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• 
Abstract. 

The negative parity states of the nuclei 17N, 17o, 
17

F, and 
17

Ne were calculated using the shell model. All 

configurations whose unperturbed energies are one major shell 

17 
spacing above the 0 ground state were included in the calcu-

lation, and the spurious states were properly removed. The 

16 residual interactions were chosen from recent work on 0, 

(i) . 

18o, and 
18

F. The calculated spacing of the levels agrees well with 

the available experimental data; however the binding is off by 

around 1.5 MeV. The lifetimes for the electromagnetic decay of the 

negative parity states to the ground and first excited states in 

+ and the log ft values for the allowed ~ decays from 

17Ne to 17F were calculated and where possible compared with 

experiment. 
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1. 

§ 1. Introduction 

The calculations presented in this thesis were initial1y 

+ undertaken in an effort to understand the very slow ~ decay 

17 
from the ground state of Ne to the 3.10 MeV 1/2- leve1 of 

17F which was observed in de1ayed proton experiments (
1
), and 

17 
the similarly retarded "mirror" decay from N to the 3.06 MeV 

. 17 (2) state ~n 0 • A simplified she11 madel calculation based 

1arge1y on experimental information showed ()) that an accidentai 

cancellation occurs in the Gamow-Teller matrix element describing 

these decays, the transition probability being thereby decreased 

by two orders of magnitude. 

It was then decided to extend this project into a 

general she11 madel study of the negative parity states of 
17

N, 

17o, 17
F, and 

17
Ne, which will be co11ectively designated as the 

"A=l7 nuclei 11
• Two circumstances prompted this course of action: 

first, the extensive calculations carried out on the nuclei 
16

0, 

18
0, and 18F over the last few years indicated that a study of 

the A=l7 nuclei would be very profitable, and secondly, the 

availability of a large computer at the McGill Computing Center 

assured the feasibility of the calculations. 

Because of the close connection, which will become 

apparent in subsequent sections, between the negative parity states 



2. 

of the A=l7 nuclei on the one hand, and the positive parity 

states of 
18o, and 18F and the negative parity states of 

16o on 

the other, it was found convenient to inClude these latter in the 

present calculation, although no new results are to be expected 

for them. 
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§ 2. Formalism 

For the purposes of this calculation, we adopt the 

j-j coupling shell model (4 ) and use the usual second quantized 

notation (S). Thus a+ v· is the creation operator for a 
n LJm;mt 

nucleon in the state defined by the single particle quantum numbers 

nijm;mt , where n is the radial quantum number, lis the orbital 

angular momentum, j and rn are the total angular momentum and its 

z-component respectively, and mt is the 3-component of isospin. 

This operator transforms as a proper spherical tensor in both 

configuration space and iso-space. The corresponding annihilation 

operator is denoted by anzJ·m·m 
' t 

adjoint of a tensor operator 

which behaves as the hermitian 

(6) 
For the sake of convenience, 

the single particle quantum numbers will be summarized by a single 

Greek index. Depending on the context, this index may or may not 

include the z-components of isospin and angular momentum. The 

above operators obey the usual fermion commutation rules: 

0 

••• (1) 

The Hamiltonian can be written as 

H H + vres 
0 



where H includes the kinetic energy of all the particles and 
0 

4. 

their average interaction with all the nucleons in closed shells 

res 
and V is the residual interaction which acts only between 

particles in partially filled shells. The representation of the 

single particle states is taken to be the one that diagonalizes 

H • We can then write: 
0 

H = 
0 

+ 
a a 

a a 

The matrix elements V~yS include both the direct and the 

exchange terms: 

v~v~; <wa(l)l<wP(z)l v(l,2) \wv(2)~1w~(l)~As 

= <wa(l)l (11f3 (2)1 V(l ,2) \wv (2)/lw6ü)) 

-< *a<l)l< wP (2)1 V(l ,2) lw v (1)/lw~(z) / 

••• (2) 

••• (3) 

..• (4) 

Clearly, then, this matrix element has the following symmetries; 

V = V = -V = -V 
cxByS pa$y payS CJ.f5Gv 

The single particle energies g and wavefunctions w a a 

should really be calculated in a self-consistent scheme such as 
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Hartree-Fock (5), however, it is usually assumed that the 

eigenfunctions of a reasonable average shell madel potential 

are a close approximation to the single particle wavefunctions, 

and that the experimental single particle energies can be used 

for the fa· For the sake of simplicity, spherical harmonie 

oscillator eigenfunctions are normally used for the radial part 

of wa; we shall follow this practice. 

