

her value of

R =50+ 1.5 in C, counti: emitted pairs. (They

report that all the pairs are clated at 180 but

actually their an is not very good),

For heavier nuclei, the ratio R appears to be about

the seme but the statistical accuracy is really quite

poor.

4 large number of theoretical calculations have

to explain the value of the ratio . A

ol
T
iy
[
gl
jo R
D

simple counting of p-n  and n—-p palrs 1n nuclei with

congsiderati Pauli privciple does give a ratio R = 5 i

Hut such a zi

doeg not take into

account several complicating

factors, most important

nucleon-nucleon correlations., Figenberg and Le-

(f57a) report that the short-reange correlations

tively unimportant,

final state inter-

actiong tly reduce the value of

But =

timates of the importance of
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also exigt in the confuging

and conflicting est teg of wtive luportance

of capture on nucleonsg in relative s-gtate and relative

p-state, picture becomes even more blurred when

one asks as to from which atomic state (S or P) the

pion is captured. Although the ve pion capture does

U’)

1

give a somewhat veasonsble value for R, the experimental
P 55k M i .
facts (CH5E, $573) [The ratio

W(2P — 7 capture)/W(SP -~ 18 ratiative transition) is

el
about 15 to 25|

P pion capture is actually predominent,

and this gives a value of R less than 1 (B672)., Thisg

result ig contradictary to that of Cheon (068a). To add

to all this uncertainty, Koltun Reitan claim that if

the punr&e~exchaﬂge~rescattering terms in their pion-

nucleon
suitably raise the value of &,
In the present work, we consider only 7w capture

from atomic orbits in gimple nuclei like "Li and “He

which can be congidered as three ~body nucleasr gystem
When this work two different calculational

methods were rennr

was that of Tckstein (FE53a)

He and "Li regspectively) in which no

explicit nucl WAV Q-
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”‘ 10T t—ran ations nec

by a nucl included

for pion interaction with o nucleon

interaction

the form of a five-point

The form of the matrix e

ements ig chogen mlhie

cally to

”JJ
\.’ i)
o)

b
jak
[N
o
s._\
<
D
4
(”u

reactions p+p — d + 7 ete

discugsed esarlier, thisz a approach ig limited to the

situation where the c.m.of the s501Tbhiny

j‘

o

pair is at rest, and the absorption am

plitude dependence

is unknown, The other limitation is that

DALY 13 Aasgumed

s-state (because of delta function of 7. - r.). Lpart
\ l 2 /
from these limitstions, this method gives no direct

information whatsoever on the short

and correlations produc th

pes-pv form for pion-

nucleon interaction, but to introduce explicit cory

wavelfunctions in an ad-hoc m

ner

the Jagtrow-type cor:

wetbion being

[

relation £hs

multiplied into 1

rticle w

for the

ysorbing pair, conttaing an arbity

parasmeter, the correlation dist which is adjusted

to give the correct capture rates at the end
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Our inte
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i T FTYOY s Fo
Ll = };) U i O3E we WELY €

Tunctior

=1 Lkrnown ,

nuel:

many-body proble

A, i (al ) -2, R
practically impossible. few years

considerable adv:

aolutions of

with realistic intera-

I by

were firast o

ics probl

20 o wavelfunctions iz &

(Tt ¢

uld be mentio

Ud
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n, calculations have bheen

by Cheon in

which the effects of realistic forces

~Jolmeston potentis ¢ directly incor-

into the wavefunctions. We shall be able +o

thelr results with ours in laterp chapters, )

also

us to incorporate in the

alculations the effects of final-gtate-interactions

in a strai

s

in which our calculations differ

from others reported in the ature is that the wave-

functions obtained here are in momentum—re nresentation

and hence 211 our calculations are done in momentum-gpace,

In other calculationg the wavefunctions aro erally in

coordinate representation and hence the calculations

involve golving Schrodinger equations in coordinate

wavefunctions and then evaluation

of radial inte for calculating capture rates.

<

Thus it is not very o for us to compare our results

step-by-step with thoge of others. TIn later chapters

we shall emphagize more the differences in our calcula-

tiong from thoge of nthers,
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My the pion-

nucleon
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e moke a
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e results of

Eoltun and Reit

of rescatt

e

plicaticn of non-local
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Qur results oy

statbe
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thorg,

we conclude with a summary

of our nre

1cle slations

from pion o

non-local serp potentials

of nucleon-nucleon
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AKND TWO

2L A Pion-Nucleon Interaction
A1l calculations for pion interactions with

nuclel must start with some knowledge of bhasic pion-

nucleon interactions.

available from elasgtic
pions by nucleons, radiative capture of piong
or inversly phobtoproduction of

be gtudied directls

piong

experimentally, whereas information on pion-neutren
interaction has to be derived indirectly by velying on

theoretical concepts such as

~

by studying experimentally pion interactions with deuterons

ugually

B

)
o
o
o)

and then extracting owt pion-neutron intera

in the framework of inpulse approximation. Pior-nucleon

and hence

interaction is lmown to bhe

SeWave

was most explored in early

interaction ig

more

importance for study of pion capture in nuclei, pion-

production near threshold ecte,

oniy very low ene:

7

-1

piong are involved. Farly studies of S-

interactions are due to Flein (K558a) and Drell, Triedman

and Zachariasen (DAGa) among
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inte

vields

Tivigtic limit to first meson theory., The

relativistic form of 1 is

where

£

LOUT-M0!

Here V  is the pion ntum,

obtain a non-relativigtic static

Lo of the following form
D

perators for

L. i : . \
nucleon, and > Py denote the pion and rucleon momenta

rnucleon.,  The firat

interaction,

con recoll term) preserves

n (the nucl

e that our
ice is nory

ion

Laed




he galilean invari

action,

irniten Tor congide

pions from atomic

the direct

O W E

pion is practically

the first

OUn the other hand, ususally the Teducthion is

the conventional ps-ps  theory. Tt is shown by

gl

galilean invs

an unigue one,

—
)

in the

order in the pion

it can be shown

S-wave pions on nucleons,

where 1%

y is the canonically conjugs

i
C,w

of the pion-field. 3

Oa etec.) that

terms to (2,

emnirTi-

ant!'!

ied out by Poldy~Dyson transformation annlied to

It depends

reduction

wave

3) )

function

the

which

of
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fit to S-wave phasge

™

lecent velues are

Y, = 0.005, Ty = 0.08 (2.8)

These empirical values are indeed very far from expected

values from megon-~theoretic derivations, and indicate the

importance of charge-exchange bering.  Mogt of the

uthors who have studied pion capbure in nuclei do not

witich would

terny

take into account such second-order

describe the scattering of a pion on one nucleon before

absorbed on the second nucleon of the pair.

1.

However, the undoubted importance of these terms in

W
D
e}
+
=
,
+
=
O
=
<L
3
!
}
)
‘
+
+
-3
=

processes like

hag been emp and more recently

by ¥oltun and Reitan (Es6a), and Cheon (068c). It then

follows that they may also be of importance in pion capture
processes, such ag 7 4+ d - n + n and in other nuclei.

Unfortunately, evaluation of the contribution of these

.f;.

terms requires some agsumptions for S-wave pion scatteri

matrix off ener shell, and various auth

flicting results.

al shbatus of

pa raphs the

the sinplest process viz, 7 + d -, ov equivalent:
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processes 11
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Lri0e our

plons

contrit

crogssection., It is

above

since the Powave

1

ng in the crosssection are poorly

Ctract only S—wave

he L ts of HBose ghow k o
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from

V" + p~n+ 7. One can

(For a detailed discussion

[ M R
obtaing

oneG

= 1,57 x 10

iheoretic

were initi

can occur

ulting in

g in P-gstate and from S—wave

Sirnce we the

ler caloula-

plitude for pion nroduction whe



40

- ~
3
.t [ e - e 9
i Zoes Into i

2 O TINnAal sUaet 4- 4+ .
1, ' 1 1
rly caleul

in

action with only 11

Pewave

! conatantg

we counlii

r, he evaluates the S-wave

pion production amplitude ve omitting ti

contributions from the finnal

For

Lmental

the strengths of the coupling constants to be about

ic valueg, but the

S—wave Lo

N

as would he

io to be only 0.084 which

emphagi-~

interaction to obtain

et
[
o

waveiunction,

not conclusive, particularly since he omite the "D

PN ey ey )
deunteron comporent. whi a8 we ~e hael
eron component, which ags we see below plays a

Very cruci

sequent calculation of Vicodruff (W50a)

ates clearly almost all

ugeas bt



shn

e e "
the inclusion of

gives no

contributions from *

tion

~

functiona

owrt in

theo

s

Woodruff n

mkes two difif

1.18 or 0.51 (com

)




value for this nuwmber ig 0074 4+

o .t.

