duclear rfhysics, sinee its very inception, has besn besst
with what has cune to be known as the 'Tundameantgl Problem! of
ausivar forees. ¥First theve was the difficulty with regard to
the constituents of uuclei (uwroton-electon nypothesis). ¥appily,
thig dilTleulty was solved with the discovery of the neutron by
Shadwicik (1932) and just awithin a few yeurs of this discovery a
bomivmin wag wrie bowards a anluibion of the Tuadamental problem
by Yuirawa's meson theory (19%%). This btheory looked very promisiog
tn the iaitiugl stapeys, gspecially after the dlgcovery of the plons
(iowcll et _al., 1947). However, the experimental liscovery of
Neavier mesons xnd sirange puarticles and wultiple pion production

A

guened 50 have ppened Pandora'ys box. And thouzgh physicists huve
devoted more man-hours to this problem thao to uny other guestion
in tho history of wankind (dethe 195%), they have not been able

o cvolve u satisfactory funduwontal theory of auclear forces
bo~date, This failure notwithstandiang, the physicisﬁé have not
given up in despair, And hignly deuirubLa ug 1t is to sccount for
the main propertivs ol nuclei by deriving them from the oucleon~
nucleon interaction, they have adopted a different approach, the
prHenonenolo rical apptoachk, to circumvent the diffieculties which
bre ldek of a fundamental theory presents. Ia this apuroach,
nucleon-nucleon potentials, which arce koown to have 4 short range,
Are Jdurived by Titting the preciscely known two-body data like the

binding: enerey und the electric nuadrupole momunt of the deuteron,



-

the wnaas sulfhs in nucleon-nucleon seatterinzg and the twe satura-
tign .roerbies of auclear wabter (saturavicn of binding eunergy
and guclear duasgity).  hese considerstions and consideration of
Suk o1y orlange prorerties leald to thw followiny wout zgeueral two-

holdy cotentinl of the foruw

Py, Te B [ (T e F )P ]T L L)

whit ' the sdbserlpt O standas for e apin indeivndeult eeabtral

potunbial, 30 Tor the spin dependunt gentral potential, T for
Bt hungok potentinal, L3 for the swyin-orbLit pobuntial and o for
She ap-nalled puadratic spin-orbit potential. In s, (3.1), Vg

gt T oare Tunctliona of the internucleon disitance v,

two-boily low cunergy data yield ouly lour purameturs
relevont o b maclevon-nucicon interuzetion, nuwmsly, Gtaw gsinclet
1l triplet effvefive ranes and scatisering lenths.  The shape -
dvipendent purarctor that comes from bthe effeetbive range expansion
s poorly deterwined by thesoe duba, vace Lo obtadn Durbner
trfgrtebion roesowrdinr fhe nuolopu-nacloeon interyaotion, atitemphs
were g i Lo ogrnalvae LThe hkivsh-cnoerey sogbborine datqa, e inves-

ti=itionn Ln thiy encresy recion revenled that The nuceluur foree



L3 weak in the odd parity states (Christian aad Hart 1950). Also,
the fz¢t taat the 150 phase shift becomes negative around 250 Mév
constltutes a strong argument against a potential that iIs attrac-
tive at all distances and nug led Jastrow (19%1) to postulate a
hard core in the‘potential to explain the two-body scatiering data
ab hish enersies, Jastrow's sug:zestion has been Followed by many
wor'kery and a aunber of phonomenological potentlals with hard core
have be.n evolved. WwWell xuowa aad frequently used aucleon-unucleon
potentinls which contaian hard core and reproduce the experimental
two-boidy duta comparatively well are, for example, ftue phenomeno-
losical potentials of Gammel and Thaler (1957), Humuda und Johnston

(1962) wnd Reld (1968), and the Yale potential (Lassila ef_al.1962)

An alternative approach to descrine the strong repulsion of
fhe nucleons at swall distauces has been jroposed by Feierls (1460)
wio s sugoested the roplaccuwent of the hard core by a velocity-
Jependent term iu the potential, This wmakes the uucleon-nucleon
intoraetion more and wore repulsive with inervasing energy of the

parbiclos,

M idea of u velocity-dependent potential is, ol course,
not complebely aew, Fov vxawple, in Clussicul slectrodynamics

(Lanotuiky and 1hillips 195%), a potential of the form

--------- (V-=5V) , <+ (1.2}

whore ¥ 1s the Coulomb potential, iz used to cqlculuate the



force axer He€d by ah electron on another electron moving with a

velocity T parallel to that of the first electron.

