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ABSTRACT
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zanesd wtopdl B SO oy Dt e g il s sl T, s sy s
EEEIRREGIRS R W R "

The radiative transition probabilities from the 3t
state at 2.18 Mev and the 0" state at 3.56 Mev to the 17 ground
state are calculated using cluster model wave functions. In this
model, the 3t and the 17 states are assumed to have an alpha-
deuteron cluster structure and the O+ state an alpha-deuteron
cluster structure in which the deuteron cluster is excited to

the Towest T =1, S = 0 state.

The results obtained were in reasonable agreement with

the experimental values, thus confirming a good degree of accuracy

of the cluster model wave functioné for L16.
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CHAPTER 1

INTRODUCTION

The cluster model has had considerable success in describing

6. Pear]stefn, Tang and Ni]dermuth(])

the Tow-1lying energy levels of Li
have attained good results in calculating the energy levels of this
nucleus which have the highest space symmetry, i.e., the first six

levels of Li6.

The L16 nucleus is a very interesting nucleus both from the
theoretical and experimental points of.v{ew. It is a stable nucleus

5 or L15) containing on the one hand

(as opposed to the Tighter He
sufficiently many nucleons to exhibit many general features of nuclear
phenomena and on the other hand sufficiently few that detailed cal-

culations can be carried out on it.(z)‘

The radiative transitions from the excited 3* and 0% states to
the 1% ground state have been observed experimentally. Hence the

radiative level widths are known by means of the formula:

(1-1) AE. At A h

at = (Transition Probability per unit time)'1




In this work, by the use of the cluster model, the radiative transition
probabilities from the excited 3" and 0F states to the 17 ground state
have been calculated. The radiative level widths are then compared

with the experimental values.

The y decay transition probabilities between two nuclear
states depend sénsitive]y on the wave functions of these stétes.
Because of this dependence, significant information regarding nuclear
wave functions can be obtained from a comparison of experimental y decay
transition probabilities with theoretical values calculated on basis of
the cluster model. The comparison gives an idea of how good the cluster
model is for the particular states involved in the transitions and helps

6

in understanding the structure of the Li° nucleus.

In the cluster model, different correlations between the
nucleons are favoured in different nuclear states. The low energy states
of Li6 are described by the o particle cluster-deuteron cluster

3)

structure.( In the 3+ and 1+ states, the clusters have no internal

excitation; in the 0+ state the deuteron is excited to its ]So state.

In the single particle picture, if we are not to violate the

6 must have four nucieons in

Pauli principle, the low energy states of Li
the 1s shell and two nucleons in the 1p shell. Therefore the oscillator

cluster functions must describe states with at least two oscillator




quahta of energy, i.e., 2 Mev of energy above the zero-point energy,
because otherwise the cluster wave function will vanish under anti-

symmetrization.

Since the clusters have no internal excitation in the cluster
model, this energy appears in the relative oscillations of the two
clusters. It is seen from the diagram that with two quanta of
excitation, a 2s or a 1d oscillation is possible. The orbital angular
momenfum can thus be £ = 0 or 2 = 2;the former corresponds to the 1
ground state and the latter to three excited states associated with

total angular momentum J = 3, 2, 1, resulting from the addition of the

orbital angular momentum 2 = 2 and the deuteron cluster Spin s=11n
the triplet state (T = 0). Spin-orbit interactions give the sequence

shown in. Figure 2.(4).

The 0" state at 3.56 Mev is assumed to be composed of an

unexcited o particle cluster and a deuteron cluster excited to the
Towest T=1, s =0 staté. Since L=0and S =0,J = 0. The 0" state

_ lies Tower in energy than the 2* state;it will be several Mev above the
J =1, T =0 ground state since the singlet state of the deuteron

cluster has a higher enefgy than the triplet state.

The spatial wave function describing the states are of the form:

= - (5)
(1-2) b= ele) o(d) xR - R)) WR_.R)




/
//
"4 ,\\ STy ] 2, 10, 18
3 6, 14
2p, If

2 ; 2, 10
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Oscillator No. No. of neutrons or protons.

Figure 1:  NOTATION IN THE OSCILLATOR MODEL

1" (5.5 Mev) ———— 2% (5.35 Mev)

J=3 2% (3.56 Mev) ———— 0% (3.56 Mev)
3" (2.18 Mev) ———— T = 1 States
+

n
C Y

1

Figure 2: LEVEL SCHEME FOR L1'6
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The wave function of the ground (1+) state before antisymmetrization

is given by (6):

- 6
. O - T T = Py P 2
(1-3) ¢(1+) = N]+ A A S e~ (R + QR .R)
x REYO x £(1234356);
that of the 3% state is given by:
4 _ - 6 _
-2 p o2 -2 2 v (/3 R+ RS+ QR_.R)
(1-4) w( +) = N,e 2 o1 1 e 2 j=5 J e cm cm
3 3
x  REVN x g(1234556)
while that of the 0 © state is given by;
4 -~ 6 .
- e r 2 _a T =2 _ 2 2
(1-5) =N, e e e
+ +
(o) o
x R® YO x g(1234; 56)

The variational parameters chosen were those determined

in the energy calculations of Tang, Pearistein and Wildermuth; these are

shown in Table 1.

>

and T, in the alpha particle

The relative coordinates r.
1 J—> >

| > 2 > >
and deuteron clusters are defined by ¥, = r, -R, F, = .- R,,
] 1 o J J d
where
> > > > )
E e T, 4 Ty + Ty - '?5 + 'FG
= , Ry =
@ 4 2
> > PPy + Py By e B+
R = R -Ry, R =
o o cm 6




Fis Tos ra and ry are the spatial co ordinates of the particles 1, 2,
3, 4 in the alpha particle cluster and re and re are the co ordinates of

the particles 5, 6 in the deuteron cluster.

In our notation, subscripts 1, 3, 5 refer to neutrons and 2,
4, 6 to protons. For computational purposes the variational parameters

have been redefined as

><
{]
e |w
-
3
1]
QA
~N
]
R |

(8)
where « = 4.16 x 1025 cm'2

U= 20 + « and Q = (¢ - a

IXES




TABLE 1

CALCULATED ENERGIES AND ASSOCIATED VARIATIONAL PARAMETERS
FOR THE FIRST SIX LEVELS IN L16

TERMS X Y Z Calculated Experimental
energies in Mev  energies in Mev

T =0 351 0.76 0.96 1.52 -30.00 . -30.00
3D3 0.86 0.96 1.51 -27.00 -27.82
3D2 0.71 0.96 1.33 -24.70 -26.44
3D] 0.52 0.96 1.16 -23.50 -24.50
T =1 ]SO 0.75 0.96 0.98 -24.40 -26.44
1D 0.68 0.96 0.80 -21.70 -24.65
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CHAPTER 2

Antisymmetrization of the cluster model wave functions

~

In this chapter the cluster model wave functions are antisymmetrizeaz,
The method of antisymmetrization used here differs from that of Wildermuth and -fg

10)

Kannelopoulos in that we antisymmetrize the proton and neutron wave

functions separately. This way we need not include the isospin in the wave
functions, and since the electric quadrupole operator E211 and the magnetic
dipole operator Mlu are symmetric separately with respect to exchange of neutrons
and protons, the calculation of the matrix elements is greatly simp]ified(]]).

The electric quadrupole operator E21J and the magnetic dipole operator M1u

arise in the radiative transitions from the excited 3¥ and 0% states to
the 17 ground state. A more detailed account of these operators is given
in chaptérs 3 and 4.

The antisymmetrization operator A will be written as (II-1).

12) 1 I (_q\T
A= App, 08 where n o I | GE (DT B and

1 m
A= — -z P,
Poar p=zas 1) 7P

P is a permutation operator and (-1)" the parity of the permutation. This

method of antiéymmetrizationhis not new; it has been used by Tran Duc Hoang(]])

5

in calculations on He”. It has not been applied to the Li6 nucleus before. -
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The antisymmetrized wave functions are then given by
¢ = NA g = NA{(1234;56) x }

where X is the spin wave function, N is a normalization factor and
(1234;56) denotes the spatial wave function of the state considered.

The normalization constants are determined as follows:

(11-2) <|> N2<UJIA+ Alp>

N <p|A > = (A is idempotent and Hermitian).

Subscripts i and f refer to initial and final states.

The spin configuratioﬁ for the alpha-particle cluster can be repre-
sented as o] ap B3 B4 where 1 and 3 are neutrons'and 2 and 4 are protons.
The deuteron cluster has spin S = 1 or 0. For the S = 1 state with MS =1,
the spin wave function will then be oy 0y By By ap . When Ms = -1,
the spin.wave function is o oy Bz By Bg Bg and MS = 0 is represented '
by @y o9 By By. -37?((15 Bg+Bs5 a6.) .

The antisymmetrized wave function for a state with MS.’ 1 is:

12pB3B 0506}

(11-3) o= NAw = NA {(1234;56)
Now,
- - 1 z m 1 z 3T
Az A= == a3 O P 3m p a6 (F1)

so that:

P

P
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(11-4) L J- %g ‘{(“183 - 3103) (a264 - 82a4) agoc (1234;56)

" (ogBy - Brag) (opBg = Bpmg) oyey (1236:45) + (a8 - Bjag) (agBg - Byug)

Aol (1634;25) - (a482 - B4u2) (81a5 - a]Bs) agap (1254;36)

+ (820.6 - aZBG) (B-Ias - a] 85) 0L30L4 (]256;34) - (84&6 - a486)
(B]a5 - a185) aots (1546;23) + (a462 - B4a2) (B3a5 - a385) %06
(5234;16) - (Byap - o,B) (Bgag - o385) oje, (5236314)

+ (B4a6.- oz85) (Bgog - agB) a0, (3456312)}

For the state with MS = -1, the spin wave function is qenB3B BB

so that:

(11-5) ¢ = NAp = NA { (1234;56) 109838884 }

N . . ' . - -
36 ((%P3 = Byo3) (%fy - Byey) B5Bg (1234356) -(uy85 - gya3)
‘B4a6 - (.!486) 3235 (1634;25) + (Ol] 33 ".31013) (0‘632 - 36012) 3435

(1236;54) - (B3a5'4 §365) (a264 - 82a4) B18g (5234;16)
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+ (Byag - a365) (Bgag - @480) BB, (3456512) - (Bjag - agB;)

(a632 5. Bzas) B84 (5623;14) + (aSB] - Bsa]) (a284 - 82a4) B3B¢

(1254336) - (aSB] - B]as) (B4a6 - a486) BoBs (1546;23)