In a rece

Woodruff's

yLitude only.

nroduction

ada~Johnston potenti

Bl ) 3
inl are uc to obtain the

(D-state

to codrufll,

comtribution to production coxn

b

For the

find the crogaas

p+p-ad+ w (g-state)

.
p——
P

(2.10)

[Ee
na
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Q’\J

e ovalue (1538 + 15) 1

Similarly

turn out to be

Degtatbe of the deuteron as

correcti

sizes (o) the role of

plon oo

critically on the nucleo

i sorphion 0 bhe reducsd bhe two

nucleons ar::
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compared to ‘)__:;"1 initial state in pion production,
It would certainly be very desirable Ho have a direct

experimental measurement of 7~ + d ~1n + n nrocess,

Finally, we draw attention to a calculation of

Cheon and Tohsaki (C68a,b) in which they calculate the

o (Fiab)

+ . - .
T + d ~Dp+ p crosssections for plon en

order rescatbering terms, A4t the pion eriergies

considercd, the S-wave capture dominates. The

[

he coupling constant for direct S-Wave

capture is fitted empirically, =and turns out to have g

value consistent with that ohtained by Geffen. An

—
[N
@

ture of thisg calculatior hat although

interesting

o

~Johnston wavefunction

these authors also use the H

for the deuteron, there is no caricellation of contribu-

-0, 277

amplitudes 5, = 7P and "D, = P
siid 0,14 only, so that they actually add up. This

earlisr regults of

is completely contrary

Yoodruff, and Koltun and Reitan, and also our result

to be reported in the next section., It any

that there should he some error inn Cheon

the contribu-

treatment of theron. PFurther,

!

tion of the direct interaction to +

crosssection ia now
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, the contribution of the pre-scattering

term is relatively amaller, and

ng out to be only

7

=2 15 Y/ compared to nearly 100 % for Koltun and

In the subsequent work in thisg thesis we choose
for the 7l dinteraction the usual first order nor-

relativigtic psusc

as hasg been done by

almost all theoretical workers. 4s earlier,

the evaluation of gecond order terms Tnuu1rJu knowled

of offwenergy-shell behaviour of the plon-gcatteri

matrix, and we that at the present stage of

¥

avallable experimental data, such refineme

nte are not

necessary since the problem is dy quite complicated,

We shall only consider S-wave pion interaction,

for the light nuclei congid in our work, the capture

ig primarily from the atomic 15 orbit. For the cage

shown that the prohability of

capture of 7  from 22 orbit is only about 4 zs of

the probability for radiati

orbit. A gimilar result is

"->T.' T -
Li. However, more recently

show that the absorption rate from 2P

. . - - v o
19 7, of the 2P - 15 radiative transition

The relevant w¥ interaction jis now
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a pair of nucleon:, action

N ¢ .
Y § el 0, > o s
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e <
23 (2.17%)
e 7

and common :

&)
ot
(&)

proxi-

!

r gtructure ig undisturbed by the

presence of the pion in  S-orbit, so that nuclear

wavefunctions can be calculated by standard

techniques, and

(b) the motion of 7 in atomic 18

it (from




be captured) can be

“Hohr theory.

fhe pion wavefunction in 1S orbit may be written

w0
N

N P

|
P
-
N
x
]
.
LS
FARN
S

(2.14)

Since the pilon ig captured only over the nuclear volume,
' ~1%

i.e. in the region where 1~10 cmg, 1t is convenient

imate the pion wavefunction by = (r = 0), We

the pion wavefunctions in equation (2,13)

o -~ ;o T gy
\“ﬂ), {7 \, pd == | < / Vi (2, .,l_5>
Actually the value of the pion wavefunction over the

nucleus can be distorted by (i) the finite charge exten-

/

sion of the nucleus and (ii) the pion-nucleus optical

potential in addition to the €oulomb potential. Pig
/C. K o
‘legon quote unpublished estimates of Krel%zt

Tirst effect reduces the o

by 47/ , and the




e
@)

T

second effect by about 2 /

For positive piong the optic

may be almost 30 /

e

operator in equation (2,13), and re

which should be v oevaluabiry

elements be

operators,
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—
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We note that herve, for s-wave pion

assuned to be constant over the

Then the intersction operator cs

nuclear volume

wav e fu

o
7
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From the above form of the oper

nucleon coordinates, it is possible to infer

tion rules for change of state of the

pair, The term containing OM momentum P

g
rige to neitions such ag
s = 11 - TS = 11, T8 = 11 <+ T3 = 00, eand

'T] %

2

i
=
O

/‘E\

il of vector

presence

change corresgponding

g

the angular sum

to

of-mass motion by one unit, but will

angular momentum of the relative motion

hence thig term corresponds to capture of

relative to the centre-of-mags of two

it ip in g-g relative to the

al thoug

of the nucleus. 1h ngpect has been

by Koltun (¥67b). Most authors actually

dependent term from the calculaltiong. We do

ator in

the

centr

drop

b

e

netion

we geth

oy
[os]

(2.17)
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it will actually turn out in Li that the motion
the c.m. of two nucleon, relative to the c.m. of

the nucleus, doeg contribute in a non-neglible

[

the pion capture rate.

o L ) . ,
The term in the intersction which containg

relative momerntum p o of the nucleon paix then the

RS

maln contributor to the capture rate. It enables capture

55 wher

ular-mnomentum will ch

hy one unit, The
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SPln-Lspin quantum numbers change according to
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I3 =11~ T8 = 10 ; T3 = 11« TS5 = 01. To bhe more
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gpecific, it will produce trangitions such as
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We shall see explicit

later chapbers.

in the previoug chapber the

i

e hayvs mentioned

phenomenological two-nucleon

n

ced by Tcelkstein, Diwal

us

M

his operator

+l

she following form

has
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The operator involves a &-function of the coordinates

of the nucleon pair Ty and so that the

ot

capturing pair is essentielly in an 3 state, (4 =0),

i.e. a spatially symmetric state., The requirement for

antigymmnetry of the initial state then renoves the

Ty i&z

apEli ig the pion wave-

IO
3o R P B

function at the position Ty (or , Aand isg

Ou »J ,

the relative momentum of two nucleons.

are the projection operators for triplet and sing

bively.

operator has nlmogt

the Tactor u(f1 -

)

————— same form ag b tof the

interaction in eguation (2.17). The gtrencth congtonta



£, ant &y nave been derived by fitting information
on the inverse g@actions ags discussed earlier, Thig
approach would include not only the effects of the
nucleon-nucleon correlations, but also those of pion

scattering before absorption in the coefficients

carsnce of the &~function

: e . Y 3.
precludes the possibility of including the D1 state

go and g1, However? the apy

of the deuteron, and the severe concellation effects

3 3. 3 3.
between V5. - “p anad D, - P,
1 1 1 1

pointed out by Koltun and Reitsn. Thisg may give incorrect

g0 forcefully

valueg for g4 and g, MPurther, such a determination

of goy 2, will not take into account the dependence
of the transition amplitude on the c.m. motion of the
pair, since in the reactions determining these amplitudes,

the ¢,m, motion ig Zero,

We note that in the worlk of Ickstein and Diwakaran,

ot
vy
e}
Y}

wdopted values of the strengths g, and &4 (which

correspond to auwplitudes for trangitions “bj - Ry

and “*bn - fo) are approxinately equal. In the meson-

theoretic interaction given by eguation (9,17)5 the

strengths of these two amplitudes are exactly equal, and

resting that the relative

they have also the same &

sloo be positive (Re 81 >0 ),
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Thig appears
of the

shiould be re recent valuess

g obtained by Fricgon (F69a),

Trom an snalveis of more of Hose on

8%

T 4+ d - p+ p, are very

of the phenomenological Hcksbtein

direct

action has no

with meson-theoretic inte

different values of g @;1 may reflect

the effects of pion rescattering or omission of D1

erent degrees of nucleon.nucleon

[

. B Nucleon-Hucleon

1

O,
Li  and

tment of nucls

Trn the 1Lz

0
G

o

{

it

=3

3}

to be degeribed in later chapters, we choosge the

non-local separ form for nucleon-nucleon potentials.

The re for this choice ially is that such

potentials are ideally suited for obilaining 'exact'

unctions of W58s) as has been

spaers by Mitra o

coworkers,

"

ahown 1in =~

the relative merits of

We do not wigh to discuas

non-Jlocal ble forms over other more conventional
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ga Yale or Hamada-Jolmston potentials.

non-local separable

the two-—

solution (and we this property in the next

section for pion capture calculation in deuteron).