The Vve€locity-dependent nucleou-nucleon interactions commot
found in L iteragture (Razavy et _al. 1962, Rojo and Simmons 1962,
verner 1962, Green 1962, Bhaduri and Freston 1964, Davies et _al.

1966, Nestor ef_al. 1968, Appel 1969a) are of the forms

Vi(rep) = Vi + f Bee@md .. (1.3)
2
Volr,p) = Vo psa * —2-%45 [p ©(r) +w(r)p2] , eo(1ad)

in which V is the static part of the potential snd the

static
regt is the velocity-dependent part. Both the potentials V.I and
V, satisfy the following conditions (Bisenbud and Wigner 1941,

Okubo and Marshak 1958) :

1, The potential can depend, apart from the two
s pin vectors ?‘1 and ?2, cnly on the relative
separation r and the relative momentun T
( Invariance under displacement and Galilean
invariance).

. "Mhe potential should be invariant under space

rotations (Conservation of angular momentum),
3« ™MPhe potuential should be invariant under space
reflections (Conservation of parity).
4. The potential should be symmetric under the
Lnterchange of two identical parficles

({ Couservation of statistics).
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*> . The potential should be invariant under®
rotation in isotopic spin space about the

z-axis (Conservation of electric charge).
6. The potential should be Hermitian,

F The potential should be invariant under

time reversal (Conuservation of temporal

parity). Since the Hamiltonian is the

senerator for the time evolution operator,

thig presuppoges I-[ermiticity of the

retential.
Thougkhh  both the potentials (1.3) and (1.4) are‘ equivalent so far
as the ;e conditions are councerned, it has been shown by Appel
(19691 ) that the torm (1.4) is more suitable for giving the

useful. ietails of the nucleocun-nucleon ianteractioun.

A veloelty-dependent potential of a type sowmewhat different
from +tTlhie potentials of the above forms has been used by Tabakin
and Davw ies (1966), This potential contains an exponential velo-

city—de (endence,

works of various authors (Razavy et _al. 1962, Rojo and
Simmowyss 14962, Werner 1962, green 1962, Bhaduri and Preston 1964,
Tabakin and Davies 1966, Nestor €t _al. 1968, Appel 1969a) show
that the velocity-dependent potentials and hard-core potentigls
are @ciuivalent, bugause they are capable of giving equally good
fits To the relovant two-body data. (A theoretical justificatibn'

for thi s agspect of equivalence has been provided by Bell (1961)



and Baker (1962), while Finkier and Valk (1970) have showa the

two types of potentials to be equivalent in the two-body photo-
effect éum rule calculations), Nonetheless, a velocity~dependent
potential has decidely got certain advantages to commend itself,
Since g velocity-dependent potential is well-behaved, it is eagsier
to work with and has the.additional advantage that the conven-
tional perturbation treatment can be used successfully in solving
the many-body problem. While the second order terms are by no
weang negligible, they are reasonably smell and there is a fair
hope that the perturbation series will converge (Green 1962,
Bhuduri and Preston 1964, Davies et al, 1966, Nestor et al. 1968).
Cn the other hand, a hard-core potential on account of its singular
behaviour gives infinite matrix elements when used in the perturm
bation theory calculations. Although this problem can be overconme
(Brueckner and Gammel 1958, Bden 1958, Moszkowski and Scett 1960,
Bethe 1965, Day 1967, Rajaramsn and Bethe 1967), computational
difficulties exist inherently in such theories. It is worth
mentioning that soft core (Reéd 1968) and even super-soft core
(Srivastava et_al. 1970) local static potentials are unsuitable
for perturbation theory calculations. However, it should be noted
that the velocity-dependent potentials do not constitute the only
alternative to the hard-core potentisls so far as the difficulty
agssociated with hard-core potentigls in the perturbation theory

is concernsd. Another widely adopted alternative is the use of
nonlocal separable potentiasls (Yamaguchi 1954, Mitra and Narasiwmhem
1960, Mitra and Naqvi 1961, Nagvi 1964, 1967, Tabakin 1964,
Muthukrishnan and Baranger 1965, Mougan 1968, Hodgson 1969).