All Coulomb effects are ignored in this calculation, 

hence isospin is a good quantum number. The vector l 0) is 

16 . 
defined as the ground state of 0 wh~ch is assumed to consist of 

the completely filled Os and Op shells. All energies will be 

16 
measured from the ground state of 0 unless otherwise specified. 

We must now construct the basis states for the negative 

parity states of 
16

0, the positive parity states of 
18o, and 

18
F, 

and the negative parity states of the A=17 nuclei. As a matter 

of notation, we shall usually refer to energy levels by their 

spin, parity and isospin, denoted as i' ;T. For instance, the 

1 t t . . . 16o . 3- 0 owes nega ~ve par~ty state ~n ~s ; . The simplest 

possible configurations are chosen for these states and these 

are illustrated in fig. 1. The justification for ignoring 

more complicated configurations is two-fold: first, the 

unperturbed energies of such configurations (i.e. their energies 



6 • 

. h Vres ) WLt =0 are at least two shell spacings greater than the 

energies of the configurations taken into account, and secondly, 

it is practically impossible to carry out these calculations if 

the higher excitations are included without sorne further simpli-

fying assomptions. We now formally construct these basis states. 

16 
The negative parity states of 0 are therefore taken 

to be simply particle-hole states 

••.• ( 5 ) • 

where 
-1 7 denotes a hole in the Op shell and J) denotes a particle 

in the (Od,ls) shell . The bar under the operators indicates the 

angular momentum and isospin couplings : 

..•.• ( 6 ) . 

where the conventional notation for the vector coupling 

coefficients has been used ( 6 ) . The corresponding 
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bra, in the same notation, wou1d be written: 

••• (7) 

This definition of the partic1e-hole states differs from the 

conventional one by a phase factor. The matrix elements of 

the Hamiltonian, in this basis, are given by: 

<~·-l J/ 1 ·J T 1 H 
(J ' 0 

... (8) 

< J;T 
• 

< -1 \· . .resl -1 ) <. ' \ 1 J 1 )1 "-2' v' ;JT v 1 v ;JT = - *v' (1) < t~ ~2) v(l,,2) ~Vzr (2) ~~rv1 (1)/As 

J;T 

••• ( 9) 

The exp1icit form of the particle-hole matrix elements is given 

in appendix A . With reasonab1e forces those matrix elements 

are attractive in T = 0 states and repulsive in T = 1 states 
(5) 

18 18 
The positive parity states of 0 and F are taken to 

be the two partic1e states: 

• • • (10) 

where V and.~ both denote particle states in the Od,1s she11. 

The normalization constant is defined by: 



8. 

N = 1 
JI ji 

if JJ-1!1-

{]]2 "' "' if v=Ji and J+T is odd, 

= 0 otherwise. 

The matrix elements of the Hamiltonian are given by : 

••••• (11) • 

. • • . • ( 12) • 

The explicit form of the particle-particle matrix elements is 

again left to the appendix. 

The T=l/2 negative parity states in the A=l7 nuclei can be 

represented as linear combinations of one particle and two particle 

-one hole states whose unperturbed energies lie one major shell 

17 
spacing above the 0 ground state. The T=3/2 states consist only 

of two particle-one hole configurations. These can be written as : 

with p in the (Of,lp) shell , and 

+ + 
a 11 a.v afL J o> 
f-~ 

1 )J~ 
JT 



with v and X in the (Od,ls) shell, and 7 in the Op shell. The 

normalization factor N1X is defined as before. We shall refer 

to the above states as "basis" states. 