Purthe

7, such potentials can be made realistic en
to give a reasonably good fit to btwo-nucleon bound-gtate
and can include gpin-orbit as well

and gecatbering ds

ag tensgor forces, Mitra and coworkers have given sels

M5la, N62a). The feature of thig form of

potential that ig most attractive to us ig that they

can be he Schrodinger equation for a three-

T

body system, and with =2 suitable truncation of the number

of terms in the potential, one can obtain 'exact'

1ich can he then

(a1lthough rumerical ) wavefunctions v

g4l

3

ed for other calculations such as pion capbure rates,

—
ufl

contain directly the nucleon-

such wavefunctions will th
nucleon correlations due to the N-N interactions.

ce ebo.

(The altemate a nroach of

emphagizes formal ieg of scattering amplitudes

ete, and hence does not seem suitable for our purpose).
It should be noted that the truncated form of the
potential we ghall use below does not contain an explicit

repulsive core term, gince inclusion of such terms would
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o~

the numerical solution of the problen

difficult,

involving solution of seversl coupled xnhey‘;l eduations.

vertheless, it will be seen from the treatment of pion
capture in deuteron to be discussed in the next section

that a considerable degree of nuclear correlation i

n

contained in the wave-functions,

shall briefly deBcribe in this section

of the parameters adopted
for subseauent calculations Since the potential is
a nor-local one, the potentisl term in the Schroding

equation ig of the form

\/ {” - }‘( SR \) p S‘\ Y\ } /// />> ]1() // )

Thug the Schrodinger equation im the coordinate

becomes an integro-differential equation. It is much

-
3

.

simpler to handle the potential term i nomentun-—-gpace,

4

gince the wave efguation then only reduces to an integral

eduation, The teral form of the poltential is conven-

tionally written in the sepa

(F Lk ) (2.20)




where X.; is

1G

a form Tfactor for the g

ig the Le

=ndre polynomial

i

cquation for relative mobtion of

swo nucleons becomes,

(2,.21)

We note that the

is defined geparately

in each of the relative angular momentum

F

ctice one confines the sum in equation (2,.20) to

only a few terms, say £ =0, 1, 2

even state potential is only defined for A =0

The values of the parameters A, are listed in
o]

are chos

to fit the scattering length

a_ = =23, 7F, and effective

valueg are the aame

are also used by caleulatin
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we sl

uae labter on,

>tilong in triplet even states, a

particularly simple for

estbed by Yame
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this potential provides a Fairly realistic representa-

tion of the triplet even inte

wetion, with the values

parameters ligted in table 1. Thege values are

= @Z.zn VeV, the scattering

Ay = 0,378 F,

the effective prang

r, = 1.716 B and the quadrupole

i

= 0, 285

S
;
e

The D-gtate probability P,

i,

i

with thege rameters tums out to be 4 %, . It is alsac

T

3
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Potential avt (¢ + 1), (C+T )j\} + J 3 Eh
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ca

(Cot &)y, ~2.504  -2,352 -2.221 -2.108 -1,998 -1.90%2
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posgsible to further add to the triplet even inter-

o

action a two-body spin-orbit interaction ag was done

vaimhan and Magqvi (N62a),

by Mitra and Nax

Thig interaction to be added to equation (2.83), takes

the form

L ig the total sngular» momentum, and

Table 1 algo lists values

(NG2a),

tete of interest in our calcula-

from the trangitions

atate will occur aszs o

final state, the relative momentum of the nucleons will

They assume =z purely gpin-orbit

the

ters by fitting nucleon-nucleon

gcattering phase shifts upto about 100 MeV/c, Jor




of our inte

ig potential

greatly from the

1 8 cent:

potential (H62a). Hence we have chos

potential meting only in P state of the form-

1oy

- < B

s

—
\./
i
3
—~
=4

arid

)3‘;

this potential are

= - e e =
interest i,e.

(“W) 138 eV, The parameters and the quality

of fit to the phase-shifts are shown in table 2.

&

The o-nuzleon interaction has also been given

in non-local separable form by Mitra,

1w for the deuteron in

momen tunm with non-local separable potentials

be written =g (we only write for the rel

motion of two nucleons,

gcussion of Li wevefunc-



Subgtituting for the
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e

The golution of the equstion

where ’1 ig the composite spin-orbital

avefunction



nalisation coe




ilar way T

unction for two

eI

wave hou

the value of-a(T)

¢ otherwise a(p)

v

amplitude degeribing
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two-nucleon co

we now evaluate the

To obtain the

a11cl

initic

The capture

| {\ ; 1:’3. $TY N e
hY .. ) 0y g ) S 1 F ~ = ;ll /'
\J/Jt = =] S AN I B ffn>

where 5 (1. ig the density of

spin and I-spin caleculations can
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tribution of the

to the matrix element

e e e ey e s B
the capture rates

without and with the

asction (described

of the deubteron

.53 (or 0,

2d with 0,99 x

(¥66a),

that contain hord-
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cere and hence SJ.Uhle short range corrvelations,
One may conclude that the nonlocal separable > potential
brings about quite large high momentum components in

>

the two-body wavefunctions, although it does not contain

J

(B3

'D1 atate of

the deuteron ariging from tengor force ig taken into

haas e

explicitely a repulsive term. When the

account, we find (in agreement with Woodruff and Koltun
and Reitsn, but in sharp disagreement with Cheon and
Tohgaki) that there exists a cancellation of the
amplitudes, and the capture rate is reduced by almost

a factor of ten. However, this oaﬂcellation is not

as drastic as in the case of Koltun and Reitan, the
reason perhaps being the difference in the nature of
the W interaction in two cases. If one considers
Nagvi's potential which includes s spin-orbit term a 80,

thus reducing to some extent, the effsctiveness of the

tengor component, the 5-D 3 less

cancellation becoms

)

severe. The spin-orbit term thus indirectly enhances

the capture rate, although its direct contribution is
regligible It should be noted at this stage that

Koltun and Reitan remark that the S-D cancellation is

independent of the D-state. But we have seen that

the Nagvi's potential which yield the Dwgtate probsbility

3.22 / (4 /. for the Yamaguchi's potential), the 8-D



cancellstion is

by sbout 0.056 x 10°°. Thus

vely

the final gt

=%

bate

the capture rate

potential, out is guite large (50-100 Vo), in the

3

of tengor force

B

<

Pinally, it may be v

y

rked that the results

of above calculations of the capture rate fall

considerably short of the latest

. Lo e .15
viz., \a/ (expt) = 1.8585 x 10

experimental value

sec™t (RE7a).

2]
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stable

are particularly wel.

reagti-

since their struchture

[V TS S P 1. > . 7 J .
particle which is asgsumed to bhe an inert core.

more dynamical '’ model whicl oarded

que s

ven rise

rerewed intereat problem of L1 -~ like

b three~body A

vork of

ella, Lovitch and
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the price

the ftwo body

thig approximation can be ‘ended on

to the

which Te:

e z2quations,

for the bound,

Pl + oo = T 1o YOYST T - Ty i Feda 1 } i
state problems, is provided through a direct paramebri-

zation of the not

in a

separable form,
and their use in conjuction with a three-body

Such sn

ction with

i
!
-l
02}
T
D
@]

MAaGs ) 5

75)

which involve unequal

oo

B B

renceae hetwe

and thesge

interactions

nuclei, the nucleons in Liare congstrained by the
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eduation now
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sith the substitution of the equations (3.8) - (2,7)
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Vhen one

the wave function,

equation (7

gymmetry of

i.e “oo(p sy - U -
po(e P = (R, P,

.
pregsion

I

functions G H  and &

@

the motion

of

The wave fTunct

19

Fhhem ot e ot A e Pl
tne narticles 1g fully separated,

does not depend

%
marticle just remains

1211 now show in

NOVEeT wWe
. A . .
7 2ll the dynarmics is contained into
tTiong for the snectas A
tiong for the spectator functions

hus the solutiong do depend

Ty ey ey et o o~ ]
ythiey two particles are bhehaving
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of the three-

pailr ig fixed
0y -~ )
RO Y F:L) shows the

In thig term the

P-wave nature of the o-N pair as well as that of the

cctator nucleon 1s

explicitely,

calculation of these spectator

=

unctions

e carri

ading off equat

. -’}, - [ <y
e U Ty ) JoOr

(%.10) in

equations,

following a2l efuations:
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1 two,

Tt looks as if we now have to solve th

(R

spectat:




t=0 (abegerce of tensor force)

for the
binding energ:

of

atandard

calculati

techniques, nation of

n-p potential

(]

bles 4 anc

in the

from these toables

A

very aengitive to the value

<.

of 0,001 F produces a

0.4 MeV, Toug to obtain for

course match "THiwo-body 't valugo A




(o)
[N}

- 1
S A 0.08610 0.08657 0.08722 0.08773 0.08824
wr

coe--Dody

(Thr

3
I

19,96 49,06 47,90 /

£, -2 , ) i A
a;(ﬁ‘~) 0.100 0.105 0.110 0.115 0.120

4,15 4,55 4. 56 4,77 4,97

™,
\,

0.08722 0.08787 0.08847

2 oo P - . ] 2 L ~ 7 a6 - /
fo55.AT 55,59 51,50 - 49,96 48,867

. 0 I > e / o e S Y\ ae o g
- YA o0 2,75 2,70 ¢ oL 58 2,66



accuracy it L o )
8 Ao

the apin-orbit force

really

two-body

a soin-orbhit

LD

the €oulo

roulid ata

Il
, 80 )




)
Bl

o~




8

force,

part, being a short

L. Thus

unimport

~tion of an

potential,

T,
1.7 MeV

ig smaller by 1.

even more surprisi

ite cont

Fal

i



the force S

. . g R Y N I - ey e 41 eyt YT P
ig a firvet vank force does not contain the short range

mav be overestima-—

RS
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regpect we

i bhaclk to the three nucleon

acting through

1
Py

no

with

The value quoted

ig only 1.06

cul=tion with

wectors!!'  of the

and are shown

svaluate
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ES

3 RS T oy e e
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200 wave ]
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polynomial function
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Tor the n itudes of x

N (Or

evaluations vield a value of

Tirst order corvrection Lo the

cct only o very gsmall value of this

hindin

i oa moroe a
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4, PION CAPTURE IN LT

In thig chapter we present calculati

| . - 6. .
capture of 7« 011 Li.