+ (aSB] - ay8g) (a682 - a,Bg) 838, (1256334)

for MS = 0, the spin wave function is aq0,B38, . '%5 (a566 + Bsaﬁ).
Therefore,

(11-6) ¢ = NAy '= gﬁ- (a183 - B]a3).(a284 - Byty) agBe

(]234;56) - (a]B3 - B]a3) (B4oz6 - a486) By (1634;25)

o+ (a]B3 - B]a3) (a682 - Bzas) Byog (1623;45) - (B3a5 - a335) X

(ap8y = Byg) 018 (5234316) + (Byag - ay8,) (Bgag = og8c) ay8,

(3456;12) - (B3a5 - “355) (a682 - 82a6) aqB, (5623314)

+ (B]a5 j a]BS) (a264 - 82a4) a3Bg (1254;36) - (a56] - a]BS)

X (B4a6 - a486) -a382 (1546;23) + (aSB] - B]as) (a662 - a266) a3B4
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(1256:38) + (a8 - £123) (o8, - Byp) Bong (1236556)

- (oqBg - Byeg) (Bgog - ag8g) anBy (1634:25) + (85 - 8qa,)

x (ag8y - an8) a.8s (1236345) - (B3a5 - ag8g) (a284> - Bya,)
Biog (5234516) + (Bgap - ag8) (8o - ay86) Bioy (3456312)

- (B3a5 - a365) (a682 -'Bﬁaz) By (5236;14) + (a531 - 85a]>

X (opBy = Bpuy) Baag (1254336) - (ag8) - Bqag) (Bjag - a8,)

0283 (1546;23) + (0(58-I - B]as) (a662 -a266) B3a4 (12563;34)

Therefore,
2 _ 2 -
(11-7) NS < Ay | Aoy > = NS < v, lwi >
N2
= 1 <(]234356)i =2 (5214;36)i + (3456;12)il (1234;56)i>
36
= . 1
(11-8) N2 = 36

! <(]234;56)i - 2(]254;36)i + (3456;]2)i| (]234;56)i >
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The calculation of Nf is similar

(11-9) N2 = 36
<(1234;56)f - 2(1254;36)f + (3456;12)fl (1234;56)f >

In this chapter the method of antisymmetrization of wave
functions has been shown and a method of calculation of the normalization

constants has been given. The numerical values of the normalization

constants for the 3% R 1" and o* states are given in Appendices 1 and 2.

In the next chapter, an expression for the radiative transition

probability from the 3% excited state to the 17 ground state is derived.

Integrals of the form <A¢f[el¢i> where o is an electric quadrupole

operator are dealt with.

J U
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CHAPTER 3

THE RADIATIVE TRANSITION PROBABILITY FROM THE 3% EXCITED STATE TO THE

17 GROUND STATE

MATRIX ELEMENTS AND SELECTION RULES

The transition probability from a state i to a state f

if (A,u) denotes the angular momentum and its Z component of the emitted

photon of energy hw , is given by]3):

K 22 + 1
T

8 (A +1)
A [(2x + ’l);l]2
where ¢ = E or M stands for the electric or magnetic mode of decay and

(111-1) T.f(ok) = B(or)

1

B (or) is the reduced matrix element

1 L 2
Blox , J; » J.) = o= I, <f o |i>|
exu stands for the electric or magnetic multipole operator qu or MMl
In the case of the transition from the 3V to the 17 state, A takes the
14)

following values:

(111-2) - oy + a0 1> x> oy - gpls2=4,3,2

0f these, A ; 2 makes the biggest contribution; the contributions from
A = 3 and 4 are negligible, il
The parity of Qku is that of YK, namely (-I)A . In the case of

the state with A = 2, it is given by (—1)2 = 1. The product of the parities




o

In this case thez eAu = QIJ:u = Q2u i
\ _ = -2 ¥ . Yo z > > 2
(111-3) Q2u = 7 oy, (wi) T3 § 9 9 xore LV (r Y, )i
5
S (M-4) T (E2) = 24u K. x B(E2)

- 15 -

of initial and final states is positive and hence the transition takes

place principally by the emission of electric quadrupole photons.

X
2 x (5 x 3)° ic

z

M].Mf

(111-5) B(E2) = | <f ] Q11 |2

~|—

In the case of A=z 2, utakes all values from -2 to +2. The selection
rule applicable here is p= Mf - Mi’ where in the ¥ stdte Mf can vary
from -1 to +1 and in the 34' state Mi can vary from -3 to +3.

Also u = Mf - Mi’ and can take values from -2 to +2.
The different magnetic sub states of the excited 3+'state‘can be
expressed in terms of sums of products of wave functions of the form

{JL M> S Mg> x clebseh Gordon coefficient }.

These are given by:

(m-6) 3" 3>= |2 25]71 1>
13F-35= 225115
+ | 2 1 8
13t 15 = f 120> [ M 225105 +J_;; | 21> |10 >
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[2-1 > |11 >+\E 120> [10> + A e 12411 - 1>

[2 -2> 11>+ \/vlz-1>l10>+\/_|20>|1-1>

«w
1
—_—
v
1
— — —
D i
o

3V 25 = |22>|10>+E|21>|11>‘

+ 1

3% -2>= = l2-2 0105+ 5 [2-1>]1-1

I] - ]l > = 0.1(1283848566

[1+1] > = 10,838 050,

= 1

10 > = oqopBspy x 75 (agBg + Bgag)
The second term of is of the f P o (a.; (3 ¥o). wlrdy,

e second term Q 2, is 0 e form - i — ; 9gi (o5 x ry). w(ry, )i )
Mo = huclear magneton = 0.5050 X 10-23 erg gauss'], K= Z;l%zﬂéy__ 1011( m)~ ]g (121

The matrix element of the second term of the electric quadrupole operator

Q 2u is  small compared with the first term.

Calculation of B(E2)

u
%k

Using Q2u c ? e, r? Y2 (m ) -, we now calculate B(E2):
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TABLE 2

POSSIBLE VALUES OF

i Mo Mips Mog

Msf

M ¢

'Msi

My

23 -1

2

-23 —]; 0

=1

0; -15 1

1 -1

0;
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TABLE 3

ALLOWED VALUES OF Mi and Mf

lVLi

=13 03 1

-1; 03 1

0; -2; -1

-3; =23 -1

-1; 03 1




bl

(111-7) - B(E2) =

n

+

+

“+

+

+

+-

o+

- 19 -

~|—

TLI< o) 10y | g (-

< 0£(0) | Qpy | 85(-2)> |2
< 6(0) 1 0, _ ,le.(2)> |2
< 6600) |y | 6,(0)> |2
< 86010 1 Quel 0,(-1)>

< 0p(1) | Qpy | 65(0)> |2

I, 1< f |0, | i | 2
MiMf 2u

1> 12+ 1< (op(-1) 10y lo;(-3) 12

4=

’ 2
[<0£(-1) | Q51 ¢5( 1)> |

o+

<6601 | Gyl 4, (3)> |2

+

<601) 1 0y | 8:(1)> |2

+

2

l2

+

I<¢f(_]) I Qz]l ¢i(:2)>

< 06(0) 10, _ 11 ¢5 (1512 + |<6e(=1) 1 0y _ 1 | 6.(0)5|2

< 001 10y _ 41 o5(2)> [ 2 ]
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¢i(Mi) and ¢f(Mf) are respectively the antisymmetrized wave functions of
the initial and final states. Since Qzu is symmetric under exchange of
protons and neutrons separately, A, and Ap commute with Q2u H

therefore

111-8) <te (M) 10, 165000 = NNy <cwp(Me) | AR 0y | wy ()

But A is Hermitian and idempotent (A*A = A%-AcA™), so that:

; +
111-9) NfNi <wf(Mf)| A'A sz Iwi(Mi)> becomes

= NfNi <¢f(Mf)l A+Q2p I¢1(Mi)> = Ni <¢f(Mf)l QZU |¢1(Mi)>

(A" =A)
We notice that this is a much simpler expression to calculate than

<¢f(Mf)l Qzu |¢1(M1)>
This explains why separate antisymmetrization over protons and neutrons

is preferred.

For example

(111-10) ¢f(1) = NfA {(1234; 56)f a]a28384a5a6 }

4 6

- 2 "2
E ;? e'a/Z E F? e-(2/3BR + puR

- -a/2 + QR _R) 2,,0

we can write: (1234;56), as follows:

- - - , 2 ?
(U-1) (233 50); = /% R ena/2 _35 P2 o (23R Rk R R)
. '|= s J=

2.M
x R Y2



- 2] -

We have already expressed the different magnetic substates of the 3*

state in terms of sums of products of spin and orbital wave functions.

The state with Mi = -1 can be expressed as

\ 1 g 7
(111-12) wi( -1) = )%g | 2 - 2> ; (11> + Vﬁ; | 2 - 1> ; [10> +J;-|20> ;-1

Therefore:

(111-13) N, <6.(1) | Qp | i (-1) > = NN < A'{(1234;56)f

1 ’8
X aqasBaBpacas l Q22| { -3 | 2 -2 > I 11> + Tg—l 2 - '|>_i | 10>

2
+\]_5—_|20>1.|1-1>}>
NN

Y ) _ i . ' _ . ) ;
- < {(1234;56) - (1634;25) - (5234316) + (3456312) 1 | Qyp | 777 |2-25
w2 4 2 52 6 2 - 2, o2 .
(1M-14) | 2-2>, = e o/2 5 r? e a/2 I r? e (2/38R™ + wR em + QRcmR)
1 j=1 1 j=5 J
X RZYEZ

Also v = 2 can be formed with Mf = 0 and Mi = =2.
= NN.< A {(1234;56). o (ay0oBoB,  (acB, + Boo.)}
i SR V2 Y72 e 5% ° "576

. ; : 2
0y | {3 [ 221105+ \E; 12 -1 |1 - 15}

We have expressed |3*- 2> ; in terms of L and S wave functions.
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Therefore
(111-16) Ni < 0p(0) | Qpy | ws(-2)>

N.N
. _if _1 ) . ) .
.= 5 <5 1 (1234,56)f - (1236,54)f = (5234,16)f + (5623;14)

b (1230356) - (1634525); - (1254336) + (1546323) ) | Qpp | —g | 2 - 255

We know that

an-17) <(1236358) | Qpy | (2 - 2);>
= < (1634325)¢ | Opp (2 - 2);5 5 (1254336).] Qyp | (2 - 2).>
= < (5238316) | Q| (2 - 2);> 3 <(1546323) ] Qp, | (2 - 2);>
= < (5623;14)¢ | Qpp| (2 - 2)5> = <(3456312) ] Qy,| (2 - 2).>

= < (1256;34)f | Q22| (2 - 2).>.
This is valid because in an integral any two variables of integration
can be exchanged without changing the value of the integral, provided
that the integration domains of these variables are the same, as they are

in the above calculations.