Once a phenomencological potentigl has been cbtained by
fitting the relevant two~body data and the saturation properties
of nuclear matter, it can be used in calculating the properties
of finite nuclei as well as various other properties of nuclear
matter, Though comparatively new to enter the field, the velocity-
dependent potentials have been employed with considerable success
for this purpose (Herndon ¢t al. 1963, Heywood 1964, Folk and

Dohnert and Rojo 1964, Mckellar and Naqgvi 1965, Rhaduri and

Qne purpose of the present investigation is to determine the
wave function (or structure) of the «-particle using the realistic
velocity-dependent potential of Nestor et al. (1968)in a varia-
tional calculation of the binding energy, We employ this wave
functiocn to calculate the negative muonh capture rate in the

¥ -particle aud also its charge form factor.

A testing ground for the suitability of grouhd state wave
functions of light nuclei is provided by the experiments oun the
negative muon capture rate by these nuclei. The negative muon
( #7) may be captured in & manner similar to orbital electron

capture, the basic capture processes in the two cases being

e” +p — n + Vg1 .+ {1.5)

o+ p = 0+ Ve --(1.6)

However, the Ak -capture process differs from the orbital electron



capture iu that it is energetically possible even.in,free sPpace,
A muoun is captured by a nucleus in the following seéquence of
events., TFirst,the negative muon whose energy has heen degraded
to a few KeV can be captured into atomic orbits of high prin-
cipal gquantum number ( n~ 14 ), Then it cascades dowan Ffirst
through Auger processes aad then through X-ray transitions.
Ultimately, it reaches the 13 atomic orbit since the overall

-12 se

time to fall into lowest orbit is between 10~2 to 10 o

which is much shorter than the average life time of the muon,

T., = (2.1983 % 0.0008) x 107° sec. AR )

Ouce in the lowest (1s) orbit,the muon may eitner decay or be
captured into the nucleus according to (1.6). IFf the muon and
the free proton in the reaction (1.6) are initially at rest,
couservation of energy and momentum gives E, = 100 MeV and

B, = 5 MeV; that is, most of the energy is carried off by the
neutrino. Inside & heavy nucleus, the other nucleons can also
carry off some of the wmomentum, and, in addition, the protona are
not at rest; they form & Fermi gas. As a result, more energy is

given to the nucleus, the average excitgtion energy is now of the

order of 15 to 20 MeV,

Let ug assume that the capture interaction is a mixture of
V and A and the two-component neutrino theory holds. Writing the
interaction nonrelativistically and assuming that the muon also

moves nonrelativiatically, it is essy to show (Wu and Moszkowski



1966} that the capture rate per atow per second in’this simple

treatment is giveun by

3 2

2
2 m_c wmy 7 . 2
AR 2(}“2 (eh )( “:‘ } (—-@"’g) [m]

e

3 -1

= 270 Z secq - .0(1 18)

This expression yleids the capture raite for hydrogen,

h(“)( 1H1) = 270 360"1 which is less than 0,1% of the sponta-
neous decay rate (life time, 7__ = 2.20 x 107
this fundamental capture process is rather difficult to study
experimentally.

by neavier nuclei is comparatively easy fer the following reasouns

Te

6
av

The capture rate is increased by & factor
2 relative to the hydrogeu case, because
there are Z protons in each nucleus.

There is a factor 23 arisiné from the large

‘probability of the bound muon wave function

at the nucleus (for hydrogenic wave functions,
|y | 2~ 2.

Recoll effects sre iwmportant, for the neuiron
produced in the capture reaction can recell. The

recoil of the uucleus as a whole has very little

effect on the capture rate, Correction for

nucleon recoil reduces the capture rate,

sec¢), so that

However, the experimentasl study of A~ capture

10



4. The muown spends aun appreciable part of the time
inside the nucleus itself, By Gauss's theorem,
the effective charge felt is leés than the actual
nucie ar charge .and equals the charge inside the i

orbit, Thus we should replace Z by Z .., » For

lightest nucleti, Zeffm Z. With increasing 4,

the 'inequality Zeffé 7 is progresgsively

gatisfied .