We congider only
Li - «nn dn which the «-particle

ground state (because of our assumption of

ons

the

EMeTZes

.

structureless entity). Xperimental evidence

about 40 / of the capture results in such

P

o,

for

red

ction

in

heing o«

shows

This reaction impliesg that the pion capture take

on a valence nucleon, i.e. a P-ghell nucleon,

during the reaction a-particle remains as

~undisturbed entity. such an approach enabl
¥ PP

[

}

m’ wavefun

a1

usge the

chapter. Pion capture on S-wave nucleons which

. 6. . .
the a-particle core in Li would result in

es

211

a1

[t

a whole

-particle in excited state or a fragmentation of

place

d

us to
ctions derived in the previous

comprise

the

a-particle., Alberi and Tafera (AB8B) have considered

pilom capture on the quasi «-particle in

only consider the channel = o - dan., They do

include the posgibility of capture on a pair

of one valence-nucleon and one core-nucleon,

Ve shall also assume the pion capbure

place from 19 atomic orbit. Alberi and Ta

the experimental data of Backengtass et. al.

)

LLera

to

5. .
Li, but they

not

consis

ting

take

quote

that

the

that

& =

Sagor
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2P pion capture in Li  dis no more than about 15 A

of the radiative (2P-=15) transition rate. YWe thus use

the simple S-wave plon-nucleon interaction operator

)

which is earlier cast into a two-nucleon operator form.

1 P
1

4,0 Wave functhtion and kinematics of the reaction.

It was shown in the last chapter that the
complete wave function for the ground state of Id

can bhe written as

(4.1)

where N ig a normalisation constant, qdﬁm, and
. ? =

o 5 are the gpin triplet and Ispin si

gtates of two valence nucleons, and other terms are

hw o

7 i
.

We shall discuge here briefly
the structure of each of the above terme in the wave

LR

function, and its

slication for the pion capture

process.

The first term viz.,, the ''g G'' term, describes

an  a-d type sbructure with the valence nucleons

correlated and

rbicle as a gpectator. 1t should



100

howaver be emphasised that in our wave functions,
the wg-particle function G(P) containg the dynamics

\ / 7
of a-W interaction as well, In the usual a-d model
: 5. . ; .
for Li, the a-perticle wave function does not contain
any such dynamic effects, and hence the long range

behaviour of ¢ (P) is guite different in our model

from that in the usual a-d In other words,

in our modesl the spectator a-particle will have larger

high-momentum components than in the usual «-d model.

force the ''g G¢'' term will also con
Thug in the usual shell model notation, the wave function
will contsin not only the component with < = relative

orbital

W o~ - —~ s ;’ -
CM  of two valence nucleons = 0 (and ], =4 + L = 0;

that we obtained the

=0 and 1=0, I=2. We

by P as a dynamical output when the

L A Tr e Mo
sher G, Sakamato

<
b

e were solved in ol

(565a) used in his calculations the IZckstein form of
interaction which precludes the contribution of the
T i 0 4

Degtate of the I

(K57¢)  rem

the capture process i1s no more than 7 /. . However,

Kopaleisghvilli and Mac

that the contribution of the D-gtate to
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-~

the nature of their wave function and the . D-state
probability are not clear, Koltun and Reitan (K67a)
have golved the Schridinger equation for valence nucleons
with HJ potential, so that their calculation includes

the L =2, I=0 contribution, but by their assumption

of the a-d wave-function the { = 0 I=2 component 5

excluded,

wining terms in the wave

Ve now digcuss the

function which describe explicitely oa-nucleon correlation.

”
0O

Our treatment of Li differs gignificantly from that

of other authors in that we agpecifically include such

£

g-nucleon correlations. Thesge terms are gemerally

pion capture calculations, One of the two

cribes the valence proton correlated with the
a-particle. Pion capture through this term can result
in the oa-particle emerging with a large momentum, It

b

should be noted that we do not include any explicit
correlation between a valence nucleon and a core nucleon.
Such an correlation would result in a high enersy core

nented or in an

nucleon with g-narticle snding up

excited gtate., Our wmodel gives a high energ a-particle

in ground state. The second term would describe an

c-neutron pair with the probton in a !''spectator'' form.
Once again it sheould be noted that the proton, although
th

o gpectator in this term, containg the dynamic effects



force, and hence will have

momentum
proton state. 1In the calculations to be described
subsequently, the contributions of different terms in
wave function will be shown separately to analyse

their importance,

For the pion-nucleon interaction we use the

standard S-wave ps-pv intervaction given in equation

-
lL.

he noted that the

inzlet, and

the interaction will not contri

T
™~ 4o -

(4.2)

where we have specialised for n tive plon capture

- e 4 Y
.

i ig the pionic Bohr wave function

— 7

g."\] Tt

defined in (2.15) where # = 3 for “Li.

Most of the sarlier workers 21ly also

neglect the o . P term arising from the CM motion

AL neans

of the nucleon

palr. Koltun (K675L)  argues that it
does not contribute more than a few percent for the pion

We shall see later that the contribution

capture
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of thig term is hy no mean:
since our model conbaing explicitely possibility of

ntum components for a-particle through a-U

correlations. Looked at from a slightly different
view-point this term in the interaction would give an

ingiy

1t into  a-d cor

Trn the final = two val

move away from each other with momenta

and the

o/

P

K = - (X, 1’<i~\, Let ™, ¢ oy Dbe the eng

i
hetween two nucleong in laboratory snd CF  frames of

-

B
refere

illustration of the

)

11C

S
D

i

0

PRSI g e I .
Tivenn below,
2
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angle/

L an

or with N Ges W b [
O L 5

J i
' Co/w =% (=)

b T T e e o—— .
(../ - y 5 < 4 B 3 >

- 204 = el
et R 1

Hox bhfj final = lc} te wave fL“(iiCJCl O we assume a

formalism can include

the aaglly In the final state

the two neutrons can be in either “7P atate

e I
( 1 ) @ ) :3 ™

8y = "TRy wvia S.p term) or S+ 7D, (transition

.

the interaction).

vious chapter,

to give reliable phase shifts over the

accurate enoush

of final relative moments of two nucleons.,

entire i



- : S 1
similarly the non-local potential in 5 gtate

wowuld

1ave to include o

second-rank potentisl) to

s ghifts, We Therefore avoid

in the following treatment,

some importance in considering

momentum  a-particles,

1L state wave function is written ag

ernergy

conservation gives

(4.6)

4.8 Transgition anmplitude

Ve now proce

d to evaluate the transition matrix

slaenent
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(Table:7 contd.)

Here =2 , b , 1 =md t are grbitary vectors and
A Ard pve P
f- . . . . _ .
P (1,h) ig the gpin projection operator for the triplet
- ] : § - IG !