Hence N;< ¢f(0) I Qyy | wi(-2)>

36 <{ (1234;56)f - (1236;54)f - (1254;36)f + (5623;14)f | 022 I %gl 2-2:

We have considered now two possibilities for the formation of = 2

this value of p can aIso arise when Mf = -1, and Mi = -3

(]”']9) Ni < ¢f('1) I szl w'i(-3)>

NN,
= —fg%—f <{(1234556) - (1236554 - (1254536) + (1256334)}Q,, | (2 - 2);>
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We have used the relation that |3*- 3> j=ole-2, 11

These three possibilities for u:VZ exhaust all possible cases.

- 2
(111-20)  Now NZ < 0.(1) [ Qpp | 501021 + 02 [<t(0)] 0l wy(-2)2] ’

) 2
N? |<¢f(-1) | Q22| wi(-3)>l ~ becomes

+
2 2 |
C v Lty <23 56, - (1236 54), - (1250; 36)
(36)2 573 X > 20f SR e
. ) 2
¥ (12565 34)H Q| (2 - 2); >]
. N , 2
———=— X § X | I]l where
(36) '

I

<{ (1234; 56)f - (1235;54)f - (1254, 36)f + (1256; 34)f} [ Q,, l

(2 = 2)i>
In an exactly similar way the u = -2 matrix element becomes:

(111-21) 5 ) ‘ 2
Mol o) 1 Qp ol wi] T+ WEJ<er(0)] Qy _ ol 05(2)5]

2 2
+ ONGl< 9e(1) | Qy 5l 45(3)>]
2 2
AL ST (1234;56) . - (1236354), - (1254336) + (1256334)
TE X T M < (183850 4)¢ :36)¢ 34)¢
g 2 \2
2 7 Ne N 2

where 12 = <{ (1234;56)f - (1236;54)f4— (1254;36)f + (]256;34)f }

10, ., | (2+2), >
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The case y = 0 can be formed when Mf = Mi =1. The 37 state with Mi =1

can be written as:

(M1-22) |37 1> = J%r 20> |11 > + %Tg-l 22> | 1 -1 > i-JE%; | 21> [10>

¢f(1) = NfA { (]234;56)f q0oB3B 0 00 }

2

2
‘Ni .|< ¢f(]) I onl wi(])> I

= ——-_——337_— | <{(1234;56) - (1634; 25 - (5234; '16)f (3456;12)f }

(36 9
| QZOIJ_— | 20,5 |

v = 0 also results when Mf = Mi = -1

The |3" -1> state can be written as:

(111-23) 3% -1> = 7%§-|2 -2> |1 >+ J%§ | 2 - 1> 10> + Jg?| 20> |1 - 13

2 . 2
Ni I <¢f(’]) I QZO l w1(~1) > ]
N2 N2 |
= L | < ((1234356), - (1236;54), - (1254;36) + (1256;34)}
(36)

2
Q0] \[%— (20);> |

The only case left which gives u = 0 is when Mf = Mi =0
| Since |
Bt e = Lan -1>+'\I§| 20> 10> + =] 2- 1> [11>
we have: (III-24) '

2
NS I<o(0) | Qpg | 95(0)> |
N2 N2
= 1| <r(1238;56), - (1236558), + (1254;36), + (5623;14),}
‘ (36)2 f PUE f f

2
3
| Qg |\"5‘ | 20> 4
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Therefore N? | < 4(0)] Qyy | v;(0) > |2

2 \2

= £ i .3 : . . } . .
= (36)2 X 5 |< (]234,56>f (]236’54)f (]254,36)f + (5623,14)f
2

I on l (20)i>|

Since we have considered all three possibilities for u = 0, we can write;

2 2
(11-25) NG [l<o (1) | Qpp v (M=l + [< 0c(=1) | ol v:(-1)> |

< 6£(0) | 0ol v.(0)> [°]

+
2 .2
Ne Ny -
= 5 £ | < (1234;56) . - (1634;25)f - (5234;16)f
(36) 2
C. ¥ (3456312) 03 | Qyg | (20)4>]
T :
oM N e
(36)2 - 5 - Izl

where I = <(]234;56)f - (1634;25)f - (5234;16)f + (3456;]2)f [Q20|(20)1>

We have now considered the cases where w= 2, - 2, and 0.
We shall now derive an expression for 02] and Q2 1

© With Mf = 0 and Mi = -1, we can have u = 1.

g : 2
| 2
(111-26) N |< 6¢(0) | Qppl w5(-1)> |
N2 N2
- e ; x| < (1234356) - (1236354) - (5234316) + (1256534); }
(36) :

g 2
| Q| "ﬁ?{ (2-1)p |
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We also have the case with Me =1 and M, = 0.
Then, N$.|< ¢f(1) [ 02] ] ¢1(0)> |2 becomes:

(111-27)

N2 N2

£ N5 |
- ! x  |<((1234;56) - (1236354)
(36) '

£ - (5234;16)f + (1256;34)f

: 2
| Ol 75 | 2- 1]

When Mf = -1 and Mi = -2, we have:

(1]]-2&)

2
2
¥ l< o) | 0y] 650205
NS N2
£ N
- x|<((1234356) . - (1236354) - (5234316) + (1256534)
2
(36)

2
19 1 E @-ns
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Now we can write the Q21 matrix element as:

(111-29)
. 2
2 o 2
= |<¢f(0? | 021 l ¢1'('])> I |« ¢f(])l Q2'|=| ¢i(0),>l
: 2
+ |<¢f("]) l QZ]I ¢i(-2)>|
N2 N2
- 7 f i |<{(1234;56)f - (1236;54)f - (1254;36)f + (1256;36)f}
5
(36)°
2
I QZ-I | (2 - 1)>|~
2 2
_ 7 Nf N1 NER 2
In exactly the same way:
(111-30) 2 2
|<¢f(0)| Qz -1 | ¢i(])> l + |<¢f(_1) | Qz -1 | o4 (0)>]
+|<.¢f(]) I Q2 - ].| ¢'i(2)> l
2 2
7 NN
= & o .|<{(12§4;56)f - (1236;54)f - (1254;36)f + (]256;34)f}
36 2
l QZ - ]l (21)1'>[
. Nl 2 '
7 .Nf N1 1 i:2
-5 5
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We can therefore express B(E2) as:

(111-35)

1 7 N NG 2 2 2 2 2
- L. L _f i .
B(E2) = -.5. (36)2 LT [T,1% + {150 + 1,0 + praly

Therefore the transition probability can be calculated since k

can be calculated from the measured energy of this transition.

In Appendix 1 it has been proved that I » where k can take

values from 1 to 5, is independent of k.

(111-32) Therefore I, =1,=1,=1, =1

B(E2) can be written as:

N 2 : 2
C(11-33) B(E2) = tx ——de x5l1]" - AL I

>
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CHAPTER 4

THE RADIATIVE TRANSITION PROBABILITY FROM THE G STATE TO THE 1+ STATE

» An expression for the radiative transition probability from the
0" excited state at 3.56 Mev to the 1F ground state will now be derived.

For this transition,

Ji =0 Jf =1 3 A=z 1 = lJi - Jfl.

The product of the parities of the initial and final states is positive;

we therefore have an M; transition in this case (parity is given by -

Tu
D LR D M - M, and can take values -1, 0 and 1.

The expression for Tif (o) has already been given in chapter

3.]3). In the present case 6, stands for the magnetic multipole operator

Au

M]u:
*
->
V1) M= g § (96055 + gy ) o ¥0nYY )y

’,

Mo is the nuclear magneton and the g's are the spin and orbital gyromagnetic

ratios of the proton and neutron.

EF\ %*

\, i N 5 - by
\\(]V 2) M” o (gS'i g]' + gl.i ’Q"i ). V(Y‘Y.l ).‘

3z (955- 35 + 9,5 £5) . vlr sin o e )

= "lJo ng—n‘ ‘Ei:(gsi gi + g:?,i E'l) . {7 - 43
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= - 3 .

= Mg X BT 7 Ysi (8 - syi) Gi By - 12 yi)
_ 3 5

= Mo X \fEr X 5 (95 i 9i %)

In obtaining the final form for M]] we have made use of the definition
S.= sy - sy and g_ =2, - zy
In a similar way it is found that:
_ 3
(1v-3) Mpon = X g (95 St 9h4 %5)

and

_ 3
Mg = ¥ ¥|4n i (955 577 * 95 %gy)

Again, particles 1, 3, 5 are neutrons and'2, 4, 6 are protons

The orbital gyromagnetic ratio is one for protons and zero

for neutrons, the spin gyromagnetfc ratios are 9 = 5.5856 for protons

- gsp and 9 =-~3.8263 for neutrons

= gnp
The expression for B(M1) is
(lv-4)  B(MI) = ——T1 " Lo l<f |0, |i> |2
| 2.0+1 MiMe T

2, .2 .2
e O T L O [T LT N O O IR Y
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Then'  <f| My [i> becomes:

<A { (1234;56)

o, 0. 8.8.0 0

(V-5) < £ Lmpgli> = N £ 992838%% | My |

, 1
x N;(1234356), o5 #1838 (ag85 - Bgog)

(Mf - Mi =13 Msf = 1,M_.=0); M =0 M._= 0)

of ig

Therefore <fl-M]]|i> becomes:

. 3
(1v-6) <f | M]] | i> NfNi< A (1234456) e

£ o1opB38a050gl L - uy X

X
i (gsi S_i T 9y 2_1)}l (1234,56)1

>

: .
X 7z oqapB38y (agBs - Bgag)>

The wave function (1234;56); is of the form:

4 2 . & -2 2, o2

(V-7) (1234386); = ™2 3T &2 TN e~ (2/38R% + WRpy + Ry R)
2,0
X R Y0

M]] can therefore be written in the form:
_ 3
(1V-8)  Mpy =aux ’g—%ax (ggy 5. ¥ 91 2q) + (95 59+ 9p 2.5)
t (93 Szt 93 2.3) t (oSt g tg) Y9 S5t 95 25)

t (9452 6+ 956 5.6}




- 32 -

We have already stated that the orbital factor g0 is zero for neutrons.

This makes 9y = 943 = 95 = 0, and since the orbital factor is

unity for protons we have 92 = Ga = )926 = 1. also 951 = 9g3 = Jg5 =
' 15

-3.8263 and 9s0 = 9sg = 9sg = 5.5856

We shall now allow M]] to operate on the initial 0% wave functions:
(1V-9) [lggy 5. +953 5.3 + 955 5.5) + (955 S5 + dgq 54 + 9g5 S_g)
- 1
X =7 oqopbafy (o585 - Bzeg)

g
= ‘:il" (B]a28334 (a586 - Bsas) + aq a0 B3 8185 85 ))

+

(61328334 (0536 - B5a6) + a]a263343536))

The action of g_ on Yg produces zero because % = 0. The action

of ¢, and %, 0n Yg similarly gives zero.