5. The wnuon capture rate is further reduced by the
effe.ct produced by Pé.uli's exclusion principle g
simply because the process cannot occur if the
resulting neutron Ffinds itself in a state

already occupied by another neutroun,

When these five factors are tgken into counsideration, the total
negative mucn capbure rate (1.8) becomes (Wu and Moszkowski 1966

4

NE) -~ 270 X Zopp ¥ C x C . c.(1.9)

Fauli recoil

For the heaviest naclei, the capture rgte is approximately

107 se'c:"1 ; which is wuch larger than the spontaneous decay rate ,:

Primskof® (1959) has made an extensive theoretical study of:
the negative muonh capture rabe in nuclei in the closure approxi—-;
mation using the Fujii-Primzkoff Hamiltonian (Fujii and PFrimakeo £
1959), This is a‘Hamiltonian effective in wmuon capture and |
corresponds, lu a wvonrelativistic approximation for the muon and:

for the nucleons, to the most general Lorentz covariant transit i
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watrix eleweat for the reaction (1.6) in 2 theory where the
leyton-bare nucleon coupling is V and A , and where neutrinos
ibe emltted with unit negative helicity. In this Hamiltonian,
twany-body' terws arising from the exchange of virtual pioas,
kayons, ete. anotg the aucleons are neglected. However, all
first-order nucleon regoll odrrections ~ ‘nJ'/mIJ , where v 1is the
neutrino womentum, are included. This inclusion results ian the
modification of muon-dressed nucleon coupling constants

E_,'é#) (€ = A,v,1' ) bo 'effictive! coupling coustunts denoted by
(M)

G’\(fﬂ) = "5-';\(!#) (1 + =5g=)
p
Giﬂ) = ggﬂ) - g&"‘) (1 4 foy = by ’5\’65 , (1.10)
F‘(Ju . ().t) ()k (1“' \L_
p b ooe €y 7 = &y ) - 8y ) (T4 py - M) ?’fulp .

The :apjearance of the nucleon magnetic moments "p and
in btne expregsions for G(‘“) is a conseguence of the assunption
of conserved veector current (Feynman aod gell-Mann 1954) which
implies the possibility of muon capture via the process

R N T S R R

It ig interesting fo note that, though the Llepbon-bare
nucleon coupling is V anl A, un effective puseudoscalar coupl ing
G(*) related to g%*) pceurs in the expredsion for the Hamil tonian
|

vat other cguatioas for bvhe wuen cupturs rate.  This implies  bhe
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possibility of muon capture via the process

Fo+r po M 20" 4 g K ¢+ p o+ on 4+ a0 + V.
The presence of strong iateractions ia this process generites
additional terms in the S-matrix and one of the terms behaves

4s a pseudoscalar coupling. This fterm is quite smill in beta
iecay, but large in the muon capture rate because of the lLarge
muon rest muass gnd the consequent recoil of the residual nucleus,
This induced pseudoscalar coupling géﬂ) is about eight timss
larzer than the axial vector component gip) (géP)/gip)aa )
yhich senerates it (Goldberger and Treiman 1958, Wolfenstein
1958)., Also the rate of muon capture with simultaneous emission

QFAY

of radiation depends fairly sensitively oun the ratio Zp A .

40

A stuly of this process in Ca gives gép)/ggf) = 12 .

The upiversality of weak intersction should mean equality

between géﬁ) and géﬁ) anl also between gip) and gé?)

The actual relations are
g g8 xo0.2, M e &) xou9w . L)

The slight difference is due to differing uucleon four-momentum

tragsfers ian the muon capture and in the beta decay.

Application of Fermi's golden rule leads fto the capture

probabiiity for any nucleus in the form

AR s T2 | e (VD P sy, 02
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where the summation isesover the possible final nuclegr states £,
¥

tion is over the directions of neutrino momentum, Primekoff(1959)

£ is the neutrino momentum for a final state ¥, and the integrg-

uses the Fujii-Primakoff Hamiltounian for Hég% in Bg. (1.12).
Primakoffts approach to the evaluation of this expression using

closure is based on the following approximagtions :

1. Replace the neutrinc momentum by sﬁitabl& chosen
average values, since the neutrino spectrum is
known to be sharply pesaked near the maxioum value
of the neutrino energy.