{ J

or

the Rose's defination/ the reduced

-y

S

S

with this

SR 0= 0 N R
I R PEEENEREN

@



e
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et
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TPor this purpose the !

written exnlicitely

cguation tions are

and double-

carried out with the use o

harred-matrix—el

a3

digcussed that the major

T iy e
LLowas

contribution to the gection will

thus

“rap Zrgan

"mégrior ' terms of the intera 1, With the use

we evaluate the effect of

of the results of

the major s=nd minor terms on the initial wave function.
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It is now

clement,

NAAAL (1 2.
. ] )
. O T =D
b - -
Ty = AT xa L,Lj//@ S
e NS e . -
VNN Anr A _'_,’ > Ty ?:‘ pi e

(4.9)

pogsible © te down the complete matrix

. e )
A B A T
r /4{ \;.,5» — f A av’g
3y IBC ( k sgﬁ( L‘w (i\z F( [(‘;::) Y ((L{\ !}"L-l.’; K, P \\)j -
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Aufd s
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or 1 #

B ig the tensorial index of spin operator, 1 for

(9]
= I i~y s I e IS N 4 e —
8, o oand (0 gmx 5L) and 2 for XU( o 1055,

o/ ig defined in the table — 7.
ould next cvaluate the sdqusre of the matrix element,
aver

over the anin ms

[SRRA

gquantun nunmbers,  This

quantity directly related

all the information sbout the wmomentum spectrum and

angulsr digtribution, and we

gae how the different

termns of the wave function contribute to this in pion

;} 2 I

s, = (R Pl}\l E)ED) (O )

< GO H(MNTMC “\"’“‘ﬂ ”\)P\t)l
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above we

out the congtant factor, and now congider

on the oa-particle momentum

in yYUI(E, 2 ).

the major component

of the interaction, 1i.e, from the Z.p
relative momentum of two nucleong, In this we have

aln written ately the contributions from the

of the wave function, the "' P term and the

interference term, already discussed about the

1

percentase

(Table 4, 5). The sccond la bracket containsg the

contribution of the '"'minor'' term of the inte

the OCM wmobtion term.

i.e.

It will bhe in order Lo discuss at

aquared matrix

abgsence of tensor force

now reduced to ''glt' )
atruchbure containg 1o

When the tenesor force is

included, one obbtains o

through the Po(72 ) term; however

has oo ite coefficient one of

H(K). Since the tengor force is rather wealk in

1in WD,:,'

accursnoe of '"'gG''  term in the last chapter




(as previously pointed out),

terms which

from

and gives =

acchbions,

later on.

1 .
=) F s
SO E

failrly atron

fromey

spendence introduced by the tensor

- Koltun

chabelli

rm)  and hence

that of most othe

We shall discuss

Z -independe

Eveksl

1t

Qs
the < =0, =2 term in the D-st

obtain some 7

Al [ iy
forces,

ate (ignorin

e (K57a)

-
377

O

ariseg from

h0 S an o]
[ P ]

a-  structure for Li, that

crach

OQur result thus

ume,

) congider only

tion

bami

s

3)

Va8



Dlgcugeaion,

In order to compute the total capture rab

S,
monentumn gpectrum and the angular distributions we

need the following equations,

e Total capbure rate

From thig it follows

”3 ; - foe— AT —‘:. /. .\,
AW/ / dkdz = LTI &) ( 58 [ ‘D

ii5
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. | V4 T o od -
;%M. - Lﬁkﬁt. }( }{P3 [QQ%.w}JL C}<)E;“

and cl\w/ | N ST '
AWy = (ak (W kdy

<

ar 5, for

calculational purpose,

numerical formsg

type

(chosen for convenience in carrying alvtically

angular

and we fi1

yocase quite satisfactory

shall first discuse

02
e
=
o
T
]
—+
]
O
sl
et
3
o+
;_,S
j
<t

The aboolube value of

beaern me

quoted in

hle-83 =zhows

individu~l contributions to the

rate from



and

o contribution.

[GN]

1

(C+T) -

/-

Z o en

Y. 20

71.22

ot

fracts




+  tensor force

liately notices from

the vivor (&7.P) term of the all

o
i
i

contribution of

interaction to the capture

ie about 20 /, and about

29 /. for the one 4ooks

at the origin

clear from the lermg in wave

becon

4

the nucleons ia a spectator,

i.e. from terms which occur Adirectly as 2 result of

- correlations inta account, It ig

therefore not su at earlier theoretical

jer  genN  Inter

Jd
=t
ot
f_‘

works, whi

setions, do

this o . P term from plon-nucleon interaction,
VORI

et would not

digtributions, momen

from the

The contribution to

],« G{ term (which we have interp regenting

ructure)  ias about 285 times as 1

fach

(2N

oy

$]




o

s
D

i

in deuterium (i,@.nd>,‘calculated

in table 5, This factor can easily be seen to arise

ratio of two nuclei occuring in Bohr

wave function for piom,g f PN v )33 =27 \ ,
; - R A ¥ ’ -

and thus strengthens our interprets

of this term,

of the results for the wave

Lv"

(C+T) dinteractions

functiong

shows the role of 5-D cancellation emphasized by

uction

Koltun

about by inclusion of
D-state (through tensor force) is as much 2z 88 7

in the oa-d  term, and about 70 / in the interference

correlated pair plus a

12 /. : this is mors a =ffect of the

by

tengor force than o D-state coancellation.

Now

ig 21lzo clear that even for the effective

A

central N-N  force, the nucleon—-spectator term

e

contributes as much ag 50 / of the capture rate

doxr'' term, and the contribution

giving a—d  gbructure is barely 20 7/,

total capture rate. Further the contribution

of the *'minor'! almo st




unafiected by the tensor force, since it algo arises

from nucleon—-gpectator term of the wave function,

Ye therefore gee that the total capture rate is reduced

by only about 40 / due to the inclusion of the tensor

force, the 5-D cancellation effects are no longer
as severe as Iin the deuteron case. It needs to be

hat the inclusion of w-nucleon forces and

correlationg in our

or our results asz compared to those of K

previous calculationg in litera

We now discusgs in some detail the nature of the

o

(S

a—-particle, i.e, the center

of massfof the valence nucleon pair. From the matrix

&

element VYU (K # ), integration over can bhe

carried out analytically to yield the momentum distribu-

tion dh/d%a. Im figures 2 and % we have shown the

. . . . erf.
momentunm spectrum for e functions labelled by C
and  C+T  rvegpectively. In each figure the contribution

of the (a+d) term in the wave function, the contribution
due to the major (S.p) term of the interaction with

AN apne
the total wave function, and the complete contribution
(i.e. including that of the minor term as well) ig

shown separately. The corresponding curves are labelled

Iy, UL, IIT din fig.2 and IV, V, VI in
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if orie only congiders an (a-d)

zasy to gee that

-~

model for “Li  with pion cap place on the

ture takl

the agpectator a-particle

relative momn

a shell model

momentum would be rather

curve I of

type digtribution., It can

trum does show a peak around 75 MeV/c

al

the addition

(®]

g occur in

he character of the gpectrum. The g-momentunm distribu-

tion arising from (a-d) structure itself seems to be

time a second very broad distribution arises directly

o
from the ’\TF[“ type terms, with a peak at about

nimun at about 425

eV/c, a diffraction

V/c (see curve IT)

ximunm near  5BOO
Mig second peak iz presumably the w-particle recoil

whenn the absorption of ¢ takes place on a correlated

the wmivior term of the ¥ interaction

a-protorn pair.

ig also included, its o .F dependence strongly enhances

Y Al

the high mo component of the digtribution, although

nt (K <

the low V/c) is only

et of the tencor force




discussed earlie

which 1g alre

the mor Cribution at  7H5-100

rom the o-d  structure

reduced,

governed

function., e now obtain two very prominent peaks for

(9) 4}

from the g-nucleon correlations. Tor a

direct comparison 4, the curves

I, If anda IV V. aide by side Unfortunately

it regults directly

with

compare our

results with those of Koltun

fig.?3 (¥37a) ). They report (for mo

at about 85 and 275 MeV/c,

- -
case) Lwo

with o diffrsction minimum at 170 MeV/c. They do

g, P term so that the high momentum

=11 case.

V/c does not occur in t}

neaks i

to check thege spectra

should be of

ative roleg

eXperil
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force, a-nucleon correlationg, center of mass motion

term (o=, P) etec. can b

PR

ified.