Now <f| M]]|i> becomes :

gs]

vz

— 3 .
(1v-10)  <f| M]]I P> = Ny x\|5- <Ne A (1234;356) aj0,B4B40506 |

g
s2
o U ayByBaBy (agBe - Bgag) - 0qa,838,B58c]

| (1234356),>
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When the final-state wave function is antisymmetrized and its

- . + . X
scalar product with the 0 wave function is taken, there results:

NN, g
- S_ i sl .
Mo an 36~ X < 7p- U (1234556)¢

(v-11)  <f IMHI i

. e
(1236354) - (5234316) + (5623;14) )+ Q%g_{ (1634;25)

(1546;23)f - (1234;56)f + (]254;36)f} |(1234;56)1>

-f-— . NN g1 - 9
36 V2

)

x

<(1234;56)f - (1236354) . - (5234;16)f + (5623;14)f

f
| (1234356) ;>
In a similar manner <f| M; ;| i> is calculated and gives:
. NN, -g +..g
. 3 f i s2 sl
(1v-12)  <f | M] _ ]l i>= - IS" 36 X -

x <(1238;56) - (1236354) - (5234316), + (5623;14); 7 (1234;56);>
The action of L3¢y (S7q * Sy3 *+ S75) + 9p(s7 * 574 + 5501 on

1
7 qobs (g - Beg)

gives:

4 g .
(]Vf‘IB) 17-2-[—;{(&]&28334 (0!586 - B5OL6) - a]a28384 (OL536 - 85a6)

o 952 ‘
* oajanBay  (ogBg + Beag)y + 5= {(aq0,838, (agBe - Bgag)

f
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2192838 (o58 - Bgng) +oqaghasy (eg8g + Bgag) 1]

Therefore:

ajegBa8y (agBe + Bpag)

(W-14) <f IM]OI i> = NfNi< A {(1234;56)f /2
u

3 0
|4_17 - x (-

gs]
2

(‘eqeyBi8y (ogBg + Bgog)

' 2
+ 25 ajeBaB, (agBs + Beac) | (1234356), >

N-N.
i 3 1
36 X ‘“0 X JEF' Sy ('951 + 952) x 2

{< (1234;56)f - (]236;54)f - (5234;16)_F + (5623;]4)f}|(]234;56)i >

NNy 3 951 - 9s2
B e

<f (1234356) - (1236354) - (5234;16)

b

b

gt (5623314) 3] (1234356) ;> .

(1v-15)  We observe that < f | M]]l i>=<f IMT'_ 1 |15 = <f IM]O 1>

© Therefore <f| M]u|i> is independent of .

Since < f |M1u|i> is independent of b

: -2
(1v-16)  B(MI) = 3 [ <f | M | i>]
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The M1 transition probability is therefore:

3
Brxe o,k g3y [<F | M]]I i> |2

W-17) T(M1
w17y T = e .

In this chapter, we have derived an expression for the Ml
transition probability. It is seen that < f | Mlul i> 1s” independent

of u.

Yaer,
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CHAPTER 5

NUMERICAL CALCULATIONS AND CONCLUSIONS

The following expressions were derived in chapters 3 and 4
for the probability of transitions from the 3¥ and the 0% states

to the 1+ state respectively.

5
T(E2) = 2g63 . e2 . %r' x B (E2)
' 1 . 2
where B(E2) = — T |<f IQZuI i>]
20,41 MM
and  T(M) = 8mx2_ k3 . B(MI)
9 T
where B(M1) = 1 z < £ 1M, |i> | 2
20, 1 My M

. . 2
= 3 J<f| M1]| i>|

We shall now calculate T(E2) and T(M1) numerically using the numerical

values of the width parameters given by Pearlstein, Tang and w11dermuth7).

The integrals Iy, Ip, 13, Ig, and I5 must first be evaluated.

These are all the same according to Appendix 1.

We have already seen in chapter 3 that

I] =k{(1234;56)f -..(1236;54)f - (1254;36)f + (1256;34)f} | Q22 | (2 - 2),i >
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(V-1)  <(1238356)¢ | Qpp | (2 - 2), >
=|L|3x(lxliEx4)x(3—x]x3—"x4)
¢ o © 2 o " o " 2 20 T
2
x(ﬁx%x g—;'xlln)x(é-xlz—x \FaT;_x 4r )
1 7.5.3.1 1 T
X —p= X X 5 X
4 ' . 4 2 !
{2(Ayg + A"} \/ My + Ay
X in__X ]‘ X %— X u , (Appendix 1)
2(Ayp + Ayy) Mo * Ay
= 0.8221 x 108 (fm)%®

<(1234356). | Qp, | (2 - 2)p>

(v-2) <(1236;54)f | Q22| (2 - 2)i >

2n

a

—_—
P
1
+
no[R ¢
o
*
| —
b33
-

% (E%i +Epy

v

T

+

ey

o+ Ed x [

X 41r)X(%-U—'X

5.3.1 1
(28,.")3 7
n

x4n)x(ggx-;—

1
§X

7.5.?.1 % %_x T
(ZB]] ) B]

1

X &)
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X f— )] (Appendix 1..... )

The numerical values of the parameters in the expressions
for < (1234;56)f | Q22| (2 —2)1 > and <(1236;54)f | Q22| (2-- 2)i> are
listed in Tables 1 and 2.

We find that < (1236354); | Qp [(2 - 2);> = 0.1566 x 108 (fm)?

We shall now calculate the expression for < (]254;36)f | Q) |(2 '2)i>
and  <(1256334); | Q| (2 - 2)5> .

(V-3) < (1254536)¢ | Qpp| (2 - 2); > = |Effl4 L xg x '35- x 4g )
2
X (213: xlz-x %x%) X (]7 /(%+§‘2—) x—;-x l+; X 45)
' 372
2 2
E,.2 + E
X (A—U xlz- X \J‘_Z-T'rﬁ—x 4z) x VA >§2(———-—————~” 2 13
%
X [ 5.3;] 3 XJZ‘X 11'! X 3.]‘_ x%_x 'ﬂ'l__
(2847) By (281, ) Byp
e LB T L Bl
(289 07 B11 2812 B12
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TABLE 1

NUMERICAL VALUES OF PARAMETERS

FOR CALCULATION OF <(]234;56)f | 022l (2 - 2)i>

ALPHA = 0.4333
ALPHA = 0.6543
i .

A+ Agy = 0.4394

U =
Ay + Ay 0.0285
u ) ~1.5200

Q = -0.2933
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TABLE 2

NUMERICAL VALUES OF PARAMETERS

FOR CALCULATION OF <(]236;54)f I 022| (2 - 2)i>

ALPHA - 0.4333
‘ALPHA = 0.6543
D, = 0.3603
D, - -0.9709
Eqyp' = 0.3766
1514' - -0.6453
Elg - " 0.252
Bp - 0.5670
By - | 0.6024
c, - ~3.0600

U = . 1.5200
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expression is derived in Appendix 1).

Also we have (V-4): < (1256;34)f | Qp | (2 - 2)i >

3
1 1 2 : -
3C3 I X (a‘ X 7 X a—ﬂ X 4q) x (';‘/(a + a) X-;— X

x
—
N

‘ , - : L )
/(0‘ 4a) X 7 X T— x 4n)x(%Ux -;—x~|—2—"vx 4% )
T 3.1

12 5.3.1 1
)x [ 2311 ,

x
=
=3
>
—
—
—
N
—
-

'3 ) '
c3 (2c]] ) €11 (2Y2'

.
N =t

T 1

N~

\ 22

—_
N
O
—
j—r}
~
Y
N —
(o]
—
—

(From Appendix 1....)

“ The numerical values of the parameters in the expressions
< (1254;36)f | Qps | (2 - 2);> and <(1256;34)f | Qyy | (2 - 2);> are
listed in Tables 3 and 4.

Using the values of the parameters given in Table 3, we find

)2’

X 4y

i
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TABLE 3

N . NUMERICAL VALUES OF PARAMETERS

FOR CALCULATION OF <(1254;36)f ] szl (2 - 2)i>

ALPHA = 0.4333

ALPHA = 0.6543
u = 1.5200
C2 = -3o0600
E]] = 0.3744
E]3 = -0.6453
' .
o :
B = 0.6024

12




NUMERICAL

FOR CALCULATION

ALPHA

ALPHA
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TABLE 4

VALUES OF PARAMETERS

OF <(1256334) | Qyp | (2 - 2) >

= 0.4333
= -~ 0.6543
= . 5.7220
- 0.5501
= 0.0197
= - 0.4444

= 0.6727

= 0.0211

= 1.5200




- 44 -
. . - 8 24
<(]254,36)f | 022 |(2 - 2)1 > = 0.1790 x 10 (fm)
and
. — 8 24
<(1256,34)f [ Q22 [(2 - 2)1 > = 0.0664 x 10 (fm)

Hence we find I] to be:

<(1234;56)

~~
-
1
(82}
S
—
—
1l

. (1236;54)f - (1254;36)f + (]256;34)f | 022| (2 - 2)i>

8

(0.8244 - 0.1790 - 0.1566 + 0.0664) x 10

0.5552 x 108 (fm)*

We can therefore write B(E2) as:

Nf2 Ni2 2
(V-6)  B(E2) = ! x |1
(36)
2
i 6 i 2y 6 - 2y ] x L]
/0.3960 x 10 /0.1840 x 10 (36)
- 1 = X (0.5552)2 x 100 = 4.36 (fm)*
0.3960 x 0.1840 x 10
Since B(E2) is known, and k = 1§c = gﬁ‘i Mev , we find:

(V-7)  T(E2) = 26.5 x 10'%/sec.
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In order to calculate B(M1), we have to evaluate < f | Mn | 1>

In Chapter 4 we derived an expression for «<f | Miq
is: N
; 9g1 = 9
= ..,uo X _g? X fi X s1 s2
36 V2
- (5234316) + (5623;14), | (1234;56)>
l< ] My | i>|2 = w?x x 1« —Hffﬂii—— (g
11 0o 81 2 (36)2 sl

x |< (1234356) - (1236354), - (1254336), + (5623314),

Using the result of Appendix 2 we write:

2.0 . /16 . 2

| 1 > which

2
- 952)

| (1234356), >

(v-8) < (1234;56) (1234:56). > -
f l 2 C]3 X (a) 4.5 .(5+ «

')1.5

15%
where .
. 1 ] ]
- 4 u+u _ Q+Q . = U+t
Aoy = §§' * 5 - 3. Ag3 2
¢ 1 1
Therefore

(V-9)  <(1234 56). |(1234356); > = 0.8757 x 108 (fm)22

x<('|234;56)f - (1236;54)f

2
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TABLE 5

NUMERICAL VALUES OF PARAMETERS FOR THE DIFFERENT INTEGRALS

<(1238:56) | (1234356);> <(1254336) | (1234356) > < (3456312) . | (1234356) >

0.4333

0.6543

0.4246

-19.8673

0.4319

0.0071

<(1236554) | (1234;56) >

ALPHA

——

ALPHA

—_—

ALPHA

22

and

0.4333
0.6543

0.4246

-3.2358
1.5200
1.2913
0.5498

0.0522

ALPHA
ALPHA

ALPHA

0.4333

0.6543

0.4246

5.3871

1.5200

1.2913

0.6771

0.0238
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Also we find <(1254;36)f |(1234;56)i >

' 7
(v-10)  <(1254;36) |(1234356) > = 220+ 32 71 . §7-5) . (2) . 2 S
243 . (c2) . ()", (& + o, ga].S (u+v)
3
T [ 9'IT + ]5‘"’
7n 7.5 775 3.5 5
. (2822) .-(2X22) (2822) . (2X22)

(Appendix 2)

We calculate <(1254;36)f | (]234;56)i > to be:

(V-11) <(1254;36), | (1234356).> = 0.3548 x 105 (fm)??