2. Extend the summation over all possible states to
a summation over all states of the nuclear Hamiltoaian
on the ground that the contribution from states that
are energetically inaccessible is small,

3. Extend the summation to states of the Hamiltonian
of any other symmetry (this introduces no further

errors, because H is o symwmetric operator).

eff

These approximations enable closure to be applied to Eq. (1.,12).
On invoking closure, the finael expression is found to be

{(Primakoff 1959)

1

AB) (2,8) = (Bpn)* ( <udg 12272 867 )@ (1 = 4 .. (1.13)

in which *at denotes the ground state of the nucleus and

2 2
R = ‘;(G&M)) + 3 ( Fiﬂ) )]///{(gé‘))z + % (giﬂ))g] e {1.14)

with



15

2 2 2 .
(] - @y L) - 26f) G%u)], . (1.15)

In Eq.(1.13),<n>a is a gquentity related to the average uneutrino
momentum which also takes into account the recoil of the nucleus.
Further, the Pauli exclusion principle manifests itself through
the teram, 4. called the exclugion principle inhibition factor,

which depends on the ground state wave function of the nucleus,

For heavy nuclei (Z» 6, A»12), ueglecting terms of the
order of 1/Z, Primakoff (1959) has shown that the inhibition

factor
§o = Bp8s, .. (1.16)

where &, 1Ls known &s the nucleon-uucleon correlation parameter,
A not very rigorous treatwent (Primakeff 1955) shows that for
heavy nuclei, §,= 3 and 3a is, therefore, model independent,
However, for lightest nuclei (nuclei in the 1s shell) the

de pendence of 3& on the ground state wave function is quite

explicit and pronounced (Frimakoff 1959).

Goulard et _al. (1964) have modified Primakoff's theory by
taking intc account relativistic corrections. These corrections,
in the closure approximation, affect only the exclusion principle

inhibition factor 4 and are important for nuclei for which 3& is

a’
large (e.g. &=-particle, medium-heavy and heavy nuclei}. Taking
into considergtion relativistic corrections Xy the muon capture
rate expression (1.13}) becomes
2 -1
N9 (2,8) = (Bp)* ( €154)2 (272 30 YR (1 = 93 (1 - xg)
oo (1.17)



16

It is obvious that if we describe the ground‘state of a
nucleus in the 1s shell by a plausible wave function and use
this wave Tunction to calculate the muon capture rate by the
nucleus in the Elosure approximation using .Eq. (1.17), then
the sgreewment or disagreement of the calculated value with
experiments will give information about the suitability or

otherwise of fthe wave function,.

Experiments on elastic’ gsecattering of high energy electrons
by a nucleus provide agnother valuable tool for studying the struc-
ture (or ground state wave funciion) of the nucleus concerned,
Bxperimental data are analyéed in terms of electric charge and
wagnetic form factors and these may be identified with the Fourier
t;:'ansforms of the spatial distributions of the electric charge
density and the wagnetic mwowent density of the nucleus, As the
spin and magnetic moment of the o-particle are zero, the elastic
gcattering of electrons is due to its charge alone, We, thereFfore,
study counly the charge form factor of the a-particle with our varia-
tional wave function and compare with the oharge form factor
obtained from the electron scattering experiments, We also cowmpute

4

the charge distribution in "He,

The format of our study is as follows :

In Chapter II of the preseat work, we make a variational
calculation of the binding eunergy of the w-—particle with the
reallistic velocity-dependent potential of Nestor et _al. (1968).

In Chapter III, we employ this variastional wave Zfunction to
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conputs ﬁék)( 4He ), ani Chapter IV is devoted %o the study of
the c¢hurge forw factor of the s-particle, Throughout we compare
with experiments to find out how satisfactory our model For the
& -particle is, And with a view to bringing out clearly the
effect of velocity-dependent forces, we compare the results of
our calculations with similar calculations using potentials
without hard core or velocity-dependence, Further, conparison
with calculations using bard-core potentidls tells us about the

equivalence of hard-gore and velocity-dependent forces,

In Chapter V, we muke a variational calculation of the
bindias encrgy of 6Li. Ag our zim ig just to find out how the
bindingﬁznergy and size of 6Li sre affected by velocity-dependent
forees - calculations without repulsive core or veloclty-dependence
zgive too large a binding energy and too swall a size (Irving ang
Schoulund 1955) - we ewmploy the central velocity-dependent

like that of Nestor et _gl. (1968) ) ia our calculation.