The t that can be checked

erinental resultbs

aimi&h@ available

digtribution in nomentum for the case when the laborao-—

. . . 0
two emitted nucleovis is 1807,

caloulate

cely, selection of experi-

capture by the

the wave

with = low momentum,

and contribution of o, P e

i interaction,

of the ~y 3w function are

o
In fig.5 we plot the curves for d™wW/dKay

at ¥ = -1 for the case I - VI described above,

The effect of the tencor

gince the main contribution is from the terms,

our curves for cases II and V  (since

tlie contribution of Tinor

anyway) are compa with the ex
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AL the

crinental

|
0
O

2rally

ghow the results of

(58h) for only one value of R = 3,00 which is A

for T

ronge bhetween

deuteron. Tt ig obvious that our

results are in satisfactory agre

The g-nuclaon cord

eV /¢,

to show up for K >

ar disgtribution of two neutronsg given

P R
o)

with respect to the laboratory angle

Sl

7.,  The di

atribution ig

the '"'g&G'' term contributes
05

its contributio:

\
el
;..

ically reduced by the tensor

force (curves I, IV).
7 /

(o

23]
e
]
(o]
o]
[y
FT'
=
-~

tminor'! term (o .P) are

ion in TF

il

(ii) *© e a o =mall but

=iy

ite poagibility of

L . A, ) 0
the two tted with o = 307 -~ 60°
i lab

a

Nordbe: seen to obgerve thisg later

ffect, The width of the p

( or the

mess of

)
“

N, o= 1) seens To
" 31ab ) ’

of - corrclations

P

Do

e
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. In figure 8 we

v IO cased

also

(‘.‘."L.(:;

recsults of

Y
oL, &

other previous calcu-

iven in Ref. (N68a) )

et,al,

yrdbe

e

away from the

the curves at "y =

T lab

ot

o
Tective potential

“Better than for case

on the

ion of plon capture in deuterium in chapter 2,

introduction of the tensor force reduces

of second

bresent nion

the

two effects thus act

et also occurs

in Li, Since we are not including any pilon-scattering

ction, our results with tensor force

bhe thus more




s 74 P 3 XY t’g;ﬁ; fg%""w
to col er forzfﬂ.CP1M*ﬂta1 results with

73

4
!

h the

ntral effective

force only and drop bo

Terngsor ag well as the sccond order terms in

it inte actually shows

in more

Ly, we give in Tig

sutrong in  CM

coults for the W

C+T I simil=ar, except

for the latizr cas

results only for O wave funchions The results

rlier discusgsion viz., the

4 — independent contribution, whereas

the inclusion of oa-nucleon correlationsg and the o, P
Mpas

ternm introduce & - If there does

crosssectil o,

g

where

theoretical

umption of 72 -~ imde

function deriv the previou

peedoscalar plon-nucleon first order int



e

v
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calculate

digtributi

hoge of

in that we hHave

a-nucleon

itely included in the wave

o= P
(O
AN ARG

correlations

in the pion-nucleon inte: Both thesge factors are

1y ow that inclusgion of

t effect on the capture

11

and angular disgtributior
(particularly for large

4

our model sow

)

cag Th cant. mfortunately,

but neverth

present exXperim ta are inadeduate to check

features, but

1tum events (wi-

he

be carefully invesbic precisely
Thig can be

rticle momentum

VeV/c or B ~40 W

two-nucleon sular digbribution.

the

in sunpreaal

shown for the okd

wave function, but for the ove

this effect is no very d

a-ruclaon correl terms in the wave function
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e not much affectad

Cand

glve

contribution to

rate, Tt would be

very desir

absolute

ture rvabtes in  “Li.




In thig chapber we shall consider pilon capture

on “He nucleus. In this case the c: can take place

by either a p-p palr or a p-1 pair, so that the process

!

igs gomewhat more complex than in the cage of "Li, We h

‘)\Y\_

U

discussed already in previous chapter the
the problem by various authors, Diwalkaran
and Tohsaki (867b) , Figureau and Bricson (#"69a) etec., In

these treatments the proton-structure of the wave-fur nction

is sxhibited. Our trestment differs from

ymrmetrised
wave function in three nucleons (in space, spin and Ispin
coordinates) obtained by solving the Schrodinger equation

in momentum gpace with the non-local rable nucleon-

nucleon potentials. It will thus be ogsible to exihibit
explicitely the contributions of various symmetry terms
in the wave functions., TFurther, we shall see that in
correlated or spectator proton éan have large momentun
components, and hence can capture a plon, whereasg in
other treatments the uncorrelated nucleon is incapable

of capture, This happens since in the three-body treat-

ment (in which we follow egsentially the work of Mitra

and collaborato (M6, 168a)), even the spectator

&

=3



4

RS

function has large dynamic effects built into it, This
was already demonstrated in the case of TLi. Our calcu-
lations are thus more complex and we believe more complete

than thosge of other asuthors reported previously.

Z

in  “He

e

final stateg.

(@), “H+ Y (YV)
Y+ 1 (CE)

no+ n o+ op 4y (p%") , n o+ ooy () (5.1)

A
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N
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B
Lt
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-

Our interest here is mainly in the deuteron (d) and
proton (p) modes which are purely nuclear pair-abserption
an additional

rocegses.
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Y —ray is also emitited have very small crosssec
because of the gmall phase-gspace availibility. The
relative crosssection for the (dY) mode is known to

be only about (3.6 + 1.2) 7/ (z67a). YWe do not consider

them in the following., The 7 —-mode and bthe chamge-

exchange scattering (0B) are sgingle-nucleon processes
and are usually calculated in the impulse approximation,

Our pion-nucleon interaction is linear in plon-field

so that the C2 mode can occur only as & second-order

process. do not congider it either, The ¥ ~ mode

is calculated here (for gsake of gon with d - or

p-modes) somewhat crudely uging the gauge—invariant

38



interaction ( P - P - — = 4),
o Y C e

5.4 1 - “He intervaction.

Por writing dovn the wave function of He we
ahall use the full group of permutation symmetries of
three nucleons in coordinate, spin and Ispin space,

T+ will then be convenient to express pion-nucleon
intersction algo in a  A-body form rather than a two -
body form as was done in equation (2.18) of chapter Z.

The requirved algze given by Verde in (V578 .

- ’ N ) . =y =9
for any three operators oOT functicns Qﬂ , &g

and @g, one can consbruct a completely symmetric

N

U
|
P
+
P
+
Lr
g
W

a

and two combinstiong which can form the basis for

. - - -1 . - Fal A= - B 4 ~ - .
&9 1} representation of the symmetry £roup,

ar = 12 (@ fi}'?) G =B (‘} .}'_.,*"3 (5,7

The permutation operators P, leave v invariant

1.

Cor

and have the following matrix representations in the

P g A7
gpace of & &

(-1 ©\ Y LY /;T_,\\)
P p - & , |
. \ © 1 e, W $Va  -1/2

N , . . .

%
&



We can now write the total plon-nucleon

interaction for three nucleons g

— — =/ / fl?f s 7 _,/)J » i{) ‘

(&) 9:[ 3 *Wﬁ"cf re e e

f:] - e AANNS e VRS

s e R

In

the above derivation we note that for the pion

wave function

(1) =FR) =2) = F

Y — / 2

“

Further for S-wave pion capture which alone we

congider, the requirement of parity cha between

initial and final gtate wave-functions prohibits

a2

. < ;
contributions from terms involving p~ in the H, .
:

and hence they have been dropped. With the above form
it will be very simple to evaluate the matrix elements,
For the negative pion capture we shall specialise to

cach T - Vo1_ as 1n the previous caseg,

PRSI,

i

s



It ig now

ongtitute an Ispin do

energy evaluation for

that nuclear

|1

However, the analysis

P, (THe) by Griffy (

small

mixing

in the ground

Co

ITI

sider

o

Also the magnetic

VWak

two ~func

[on g
it

that

o

=

momen

141

ystem:

]
J

the three-nucleon

3 3
: E - I Wy edyy
tablished that H - "He

ublet The Coulomb

3. L.
“He confirms

(46848

ol N afnl
2 £593¢ B

of the charge form factor

G64a) appears to indicate a

/2 state (about 2 7/, probability)

our treatment we only

Z
o r - .
He wave function.

nts of and indicate

tiong are almost

mogt

configuration space, the importa states S
being L = 0, dJ=3. The inclugion of tensor force
will result in a swmall probability for L:#?O

function.

of the tensor force as

ir

force to be included v
component of the wave

0, 8= 1/2,

function

(1, = T -

IS

wave ig the

a ve gmall admixture

/
:'g{/
<

g

ry
/7

N

WA

and

equation with various

Fortunately,

ent in the wave

gpecial form

hapten enables such

in

C

ery easily. Thus the major
2
function is the 75 atate

1/2

1/2). The space-part of the
5

symmetric S-state V{ with
, 2

of the mixed symmetric S-states

The solution of the Schrodinger

forces yields the probability



of mixed gymmetric S-gstates to be about 1

Let ™ , X and T denote the space, spin
and Ispin components of the wave function. Tor the
spin-Ispin part we can construct (T = 1/2, 5=1/2)

the various combinations (SBG Ve7a),

- N T ; "‘ B g
o AR SRS 2"

and then the complete antisymmetric wave function

for the three-nucleon system can be written as

’_ __ 5 [ ' » //

Here the subscript '2' indicateg o completelsy
£ .

antisymmetric state. An extengive treat

of the

three-body svstem has

given in a series of

papers by Mitra and collaborators (B63a, M53a, M&6c),
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and we shall mostly borrow their regults for wave

functions with different types of

interasctions. We only congider the following forms

(i) 4 spin-independent average central S-wave force

with {"lJL = BQ' — ‘3 = 1.4487 F.. :

o= /20y - /\S) - 0.%5% P9, This force

. e e AT T, N o . &
is defined as O in the following text.
' 2

(ii) 4 spin-dependent but central S-state force with
‘ : eff . noff .
parameters denoted by C and S5y given

in table 1 of chapter 2.