(V-12)  <(1236554), | (1234356); > = 0.3548 x 10° (fm)%2
In a similar way:

.(V-13) <(3456;12)f |(1234;56)i > = <(5623;'I4)f | (]234;56)1 >

This is found to be:
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(v-14)
. ‘ 512 . 40 .2 /2
<(3456;12)f | (1234;56)i> = 3 T8 . ~—
(27 ¢35 x (@) " x (a4 @) 7 1.5

)

0 2T

(+uH° )
2 55 + 122 ]
; 2.5 3.5 7.5
(2C22) (2023) (2C22) B (2C23)

(From Appendix 2)

< (5623;14) | (1234356); > = 0.1323 x 108 (fm)?
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So we have:

(v-15) -

k{(]234;56)f - (1236;54)f —(1254;36)f + (5623;14)f 3 (1234;56)1>

(0.8757 - 2 x 0.3548 + 0.1323) x 108 (fm)22

0.2984 x 108 (fm) 22

0.5050 x 10'23 erg gauss—],

We can now calculate T(M1). using ﬁo

- - 3.56 Mev
k = E/fc = e E
2 2 (36)2
NN = . g = 5.5856,
0.3960 x 0.3500 x 10
0 = -3.8263
We find:
(V-16) T(M) = 8.1 x10'° / sec.

The level width I‘Y for electric quadrupole photon emission is

obtained from the transition probability T(E2):
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(V-17) o= — - 1 16 secs.

T(E2) 26.5 x 10

AE . ot ~h (From the uncertainty principle)

10727 x 1.05 x 26.5 x 10'0

=15 e.v. = 1.75 x 10"4 e.v.
1.6 x 10

(v-18)  aE

The level width FY for magnetic dipole gamma emission is

obtained similarly:

(V-19) At = ! 1E secs.
8.1 x 10
-27
(V-20)  &E 1.05 x 1012 x 8.1x10"° e.ww = 5.32 e.v.

1.6 x 107

The calculated radiative widths of the 2.18 Mev (3+) and

3.56 Mev (0+) states can now be compared'with the experimental results.
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Ex r Reference r from
cluster model
2.18 A &) Ba 60 1.75 x 1074 e.
13)
3 x10 Da 59
8)
3.56 6.2 + 0.6 e.v. Ba 60 5.32 e.v.
4.7 + 0.9 e.v. 9) Ba 63
9 + 2 e 10) o 63
9.1 ¥ 2.0 ¢ M ¢ 50
R S
1.9 12)
8.8 '3 e. Sk 63

v.
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The wave functions now become:

a 4 -2 a 6 =2

B - 7 r. -5 r.

- 2 T 2 1t ']
Yot N+ e i=1 e j=5

a 4 -2 o 6 =2

- "2 oz 2oz "
b N3+ e i=1 & " =5

4 - 6
-5 z F? 5z 72
w+ = No+ e f=1 e _ J

0 ]" J"S

The radiative widths were found to be

which were calculated with the inclusion of the

are in reasonable agreement with the results of Barber et a

to excitations of the target nucleus into well-defined energy states.

analysed by a virtual photon theory to give values of 4 f? 5 X 107

Calculations of the radiative widths have also been done by

omission of the term Rcm'R in the wave functions.

-5 gR™ -uR '
e 3 g om .szg £(1234;56)
2 2
3 R '”chm 2.M
e e R7Y, z(1234;56)
2 2 9
3 8 R 20
e e REY) 2 (1234;56)

1.2 times the radiative widths

cross term Rcm'R‘

We see that the radiative widths obtained by use of the cluster model

1.(8) These results

were obtained by measuring the electron energy spectra resulting from the scat-
tering of 40 Mev primary electrons for the purpose of studying nuclear excitations.

A target of L16 was employed and the scattering angles were 132° and 160°.

In addition to the elastic peaks all spectra showed peaks corresponding

Peaks

corresponding to known levels in Li6 at 2.18 and 3.56 Mev were measured and

4 e.v. and

6.2 + 0.6 e.v. for the respective radiative widths to the ground state.
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SINGLE-PARTICLE SHELL MODEL CALCULATION

A calculation of the transition probability based on the
single-particle model is carried out in order to show that the cluster
model gives an improveddescription of the Li6 nucleus.

The transition probability for radiative decay by an electric

multipole, for a single particle, is of the form:

(V"Z] ) T 2 .
L (L + 1)) L+3 197 Mev

(R in fm)2L X 102]/’sec.
L= 2 (orbital angular momentum)
E= 2.18 Mev, R= 3.5 fm
S = Statistical factor (of the order of unity)
(v-22) Te(2) = 5x 10]2/sec.

The transition probability for radiative decay by a magnetic

dipole, for a single-particle, is of the form:

(V_23) T ML = 0.19 x (L + 1) i 3 2 . _ J_ 2
sp (" (L) [(2L + 1)1 (L +3 ) (oo = 2
T I B R

by = 279, E = 3.56 Mev, R® =1
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S 1is a statistical factor of order unity

Therefore TSp (M1) = 1.4 X 1017/secs.

These values are about 18 and 15 times larger than the transition
probability obtained using the cluster model. The fact that the cluster
model transition probabilities T(E2) and T(M1) are smaller than the single-
particle shell model values is due partly to the correlation built into the
cluster model wave functions, and partly to the fact that the single-particle
wave functions are not antisymmetrized. Calculations using £he unantisym-
metrized cluster model wave functions give T(E2) = 240 X 10]0/sec and
T(M1) = 27 X 10]5/sec which are factors of about 9 and 3 larger than the
value obtained using antisymmetrized cluster model wave functions.

The use of the cluster model has then 1ead'£o calculations which are in
fair agreement with the values obtained by experiment. It is also seen
from the values obtained by use of the single-particle shell model that

6

this description of the Li~ nucleus deviates appreciably from the correct

description.

From the use of the cluster model we find that the description

" of L16

as composed of an alpha particle cluster and a deuteron cluster
gives values of the radiative transition probabilities which are compatible

with experiment .

With the help of the Ritz variational method it has been shown

that a generalized alpha bartic]e-deuteron cluster wave function yields a
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better description of the L16

nucleus than a generalized triton-He
cluster wave function. We find from experiment that break-up of the Li6
ground state into a free alpha particle and deuteron requires only

3

1.5 Mev, whereas break-up into a free triton plus He™ requires some 15 Mev.

This result shows the importance of cluster correlations in-the nucleus.

From the calculations it is apparent that the transition
probabilities depend sensitively on the wave functions of the states

involved in the transitions.

We can conclude that the cluster model gives quite a reasonable

description of the Li6 nucleus.




(A-1)

(A-2)

(A-3)

(A-4)

(A-5)
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APPENDIX A

METHOD OF CALCULATION OF THE INTEGRAL IK

We have derived an expression for B(E2) in Chapter 3.

N.N
I. = if

17 <36

|Q22| (2-2)i>

Expressions for N, and Nf have been calculated

In thi; chapter, I], 12, 13, I4 and 15 will be calculated.

(]234;56)f - (]236;54)f - (1254;36)f + (1256;34)f

2 2
2/38R™ + uR cm

2 36
Ni = <(1234356); - 2(1254;36); * (3456312); [(1234356);>
2 . 36 | _
F 7 (1238556) - 2(1254336) +.(3656312) | (1234356)¢>
4 6
' -g & 2 -% S
. . _ 2 . _ i 2 z J
(]234’56)i - e iz e j=5 e
2 M
R% Y
> - ﬁ 2 > ﬁ
F1 = r1 - o ? rj = rJ - d’
E A +—> + 3 R g
o Ty FTp T3ty Rgz T Y -
4 2

R=R - R
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(A-6)

(1234;56), = - 3¢ 3 (n s 05+ I N S

Py orgEr oty gty rptrg r4)}

a .2 2
o g (rg+trg-2rg.re)
2 .2
e—(§-BR + URS + QR_,R)
2, M
RY,

(A-7)  <(1234356); |(1234;56).>

a 2
- E—(r5 +rg - 2 re r6) - §‘BR
e e
*
2 2v M 2y M
e-2( UR cm + QRcm.R) R Y2 X R Y2
- - ->
dr] dr2 ---------- dr6

The following linear transformations from the set of variables

(?1----?6) to the new variables (31'7"36) will remove the cross terms

in the exponential.




-> 2 > > -> -

b1 =R Bp= R+ o Ry, g=Tg - ¥

.-> -> 1 ,» > > -+ -> 1 ,~ >
by = Tg- 3Py +Tgls bg= Ty- g (f +Fp),
-> % _ 2

Pg= T~ T

2y

The value of Cy = q

(A-9) <(1234;56)1 I(]234;56)i> now becomes:
2
3 6 2 2.3 2 g 2
SO~ 2 S oleg 0p) -% o
. ) 3 P57 T P4 T2 3
2 2 2 *M 2, M~ >
- Baer * Agep) 0y Yoo X ey Yy dey modog]
s, w2 o
hh=73*732¢g hy= =
C] C'I
3(—> -> > > > +)
Fis Tps Y3s Ty Tgs Tg .
(A-10)  J - - 1
1

> > > > > >
3 (py> Pp» P35 Pys Pgs Pg)




(A-11)

(A-12)

<(1234356), | (1234356), >
1 1 -
pg 2 2 3 -7 °2
3 2 7 °3
T ol —5— + 3 o5 * 7 oog) e
RT = | — | [e
cl
2 2
-(Ay p7 + A, 05) *
1P .
e R S I a5 ]
2
3 R _2a 2
I%Tl X Je 2 pg dog dog je 3 75 pgdpg g
2 ;/2 2
-a X o) - o
r 4 2 3 2
[ A, p. 2
~ “Ryey 4 2 M
] e pq o dop Yo (o) Yy (o)) dy
f -A 2
2P2 2
J e Py dp2 dQZ
< (1238356); | (1234;56); >
1 |3 17 7 3 1 3
=Tl x (g x 3 s X 4m) x(gg— x5 x [y
( ga X ; X gz X 4n ) x (%;— X %— X %1 X 4n)

.- 59 -




R1

4+

x

The linear

S——
|
(12
1

- 60 =~

. 5-3.] ] T 'I . 'l T
— -3  Xj7 X |7/ X X 7 X X 4n
(2A,)° J 2 \}A] 2K, 2 A,
M M )
= 0.4392 x 108 (fm)%?
R2 = <(1254;36), | (1234;56),> =
7 3,2 2. 20 ]
{r(ryrrytrgtry) -5 (r .+ T R AR
273 R'2 - (UR2Cm * QR -R")
Po Ty +Tg . r4) } e e
i - o
4 (rg + rg - 2rgrg) xR Yg (R') x e 2 %—(r] + 8 4 r%
rz) - l‘(r r, +r ry+ri.r,+r r, +r Y, + ra. )}
4 2 V1 2 1 3 1° 4 2 3 2 4 3 "4
-2/3 g% (W% + QR .R) e,
e e (r5 trg _- 2rg rs)
2 M <> -
R Y2 (R) dY‘-I --------------- dr6]

transformations are:




(A-14)

(A-15)

(A-16)

-> -> -»> > > e
4 2
-> -> -> > -> >
= p ”
> > > ->
ﬁ + ﬁCm = p3 ] rs - r6 = p4’
x ] - -> > -> -5 -5
l"4 - '2_ (r] + rz) = g Y‘-I - Y‘2 = Pge
-> e d - -> > =, ,
b3 - 81 = Rep s Byt By by =R Ry,
x > 4 > > > > >
rg = Pz 3 (pq - 0p), g = Tg = 0y
?3 - ?‘6 = 7 ( -5] - 32) + -p>4.
The integral becomes:
<(1254;36<)]. ](]234;56)1.>
2
- 183 A1) 2
- I 9 l X J ,.[e 2( ) + 3 5
) e -> > 2
PR B B = 4
+ 3 ) & (2 (p
4 9 e" 73 '3

- 61 -

->

pz:




&
2

ol

(A-17) 1

>
%5

(A-18) B]

>
(¢}

5

-> >
4 p

3] . 34 and

2
(85 4

0 2
4 e

2, M
p] Y2 (Q])

> > > > > > > > > >
C]s gg = Czs 03 = C3 + e]U] + 62023 04 = C43

> > .
Ly and g
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2, M*

2 .2 2 .
e-( 3 BR'T + UR , * QR R') p5Ys (92)

43] - 1632 + 634 2

2 2
£l g ) )
9
2 . .2
~(2/3 8RS +:-URG, + QR ;.R)
d31 — d36 ]

+
92 .

Py

and the transformations:

>
%6

Now we have transformations:

1° 22 = 323 23 = 33’ 24 = 34 + d] E] + dzzza

> - >
P and Zg = Pg-

This process eliminates the cross terms

. - ¥ + T 1
eliminate cross terms ﬁcm.ﬁ and ﬁcm.ﬁ .
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Finally the transformations:

- - -+ -> >

(A-]g) . n'l = 0]’ n2 = -T>].-l + ngzg %3 :0'3, T]4 = 34,

> > > -> . s " > >
ng = Og and ng = % eliminate the cross term gy « Oy

Therefore the integral becomes:

16 2 6 2
(A—ZO) R2 = I %i J e n6 dn6 dQG
[ - %g' % -2un}
J e ng dn5 dQs e n3 dn3 dSZ3
o a
r _nz ( 7 vt 3 ) .
J e ny dn4 dQ4
- B, K ERRY M, - 2ny - T,
X e n Yo () e x )
1 2 1 c 2
2

because the resu]tant Jacobian

> o >

a( ¥y» Tps =-== Tg) 16
J = ="9‘—
)

a( —‘;]a —529 e ‘56)




\
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. 2 2 2 K 2 2 *K
(A-Z]) I [ e ni B] e~ n2X2 X n]Yz (Q]) . (nz + n] - 2”] . nz) Y2 (Q)

(A-22) B,z

BZ"

7
¢
n% dn] dQ] ng dn2 sz]
2
2 2 2 1 2 2
-Je'"lB] eMXp + M+ Tz M dm oz dnp 0%
2 .
b [ 2 2 6 2
2 e MB1  e7gXp My dny np dny
2
bn [ 2. 6 2 2
5 | eMBy 1y dy J e"Mg%Xp Ng dny
cz |
4 531 1 7 11 T
Cg (281)3 2 B] 2X2 2 X2
0 , a2 2 g 4% 20 @, 52 4oy s aue
57 3d1*tg Yty -3 1 1
3 2
%ﬁ + Bz | C2 - B3| C2 - Qe] -Q+ %’d] s
- 2
34a a 2 100 o ., 2 - 28
Sy tgdyt g dyt gt T at3
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) )
-2

.2 8,100, ,20, 8 %
B3= T3 -t htoh g T

2d
+ —;l- 3+ Gleje, + Ale, + didy & - Qeq - Q - Qep

where . 2—% - -2% .- (2—% * lg—a)
]‘ F 2"‘ ’
20 + a 2 + a
3 3
- Q-4 = 9 _
€ 20 ’ €2 47
2B B
€2 = Bi and %= 5
. Co
3
_ 16 1 1/« 31 /3
(A-23) R2 = |'§-C-2| (‘&' 7. T-q") (4 2 9 4r)

4n 5.3.1 1 /‘j_‘ 1.1 /7
1

R2 = 0.1691 x 108 (fm)22
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(A-24) R3 = <(3456312), | (1234356) >
_ w3 p2..2..2. .2 1
= | L5 Ug (rgtrptrgtrg) -5 (rgr +rarg

+ gl + Pgufp + rp.ve + r5.r6)}

2, 2
o-(2/38R% + URC + QR oR )

- 2., .2 )
e-a/4( rj+rs - 2 r].rz)

x RO Y5

X . %.{ 3/4 (r% + rg + rg + ri) - %—( ry-ry + 1yerg

+ ryePy ¥ rourg try.ry, + r3.r4) o %—(r§.+ re - 2r5.r6)
(273 %+ WRE + QR,.R) ROV
X d?l O d¥e ]

The following successive transformations remove the cross

terms in the exponential.

(A—25) - > -> -> -> > >
o ER= P Fae Ty - VT
4 2
> Bt _ > . - > >
Py = Tyt trgtre - rptr,
2
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B3 = R Ry, 0y =¥g - ¥g s
-> 1 > - _ _ > >
Fp-g(¥P3+¥,) = pgand pg= ¥3-7,
(A-26) > > > -> > > > -
E] - p-l, €2 92, 83 —939 34 = 94:
+ _ > > -> >
€ = Pg + d]s] + d2€2 and € = Pg
(A-27)
> _ > > _ > P S U ->
G] - E-l, 02 = 62, 03 = €3 e'le-l 6282,
> > > _ > d > >
04 - 84, 05 = €5 an 06 = €6
(A-28)
> _ > T Ty > > _ > > _ >
M T Ops MM T G0 M3 T 930 Mg T %
> 4 >
ng = 05 and ng = 9
(A-29) R3 =
2 _
- n5(a + a)z

3 - > ng '
| §——-] X Je 2 6 ng dn6 dQG J e nsdn5 dQs




where

and

(A-30)

' 2
. J [e‘“1c11 “na¥s o
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—2Un§

2 '« a
g (74 7)) J 2
J e n4dn4d94 e n3dn3d93

2 K
e n]Yz (Q]) . (ng + n% - Zn]-nz)

2
3

K, 2 2 B
Y2 (o) . n]dn] dQ-I nzdn2 sz]

- — &+2Ue$+g%+2U-Q

2 20 4o
4U€1-Qe]+ (Id-|+-—3--‘—3-d]+—-é--
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3
(A-31) RI=]g (1.5, /E 4 1 1./
3 a a 2{(at a) at o
1 1 LI 1 1 |n
'(2(%+%)'2' Rl LA I N T
4y 5.3. / T 1 T
- L 3 - c ?‘—?\/Y]
c3 (2c]]) Y, 2

0.0831 x 108 (fm)22

R3

The normalization constant Ni becomes therefore N? =

36 _ 3 (fm) 22

Now we shall calculate Nf

(A-32) <(]234;56)f [ ]234;56)f >
| - g e x2,.2 )
113 2 P6 2 375

2

[ -ax 3/402 -%/2p
€ pg do, da, . e p% dog d@

3
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PRI R T} |
Ay = 37 c “ 2 :
1 “
3
1P a1 /& 3.1 /3
(A-33) Ry =lgl Gz /N G

(8:31 1 /0y (A1 [T )

"3 2 ! ! 2 '
(ZA]) A] 2A2_ AZ

22

Ry = 0.6963 x 108 (fm)

(A-34) R22 = <('|254;36)f l(1234;56)f>‘
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2 2
b dn-I dQ] no dn2 sz ]

We know that: : )

-n1 B =N, X
I I R N O PR

2 2
b dn-I dQ-I n, dn2 dﬂz]

-nZBl -nZX"l
= J [e ™ e 272 . z%-x dn x 4m x n% + ng

2
2
. n% n? dn; ng dn, ]

‘ -n2 %' -nzx .
= A, J [e | e 272 n$ (n% + ng)
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= ﬂ 3.1 J_ ‘/ _n 3.1 l /—T
= 2 [ 2 2 . 1 . . 2 . 2 . L
€ (281) B-I (2 x 2) X,
+ 5.?.]3 : %. m—;_—. .-]— ) . .l_ . 4 ‘—_lr-l ]
3
(A"36) R22 I 'g—c'zl . ( 5 7 Y — - 41]_)
- kil
&3 E e b e
4o, 2 20 2 (ﬁ + 95) 2 o, 8
3 2 377
(. + A 3.1 1
(——LT . 2 . 2U . 4TT ) cz . [{ (ZBI)Z . 2 . B'
2 1 1
X —i]—T-? . Jz"-V ——1:+ 5-3.]3. Jz_./fr_. J__ L J2— . E—l-
= 0.2033 x 108 (fm)??