(iii) A central + tensor force in the triplet even

states, and a central singlet even BS-state
force, with parameters that are also defined

in table 1 of chapter 2.

Since we only congider even-state potentials, we

can immedistely drop the W % term of equation (5.8).
' 5
The gpace-parts of the wave function 7 (major term)
7 A
and o, s (the mixed-symmetric S' state) are

obtained by golving the 5 h:ov1n“wr equations. Por
(o

details we refer to (B65bh, MA6c), Here we give only

-L; ]/1 e e 111_' -t, I} f‘o T t

he structure of the space-parts of the

L4



WAV e ]

(1)

=h

144

LER s P i N ) 4~ [ P S ] Al
The structure of the Schroding equations forv
) / A~

e and "p shows

that in the absgence

U2

~»

interaction,

of the spin-dependence of
1 - - F I O nl - “S: .

the equation for ™ is completely uncoupled
a o g ,

from ™ and ¥, and the ground state hasg no

s - o s
¥ or YW components, We have for

where

D = q.u . o+ e + o
B 4 5 xooT Y

with .
71T qu

A

Numerical integration of the

r-value equation

§ wS - ,
for yields E(PK)Q the spectator function

o
e pth . )
or the K nucleon, in a numerical form. TWhen

the three-body value of XA ig wroperly matched

y 3
- B
3 " )
y

to the two-body value (0,7

N

: , the binding

energy for “He tumms out te be 12,43 WMeV,

i

which is rather large compasred to the experimental

)

(the Coulomb-corrected

R 7y o
value viz,,

-

o e T} N i R, - 4 : >
vaiue).,  However, the correct binding energy ig

obtained for a value of

)\(three~bmdy) =

B -~ T " .
absut 7 /, decrease from the

which ig only

appropriate two-body value,
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(ii) In thig case, we obtain

Pe LGOI = £(3,) (%) ]

S {(13//&) —> (12,3 ] J

Here (ij, E) — (ik, i) represents the similar term

~with the sﬁeoified change,
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functions

I =md G are the gpectator wav

when the

for the mixed-symmetry

o 7 e N R
turmes out to be 0.8 7 (BAba). In
plotted the function for F(P) for the case (i), as
well as the functiong B(P) + G(P) and #(P)- G(P)

for case (ii).

The hinding energy for this case obtained with

b

1ed in Table
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a spin-dependent central force, also tensor and spin-

We also use later in this chapter wavefunctions obtained

with only the central force of Hagvi, for estimating the

sensitivity of the capture rate to different parameters.
With this truncated Naovi force (central part only) the
binding energy of “He ig found to be 8,48 MeV (365a>$

1

(idh) The o1 force brings aboutb

= introduction of the

the additional complication of a guartet-D (*DJ/Q) atate

ction, The wave

component in the ground o

=

uncetion of equation (5 modified to
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with 4A', A'!' Theing mixed-symmetric space-spin

composite wave functions, and are

T / ) T)w A, ) q » X ‘
( J/ ) - ( f}_ A < ) % fj/ ] (5.12)

make the later equations look simpler, The explicit

forms of  A' and  A'' are given in Thakar's work (16

and are n
we algo define '\%‘ ‘
| A

(", e T ) where the subscript denoteg the
P , B RY -

Por future re

[

aneular nature of the wave-functions.

AR
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ig defined in table 7. One could a

where W

define

symmetric combinations of such wave-

0 - PO . ) PR L { g ird - [ v emt Bt e
functions as done in (D.2 - 5.3). or the congbruction

=ien preceding the

nresaion for W (x)is the needed one
1 AR

The final gtates feor three nucleols

our interest would he "H or n + d or n & 0+ D. In

the last two
would he a good gquantum number, but the total spin or
Tspin may not be a good quantum number. Thug the

complete Tinal state wave function can be written s

1SS

da)
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gpace wave functionsg with

Here ‘*f”

* In oall subsequent equations the pion wavefunction

; P — s - ;
avpear only through < = 5P o= &?1 S PR &, and
- i Rt - BN e o <)

R
4

hence there should bs no confusicon between

I

the spoce functi

. - . -
squation (5,15).

tiong ol three nucleons being defined in



now

s

capture from 15

Tinal stabe given in

initial w

wve-~funcetion

speclial cages of I

obtained with sgultabl cproximations viz., for cage

c

13, ¥y - - /{ A c’f),) ,.—\
5

oM

S

The sum

gquarntum num

v
b
@

- . oyt E ‘\"—: T - Hi
(06.4+1) (25.41) s (oL+1) upon

&

bty
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Looas Little later,

for

In the following we write only expression

VRS

N e re g o o am el P T T U YN e g gong g o e
Now we glive the explicit expressions

Eal Jo T o
oL The

with coefficients A,B,C and D in the

E ;\‘_ﬁ) - < < /o
- ﬁ: e \ e 7...,}/\) W
) S T
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NN 43 Ny ==
; 72 A S
N5y = =03

: - J

eSS = 22 Sl e e S = 1

N almnd ) > =2 LD 2L

The

ais

that

o
(oA

3§ terms involving ’
- [
by 1A ¢ (+1/d 2Y)
/ 4
A o
( Yoo )

with

terms L=z, well

a3

o Do

turn out b LET0.,

and

are multiplied by

Table
roduction

product alszo definad in table

the double-barred matrix

ix ig the same
that the numericsl

fov]

involving

those

a5
10

W] (A

; S 5 R,
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where o t and ]
where & , © and v are arbitrary vec
wre arbitrary vectors,
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We note a few selection rules here,

or comporn

pilon prohibits ftransition

T. = 1/2 from

which requires

B T A S I, Uy o o Do . t T ey
that for S-wave pion :r 5 or T or

both must change., e also note that the mixed-

ic  Secomponent of the

the { vatiallv) fully symmetric final state

and also discuss the physical interpretation of such

b \ - 1 - = 7 . ’//' 3
e 1V ¢ ‘ﬁf » and <f  according

I . . ~ - “ 5 o
to the definatione of .o, Y and o Y

equation

(6.7)) rather than as for W*, "y

bions (5.10).  Then the matrix

the followi types which can written as

; Sy e s 'f;" . ) '«\ p . ) -
.ﬂ’f C‘fP } \ }‘.,‘? (\Y\} \Lj{ <S /) { /\/ c_:j:g‘v } \ t’f/ 2 . { ‘L \
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and similarly

3

(5,22)

The mejor contribution to the capture rates comes from

the equation (5.20) with ,{' =0, L=1. DLet us

examine its structure in some detail. It reduces to

o RN Fopy ™ - TN o -~ ) e \\\
<<H§y(f,) {Qiﬁi)u_ﬁ\ngLJ-P-%;(gg)4~\%363>//

The interaction operator operates upon the i nucleon

which captures the pion. In the sum we shall have

L -+

following termns;
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<CFC£>}P"‘KPrQé) > ¢ This may

Physical

of such =a

apectator nucleon in our model doeg have so

interaction effects in its wave-function.

O e DL ]
< e ( Q') ] })’{ )

the nucleon

ann Interactin

g pair, and so

this term

tes truly a pair-capture

state the pair may imerge

(deuteron) or as free nucleons

ving the spectator nucleon XK (n or p) with

nall momentum, tively, one of the nucleons

in the absorbing ttach itgelf to the
Kenucleon emer: fast deuteron. Thigs

of courge

gpecific structure of

the initisl state and

atatl Schematico

digcusased above are shown

2gentationg of process

helow,
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other in a

contain the

D in equation (5,14)

of the wave function of the final state

My e e
The apace-pal

he written

heutron),

(with particle

&
o !
P =

v ~

where we ignore final state-interaction,

the relative

conservation requlres

K=ol = an )

‘—“ |

K oz op™ bt il e. 400

relative momentum justifies nc

interaction,

the actual numbe

deuteron W for
P

well as

\&‘.



further discussion in (G67a)) in the transition

amplitud The numerical spectator functions are

given in Bhakar's thesis (B65b), and analytical
formg fitted to these wave functions are given in
(G67a) for cases (ii) and (iii). Tor case (i) we
have calculated the relevant spectator function
by numerical integration, and then fitted it to a
suitable analytical form as was also done in the

~
previous chapter for ~Li. All the angular integra-
tions are facilitated by such analytical representa-
tions of the spectator functions, and carried out

anslytically. The integration over the magnitudes

~

of the vectrrs are then done numerically.
It should be noted that when the
iw included in the initial gstate ag in case (iii),

for

}«4

congistancy it should also be included in the
final deuteron state. This brings in some additional
terms in the transition amplitude. Some of the
important additional terms within our approximation

scheme are given below. Writing

pdD = D e D

we get additional terms



(5,904)

Now we write down explicitely the integrals which

have to be evaluated in the momentum space with <§>(i)

ags given in (5,253). Apart from the normalisation
factor, these integrals have the following forms.