Similarly R
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. 4r)

<(1234;56)f - (1236;54)f - (1254;36)f + (1256;34)f

(A-37) 33 is
3
I SR R T R 25
Rz = | 3c3| Az o o)
(— ) L (-
2(a + @) at o 2( [
1Y S 4 3.1
qu-7-7@-% - 2 L
€3 (2¢q4)
[T 1 /[
z 3 7T
(2Y ) Y2 (2c]]) 8
' 8
Ryg = 0.1209 X 10° (fm)?2
. N.
From (A-1) [.= i f
1 36
Qg (2 - 25>
2 - 36
N. and N. are known N = ——=
LA 17 0.18871 x 108
2 36
N = 5

0.3926 x 10

(fm)-ZZ

(fm)—22
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(A-38) <(1234356) | Gyl (2K)p>
2 -
43 -2 (822432 o 2
=lc_]_| J‘[ez 2 375 44e4 3e
A2 _oqe88, 22,3
o 12°2 2 Yo . q e 22 3P5 77
1 0o * “2K
a 2 ' .2
- A 2 Al )
7 P3 12 P2 2.,k >
e. e 11 1 e ]Yz (Q]) dp] =
where
= 28,8 _ Q = U
A= 3% - o M= 3
c 1 c
1 ]
28' , U Q U
M= 3+t %5- 0O M= >
c 1 c
1 1
*
- * - * -
Qg=r g Yg (2y) +r 2 YzK (2,) +r g Y5 (2g),
: 5B #s 3
- > = 1L .4 "5 76
Fp =Ty - ﬁcm = 3 "7 "3 2>

2
- A ey




- 75 -
> >
= s _ A 3p4
Vg = Ty - ﬁcm =3t 7
and > N N 23] 33
r‘ = r‘ - S ma e -
6 6 cm 3 5

. ; *M M .
since we know that J Yg‘ (Qi) Yz (23) in dnj

. . . ->
= 0, we can omit terms containing Po>

33, 34, 35 and 36 in ?2, ?4 and ?6.

-2 ,K* =2 J*K -2 ,*K
92 p2 4p2
1 J*K 1 ,*K 1
= — Y, () + —Y," (@) +
9 2 ' 2 1 9
2
6o
1 *K
= 5 Yy (%)

(2¢)
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<(1234356); [0y | (2K).> = I
p2
3 6 2 2,3 2 = 2 2
-al + Soptyoeg) -a/2p5 -(A, +A'S) 0
,l_]_‘[[e 2 375 44e 3e 11 117 7

2
-(A, + AY,) 6o
12 12/ "2 2 .0 1 ,*K 2, K
e 1% - 3 Yo (2)eq¥y” (o)
d-l;] """"""" d36] =
2
-I 3 - 0 E__Q. 2 - &x— pg
2 3 2
| E—_I— l Je Pg dp6 d526 je P5 dp5 dQ5
-3a/4 o - a/2p
J e pz dp4 dﬂq_ I e 3p§ dp3 dQ3
(Ay + Aq) 0
11 117 71 1 6 6 ,*K K
J e . . ) p-l Y2 (Q-l) Y2 (Q])
v 4n
2 “(Ayp * Ap) 02
Ch dp] dQ] e Py dp2 . A
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3
_ ] 1 1 v 2n 3 1 3
= IET ] R | 57 == 4n) . ( e 7 og 4r)
2 1 :
X (33- X 7 X %g- x 4n) x (%— X %— X Zg_ x Ar)
1 6 7.5.3.1 1 T .
. 8 9 . e ' =~ 4- 2 . A' . A"| - ™
v b (2 (A +A! )} 1t A
11 711
1

o f—T = 0.8244 X 108 (fm)2*

(A1p * A7p)

N —

2(A]2 + Aiz)

We find that the value of this integral is independent of K.

(A-41) U2 = <(1254;36); | Quy | (2K).>

2 - 2a/3n§
6 dn6 d96 e ng dn5 dQs
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- 2Un§ 9 '”121 ( %—+ a/3) ,
e n3 dn3 dQ3 e g dn4 dQ4
2
-n,B -n, X
171 2 "2 2
e e Ng 1 = 2nq.1 0 2K >~ o~
J 2 ' 172 Yo QZK . n]Y2 dn-I dn2
. 2 -
€2
where y - 2d
= 10a . o 2 20 4o 1 - 2
B]- 7 t o3 d1 + 5 d] *+ =5 7 ot 2Ue] + 2U
26 . B2 B3 i 2
B a
Aoyt Tt —5 - T -y -0ty 4y,
Cy 2
= 2 _ 1 340 -3 10 4o
Xp= Bl = [57 + 3 dy+ g dyt 3
2
2d -
2 - 28 a2
+ _3‘— o + '—3——+ ZUEZ - Qe2 + 2 dz] y




+ 3 _d.I +4Ue]e2+ 4Ue2 - Qe_l -qQ - QeZ +d_l d2 a

and
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where

* - - *
Qg = 13 Y (%) + 132 VK (o) + rg? VK
By By 3, B B
rp = R e
s Wy 8By 3, B
" T rtgT ot
6 3 2>

-> -

> 2 n2" M

d, d
> , 2 4 1 2 > 4
= (§-—3= +7-2—) +7,(
1 9 9c2 6 Cy 2
S o2 4 Y9 Ao
Fp=n (G- + =) tn, (g= + 7=
4 1 9 9c2 6 6c2 2 9c2
->
* - n2
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H

:
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d d, d 4
_ 2 9 2 > 9 4
TR L e DU S
1 3 2 202 2 ¢y 2
T B 5t g, t E%“ 2?3 ’
€2 €2
E —_i_.g.fi_z_ -
12 9c2 6c2
d,  d
= ~2_ 1. 2
and  Ej3 = 3+ = 2c,
AR A
> s s My M5 Mg
o = EBym*Ey p F-3 t 5,
-> >
2 + > Mg 2ng
rg = EypmptEy np- 5+ 5,
> 4 d ;
z > - 9 4
Fg = Egm +ny %, 7T -
. M M )
Since J Y2 (Qi) Y2 (Qj) in dﬂj 0

we can just write:

(A-45) 2 2k 2 o *
k= 7 (%) + €5

9} Y
TS (%) + EZ, 2 Y2 (a;)
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2
= (B + E$1 * E$3 ”? Yg (2y)
3
- - 16 1 1 J2r 3 1 |(3n
(hea8)  vz= g2 AL SE I LR
1 1T / = 1T 1 /x
(2( @, a) 2 - . ) (4U 2 /2;— 4r)
372 2+2
3t7
-n B: -n B.
. J fe 1 e 2 "2 ng + nf 2n1 UPY 1
vV 4
2
¢
2 2. _2., 23X 2 K 2 2 '
(Eyy + By + Ey3) nj Yy (27) . nj Y5(e,) nqdnqdaynodn,da, ]

we can write:

“”53{1 '”SB{Z 2 2 2 2

(A-47) [e e - My +n.l - Zn].nz 11 + E]3)
2

2

R S (E1$ +E
vV dn

4 *K K 2 2
- mp Yoo (29) Y5(2;) njdny do; n5dnyde,]




- 83 -

2 2
-n -1 1 +n3 .
_ 181 B L np ny 2 .2, 4
J[e ¢ VT T2 (2E7) + E33)
2
- 0F dng nd dnyda,
1
2, 2
2 2 n, + 1
=J[e”15ne“2512. 1 - (26.2 + 2. )
An o, B § B K
4n . n? dn; ng dn,]
2. 2 2 2
e MB B g, (2E5 0 E)
= [[e e . . 5 {
7 <5
ng n? dny dny + n?'ng dny ano} ]
2, .2 2 ' 2
(26,7 + Eq3) -n n, B
- L L {81311e212nz21n?
5

2," 2
-n.B -nsB
1°N _
dny dn, 1+ [ e e 212 n? ng dn, dn, ]
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g S+ L3I 1 /i L1/
B (28) By 2By B2

0.1790 X 108 (fm)24

u3 = <(]236;54)f | QZKI (2K)1.>
3 _ o nl _ _233_ n2
_ 16 2 6 2 3 5 2
= lgcl . [e g dn6 dQ6Je Ng dn5 dQS
-2 g (5+5) |
. e n3 dn3 dQ3 e g dn4 dQ4

2 . 2 !
C Je'”1B11 “ngBip  np *np - 2ngemg

2 .2 1

e
7
2

2.,K > >
n]Yz (Q]) dn1 dnz]

R L,
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Qu = 1y Yo () +r7y Yy (@) + g™ ¥ (95),

> % G, o4 b5 g

= 5 * 35t -3 7

> B %, py

=3 -3 -7

> %y 5y

Y‘6="3_""—2':

> >

> on no .M To - N n

- 1 4 1 > - 2 1 ___2_

ro= gty (7 ¢ ) tg(ng-dyng-dy S, )) -3
> > ->

O S S D I . UM S S

MY 9, & &, ’ "M ', b, "6 ’

> 2n To No-n

> 2 g MMy 1 - > 2™

rg= =5 - 3( c, ) - g ng-dyng-dy cz))

. ->
2y b By a2y D
TMYTT 3,77 Ty T2 30, %, T2
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> <27 Ny = My
L IR NP J2 M
and = 3 -z (g -dimy - d, (T g,
T SO D S
1 3 2 2c2 2 2c2
; A
S e g M5 Mg
(A-50) o= Epymr Byt -3-3,
> n
A v,
= Bgm s - 7,
> d -
and F=E'->+_2_->__n_t}
6 16M 7 2c, M2 2

2

*®
. M M -
Since J. Y, (Qi) Yo (Qj) in de = 0 we have

»
11

' 2 ro. 2 K
(A-51) (62 + £2 + £2 2K (o)

Q =

Therefore U3 becomes:

3 .
_ 116 1. 1. /on
(A-52) U3z = | §Eél | X X/ =0 x4n )

i
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. /gﬂx4ﬂ)x( 1 XJZ‘X 1T X4TT)

2
€2

L Ao
(21.) o By "’
= 0.1566 X 10% (fm)2*
Us = <(1256534); [Qyl (2K);>
s 3 -5 o "v"s(""”")2
|'3'c_3' e ng dng d% s s




X
where
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2
2
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(A-54) =
s
N
s
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dn4 dQ4 e ng dn3 dQ3
v 2

n
2 2R K (0)) x l

v &x

5
3
‘2 2 K 2 K
= vy Yo (8 ¥y @)+ g V" (9)
> >
2 - -> 6 - _ 2 > > ->
§(p]+92) ""2': r"j'(p]+92) +953
B
3 2
2n Mo -1 ne > 2n To= 1 >
Mz o M2ty T 3%y g Mmoo 3
7 t3 5 ) -ty ot g & )+
_—23]_ '3_4_
3 [
LTy - dymg - dy 2c3 )
-b =
4 2




->
z _ > 2 > n6
(A-55) = m *txg, e 7
> (R 2 > -
fg = Dpom* g Mt oNs
> d n
2 2 4
and ¢ = Yam* T 2
. 203
(A-56) -2 * *
*K 22 K -2 K
o Yo (9g) + T4 Yo (ag) + T ¥y (g)
- 2 2 K
= (D] + D]] D]Z) " Y2 (Q]) because
J W oy W) das de. = 0
AN j
(A-57) g e 1 Pk bk L/ B ) x x Lx /o xan)
3c o 2 2 -
2(c + @) a +a
x o xpx /T (e Lk xan)
2 (at &) o +d 4y i
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: 2 o2 2 5.3.1 .1 T
. x Ybn X (D]] F Dyt D]Z) x [ —=— L

C3

x 31 1l /oy eIl 1/ ] I/
(2v.)2 2 Y. (2c' )47 27 T AT ey
2 2 n 1. 2
= 0.0664 X 108 24

(fm)

We see that U1, U2, U3 and U4 are independent of K. Therefore U1 -U2- U3 + U4

is independent of K. This only means that IK is also independent of K.

2 2 2 2 2 2
(as8) 11312+ 11,02 #1512+ 1,12+ 11512 = 5] 1]
2 2 2 2

NN, N 2N, 2
(A-59)  B(E2) = X ——F x 5 1,12 = T x|y

(36) (36)
where :

NNy
I = —Dp  <(1238356) - (1236554) - (1254336) + (1256534)

%ol (2-2)3>
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A brief theory of the reduction of the Quadratic forms in the

exponential in the various integrals to sums of square terms is given in (25).
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APPENDIX B

METHOD OF CALCULATION FOR <f| M]][ i>

NN, g, -9
(B-1) < f Myl i>= =y X [gif o —fi . _s17 %s2
\ O 36 R Z-

X <{ (1234;56)f - (1236;54)f - (]254;36)f + (5623;14)f}| (1234;56)i>

(B-2) N 36

(2 x <((123356) - 2(1250536) + (3456512) 3] (123456) >

(B-3) Niz X <{(1234;56)1 - 2(1254;36),i + (3456;12)1}| (1234;56)1> = 36

"The normalization constant of the 1¥ state has already been

calculated in the previous appendix.
We shall calculate the normalization constant of the 0¥ state.
(8-0) < (123356); |(1284:56)> = (D)’ J [ (5 +2,.2+30,9
e-af/2p32 A of A

0 0 -> ->
x o1 Y Voo dBm e do ]
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&' is different from a : this is the only parameter which is different
from that of the 17 state. The other two parameters o and B are the same

in the 0+ and 1+ states.

_ _ 48 UI UI _ QI -Ql - UI
(B-5) Ay = 5 ¥ 2" 2 - . Rp= —z *
1 1 1 1 1
and
2(U' + y') _ 2u"'
¢ = —£
(@' + Q') Q'
(B-6) <(]234;56)i | (1234;56)_i S
3
e b k(e [ e
1 1 N 1
1 1 2
x §§;— X %- X —%-;—x ar ) x. = X 7 X a? x 4n)
x 4r X ——5531%% X %— x | = x 3 - %- X X
(2A;) A 2A, 2
= 0.1326 x 10° (fm)%2
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(B-7) <(]254;36)i | (1234;56)1 >

3 2 2
= | .ﬁ[ % J - a1/2 n n62 dn6 dQGJ e20q/3 ng n52 dn5 dQS

9c2
. ) )
-2.U' n 2 -(a'/2 + a1/3) ng2 2
e 3 ny," dng d93 J e 1 4 n," dn, da,
P,
. 2 2 - -+
a2 nal n,~ +n." -2n n
M2 Byt 2,0 n® X, (2 1 122y 0
1 0 2 0
) , 2
2 2
X n dn] dQ.I n, dn2 dnz
16 1 1 2n 3 1 3n
= x [(— x 5 x [££ x 4z ) x ( X 7 X X 4g )
19,13 ] 2 % \|a Ty * 2 20,
-l
o] o
A S —  x4r)
. \/ “1 ., &
3 2
x (—— x % T— x 4m)
4y 2U
x 41r2 x [ 5.3.'13 X]2_ X T x ]. X "l? X F
c2 (ZB] ) B] 2X2 Xz
3.1 1 3.1
+ = 1 x T 3.1, 1 -
2 0 TNZ X ]
(_ZB-I ) B] .(sz ) 2 le
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1
a! + U e]
85
2 " 9

where
100 o 20 -1 2d
voo 1 1 2 1 4o 1
By - &+ g — &t - T3
] [ ] 26 ] 2 ] i ’
B 1 B 1
: ) ' - !
+ 22 - 3 . Q ey - Qe + ——%——- d]Z ,
C2 ¢
B . > "1 + —il d 2, 10 1 d, + 4&. 2d2
2 27 3 2 9 .72 9 3
" 2 1 1 2 &' - 2
+ U. ey - Q e, + U e, + ? d2 .
( 2 o 8« 10 o 2 a
_ 1 1 1 1
By = ; dydy - 37 * g— 4 + —g—d
2d2 -| 2d~| - 1 .l i -
= 3 a + 3 o] + 4U e-]ez + 4U 82 + d-ldz o
[} 1 [}
-Qe; - 0 -Q&
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' 2a
2(1 - ___gl_—_ 2& l' . 'loa ]
- _ 3 9
d] i 20 ' ’ d2 - - 2 * )
1 + - o + 3
3
' ' '
e] = 9 T au ’ 32 = __Q_f"' ’
4u 4y
B '
]
C2 = __Z_B._'_. and x2 = ___g.é___
B,' c
3 ' 2
. . - 8 22
<(1254,36)_i | (]234’56)i> = 0.6355 x 10° (fm)

3 a,/2 2 onel - !
= |8 J e 15 Mg n62 dng dag J g5 (o * o) n52 dng dog

(B-8) <(3456;]2)i | (]234;56)i>
3c3
2 - 2 .
[ ! (/6 + o /4) n42 dn4 dQ4 J e-n3 x 2U

f 2 1 2 [}
M o e N2 Y2 n]2 YOO x

) | 3

-> >
X dn] dn2
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8a 4o 4d i
] + + &' d12 - -l o + 2UI e]2 + 28
9 9 3
. ' 9 2@1 4a1
] ¥ —_— -
20' + 4y ey - Q §1 - Q'+ o d] + 3 I d-|
16a 2
1 ] Ol
2 T W,
2 3
€3 €3
Chs' 20 ! i -
22 _ 1 ] 160. - 2 8a
7z " Tz LTt Tt e d o7
3 3
‘ 8a 8a
2 2 ] 1
2u' e, - Q' ey + o d2 + 3 - 3 d2 ]
]
2c22
16c
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X

ig

v

+

a

X 41r)

(B-9) <(3456;'|2)_i | (]234;56)1>
8 3 ] 1 2 1 1
= = x [l = x5 x |7 x 4)x (—Fx3
3c “ * 2(a + aq)
3 1
1 1 T ] 1 In
x - =z X 5 X \[—————-————ﬁ = x 4n) x (zgr x 7 % |z Ay )
2(5 + ) 5t
X 4;_’ x 5‘3|] T X 1 & T— X =X
C3 (2cqq ) 1 2Y,
+ 3.1 5 X -;— X I— X ———-3',]—2 X %— x| )
(2¢19) ¢y (2Y5) Y
. . ; 8 22
<(3456,12)i [ (]234’56)i> = 0.2747 x 100 (fm)
NOE _ 36 - (fm)~22
0.3497 x 10 -
(B-10) <(1234;56) | (1234356); >
2 .
%1 P6 2 2,3 2 o
~ bt Fes taey) - fpeg

i
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k—_\
| e |
®
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e : ¢ 3 e 4 p]z YOO
o P 2 -!
M, P 2 2 3 2 & 2 2.2, U Q"
-7 7 t 3 et roey) 3 3 T (3t cZ- c])]
X e e e 1
L2
2 2 -> ->
c 2 0
e ] p'l YO dp] --------- dps
o = 2(U + U')
1 .
Q Q
Q = % X ( o - a) )
4 _l
.Ql = § X ( a - o ) ’
U = 2& + & H
_l
and U'= 20 + «a
(B-11)  <(1234356) | (1234;56),>
: ) |
v} - -
6 2 2 3 2 & +a 2
o (gt ges *ogeg) g P3
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2 +| + 1
-l (A s ABL L 020
! e “ 3
1
i
! 4 0 0 - .
X p'l YO YO dp-l —————————— dp6
3 ——
= | ! | X[(a] x%x Sa x 4r )
C-l 1 1
3 1 3 2
x(4oz.| X 5 X 7 o X4'"7)X(—3ETX
x(’z"'x]?x\‘-?iﬁ—:‘l—xflw)
o+ "a a + o
5.3.1 T 1
X X 5 X X +— X 4n X
(Agp)° 2 A2z A
x 471 = 0.8757 x 108 (fm)??
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1 1
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23 CZ )
1

2 U U’
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1 i
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1 1 T
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(B-12) ) <(1254;36)f [ (]234;56)1 >

2
3 - a./2n -20./3 n
~ 16 1 6 2 1 5 2
= —5——-| [ e ng dn6 dQ6 J e ng dn5 dQ5
2
SRR T K (2 - 5 ny
J e . ng dng dag J e n, dn, de,
2 2 2
(M By 20 Ny~ Xpp (ny™ + ny™ - 2ny.ny) 0
e n.- Y e Y
1 0 2 0
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dn] dn2
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X e]2 + U+ U
2
B d N
28 23 1 - =
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Cy Cy 27 3 9
- 2d, &
4 5 2 28 2
+ 3 + 3 + 3 + (U+U") . & - Qe2
-l
Pa (= e ey
4

) 23]d]d2 8caL.l 10a1d] Za] d2

B23 - ¥ ¥
3 27 9
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< (1254336) | (1234;56) >

3
| 16 | x [( a] x L x 22 X 4n ) x ( 3
9C2 2 'l 4(1]
1 3 ] 1
7 X X 4x) x ( X = X =
2 w 20.] ' 2(U + Ul) 2 U + UI
44 ) X ( 2[ (_O_L . &') ] o ] ] ) X '2—
4 3
v
- Y] a] X 4g )
a t a
( p o)
Aq 3.1 1 T 3.1
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22 22 22
1 X %— X & ]

2X22 x22

0.3568 x 108 ()% = - <(1236:54)c " | (1234356), >
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B T -n," (U +U")
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2022

and C3 ‘
( 16 o - Q0o )
27 2(U +U")

(B-15) < ( 3456312); | (1234;56); >

3?3 : ¢ 2(c *ta)

X %- X T— x 4n) x ( _—_;L“——f:r—) x~-%
\ at « 2(& + o )

X x 4z ) x | 1 ) X %— X ———JL—T———
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1 1 T 8 22
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