\‘\(:5) ( . L e q S / r T (_T

/

at

IV
w S /
Wb

_ 343 (K y ?[ 2 CeO { ( ({)F(ﬂ) H(QCRCKJ%

7 Ty - 2 N
I G BN CETE Yooy

A (XK ﬂ )
+2 fol - =1 C (K2 ) F RO+ (k%) G
p\(&FK/{)% /\.g My - -

e 2R ) 2 5 1
XK 20 Ko g

(5.25)
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We algso write down the general structure of the

integral arising from "kf/’ 7 as well as

-3
Taking them 211 tozether as I"T'~‘§~ we have
o< o ’§
vy =2 73843 C (O 4~,/ ) (>{ B ~—-K Fed )
4 { ;

X{TCOFIO M, (76, + (<w311<)J,<f g
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ia useful to re

has ites origin in the matrix element of

W)y, e,

from the capture on the uncaorrelated nucleon,

the tyne 0@(@” ool

the
A L0

contribution
whereas

I, has its from an element like

s (L kO,

i,e,

from capture

o
43
o+

Tn view of the comments made =

A

the end of the previous section, we should thus expact

To, to be large, and I

14 BMa 1l

The final values ;fozfth&; capbure rate W, s

obtained using Fermi's Golden rule. Table 11 gives

the results lor (i) for two different values of

Case

of correlation are exihibited

vkm , but the

(K

G Rk ) Te(fera |y Feo+

>

it4
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U
J
O
D
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N
83

L1470 L4991 1,21

L ) } PR 16
Potential 5 (Mev)  I(8) T(3) 1(T7) W,(10 " sec

N7y R -
oy 12,45 1,103 : - 1.89

Cyp + Sy 7. 04 1.037 -, 0253 . 0.783

- eff

(G+T}Y+oy 10, 40 1.270 -.0274  ~,134 0.795

(CHT) o+ By 8.85 1.194  -.0237 -.082  0.68

N R

explicitely. We note that although I is smaller

1+

than I + it is by no means negligibly so. This is
3

N0

once again an illugtration of the gtatement made earlier
that in our model even the sgpectator nucleon has some
effects of N-U interactionsg built into it. Table 12

conntains the results for a variety of different NLS

potentials,

&

femt
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We would like to point out some eggential

of the results contained in tables 11  and

calculated here are rather

large compared to value obtained by Diwakaran which

see ©. However, Figur

1.93% and 1,06 x 10°

.

for gavseian (G) Irving-Gunn (I-4) and modified

Lrving-Gunn wavefunctions respe ctively. As we pointed

out earlier Bekstein-Diwakaran version of plon-nucleon

1.

interaction containg implicitely the effects of nuclear

. roul

correlations or short—-range nuclear forcesg. It ig

interaction vsed here must also

ok
ot
e
b
ot
s,

obvicug that
introduce quite sizable correlations in the nuclesr

1% does not contain an explicit

waveiunction

short-—rang ‘epulsion term,

including S'—sztates and the
D-state (Via tensor force) is to reduce the capture

chi potentials

rates as seen from table 19

the capture rate is reduced by about 12 /. for inclusion

of 8" state and by about 50 Tor inclusion

Fagvi version of potentials

rics) gives somo-

of including

tengor force ig nob so severe. We nolte here
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overlap int

proportional to
rmalisation factor
integrals T and

equation (5,2%). We

Lv,<o~w%‘%h\ = 2,1 x 10 gec .

which is quite comparable to the 2P -~ 15 radiative

ition vrate., The effect of thig factor should

capture
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be to reduc

going. into atomic orbit reach the 18 shate. It seems

to us however that since the pion capbture rate fram

I

relative ratios for various

capture modes from 15%-capture should remain practically

unaffected by consideration of Pewave capture., On

i

the other hand, Tiguresu and e that pions

- 5

captured from

Peoxbit zive practically no radiative

by 19 "/@ (_;_—_—j.r’;j( Do v e \/w<mﬂ r;
the ratios ol obgerved capture rates for comparison

Y

to colculated values, We do not roeas 1ly und

their

argument.,
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we follow The

50 anda BD.

wheare k; ig the relative momentum of the (ﬁ

RN

of nucleong and ¥ ig¢ the momentum of the i

AAAAS

nucleon relative to the c¢.m. of the (jk) pair,

Cong

o
]
H
=
=
~—
7
<
"
i
SN
o
a
N
o
p—

We do not include ~interaction

closure

mplicity,

proximation)

.
L

7
o+
}._:
D

zct on the cspture rate,

Ty iy - R
nas pointed

with three parti

v

cldg the total canture rate

“
iz
o

that the actusal

is to he obtained

proton capture r

ig total rate the deuteron mode

1g doeg not appear to be quite
the n-d.

the above

i69



equation (5,74) tumms out to

Thus the nae

2te should yield

have thus taken the

obtained for three final
nucleons in plane wave states ag directly the proton

mricson and

capture in the work of

ireau also,

in mind in comparison

of our results with those of the ahove

Uthors,

The proton capture

the standard procedur

rates for different

potentisls ag was

dgone in table 12 for the deuteron mode, effects

of including the S5 state and the force

hM]

i

(D-state)

are tuite

and

Bg, The

. Cheon's calculation (as was mentioned

in the introduction) u an incorrect value for the

gize par nucleus, his

lue for the

capture rate howev

abaence of corr:

o’y

=1

<,

ma
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obvious to

obtain the momentur

but this would

7

-

. To obtai

1, we

uge

writter

2trigat

gation
function

which a proton
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:
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indicates that the particle number

1 is the proton.
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as 1n sections © and T e :
SCCulong C o D , OVl 2Y Ob f 11 {j'(:j) T th @

tranaition amplitude

M : H = ( FOATBID Dy g+ e RIRES 10

y — b &y ’
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all the terms which turn out to he zmero upon

alrend

he celculated

proton mo

Eforward mann result ig exhibited

wavetifunctions ob

guchi's

5 avY

m

cpectra

shown in

The calculations do

low-momentum v

to give a.much more

MeV /¢, The effec

mixed—

i

mmetric g to be to reduce the hi

12 we plot

1

8

proton,
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with

In thig connection a brief comment

T

functions, with adhoc introduction

Jastrow factors,

distribution shows

in the ahg:

Le value of the correlation le

parameter, only

the low-mor sout 1/%  of

. (9670) ) is or

showsg

simple  »a-pv intersction.

A e WL

revious svections we oo

lered the capture

processes in which 2 pair of nucleons was involved, On

-

e



r hand, the photocs T

roduction

by complex nuclel

le-nucleon nrocesses €,7 P oy

SGLA for the fundan al reactions. Irving

to test various wave-

2
t

treated

calculate the c

the kind of results

purpese 1a to obtaln some

~nucleon cesses with non-local-

IO

mode,

interaction

for

Thug we replace P by P

the interaction (equation 2.3),
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where ; | is an anti-commutator, and

the Z-component of the I-gpin. Since does not

commute with the
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expregaion, we getb,

H. o (w ¢ C}q) = . { a0 /{;("ﬂf) vaeepl &)

e

VA, A

(5.40)

(5,41)

momentum

S

polarisation v

9]
—
o
O
)
i

nuclens, we have

+
]
i

i

i, which gives

It will be noted that the interaction H i
Ty ;

in the photoproduction process




‘é. » ;"})
&

tltipole termg

order

contribute Purther ¢ the pho
ontribute, Further, e the photon momentum

The resona

(pion being

kmown ag

nhoto-electric’! in

field-theory

not important in the non-relati-

viatic congideration.

are only including

the wellknown ""eatagtrophic' ' taerm

o0,

bV

e e
i >

ﬁ)H,iJQki>“F\gk/hi/jﬁééjlj/>
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e
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mh P RO Je Te :
e can o rote i 1a 11 at e i
e capture rate 4 1s calculated using

Fermi's zolden rule, If the

bution of the fully

agymmetric alore da talken vtke
alone ig teken into aceount,
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The contribution of the mixed symmetric states reduces
this value fo

v = 0.51 x 1007 gee™t
Thege valueg may be compared with 0,355 x 10 &) Sucwl
by Ericson and Figureau (

15 - . . . \ RS
1077 se ! obtained by Diwskaran and 0,83 x 10
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for pion captur
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(at high proton moments) in the proton momentum

distribution, when only Iirst order pa-pv interaction

is used, On the other hand, Diwakaran and Bricgon

and Figureau who use the phenomenological plon.nucleon~
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the pion-gcattering-before-absorption effects) do
obtain the low-momentum peak. It is possible that
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L {3 a,
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esgential to give the low momentum peal in proton

&)

spectrum,
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ice of the rescattering
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