The matrix elements of H connecting the one particle states 

9. 

either to one particle states or to two-particle,one-hole states are: 

.( p' 1 H) p) ••••. ( 15 ) • 

and, 

</JH) ~-l(Y'fL;JT)J T) = <P']vres] ?-l(Ji)t)T)J T) 

NJ/}i 6J,jf JT,l/2 <wf,(l)l<wz(2)1 Vres(l,2) \ \jf)/.(2))\wJI(l))AS 
1 ( 1 

v l" 

J,T 

J,T 

[ 
(2J+1)(2T+l)] 1/ 2 

2 (2j;+l) 

"" ,...1' J,T 

:J,:r 

These last off-diagonal matrix elements can be called "polarization" 

terms since they are similar to the matrix elements which, for 

instance , give rise to the effective charge of a single neutron 

outside the closed 
16o core . The matrix elements of H between 



two particle-one hole states are considerab1y more complicated. 

For the purpose of calcu1ating these matrix elements only, it 

is convenient to separate the residual interaction into two 

parts : V , the particle-particle force, which acts only between 
pp 

particles in the same shell, and Vph , the particle-ho1e force, 

that acts only across shells. We have therefore : 

and , 

The partic1e-partic1e term is 

. -1 ...., ,.., J 
<~' (f!'J{';J'T')JT 

x 

<ir 

H +V +V h) 
0 pp p 

The particle-hole term is given on the next page 

••••• (17) 

Jf 
••••. (19) 

10. 



e 

<~'-1 

e 

;.J'T')J T tz-1<v;{;J T)J T) 
. +j' ""-

~ (-) JJt. li (2J+l) (2T+l) 
/ ' 

x 

;;<; <;:,: 

J,T 

x ""' """ /V )(2J'+1)(2T+l)(2T' 
1/2 ç;:f/'V ~,..,, 

W(l/2,l/2,T,l/2;T,T) W(l/2,1/2,T,l/2;T,T) 

x{ ~N' W(j!, iy ,J, il< ;.f,J) W (J7 , J; ,J, i~; J,J•) 
< r 

Cl)> As 

~ "" 
~ < J', T jV'/V '"""........, 

J+J'+T+T' 
+(-) ~v' W(j2,jti,J,jJ/;J',J) 

~........, r ; 
W(j2, j;f ,J' j; ;J ,J') <\jrx,(l)/ <\jr-z (2) 1 Cl)) As 

~ 'V 

J'+T' 
(1,2) jljr

2
,C2)) /tVy(l))AS 

"--·-·-----·---· ·-· ·-- -···· J 

-(-) 0ty' W(j~,jJ/,J,jlt;j,J) W(jf,jh,J,j;;J,Jr) 

.v IV 

J+T 
-(-) r 

C) Yf[r 

<11?V 

w ( j 2' j)t 'J ' j )1 ; J 'J) 
<~f 1 

w(j; , i ~, J, i~; J,J•) {'ij,. (il/ <w2 (2 li ~ ~~~C2l) /W"~lj> As 

,JJ 

••••••• ( 20 ) . 

t-' 
t-' . 
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The matrix elements that have been left uncalculated in the 

above expressions are standard particle-particle and particle-

hole matrix elements which are given in the appendix along with 

the derivations of the preceding equations. 

It is often convenient to have a diagrammatic representation 

of the various matrix elements. Such diagrams are shown in 

• 2 with all the angular momentum couplings of course 
p 

supressed. 
A 
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§ 3. Qualitative effects of the residual interaction 

A qualitative discussion of the features expected in 

the A=l7 nuclei now becomes appropriate. Let us initially 

restrict ourselves to the subspace of two-particleJone-hole 

states. It is evident from the way the states were constructed 

(see eq. 14 and fig. 1) that in sorne sense they can be 

considered to consist of a hole coupled to the even parity 

states of the A=18 nuclei, which we can call the 11core 11 states. 

Indeed, if the particle-hole interaction were ignored, this 

description would be exact. One result of this would be, for 

18 
instance, that the states having the F ground state as 

"coren would lie somewhat lower (l'V 1 MeV) than the states 

18 
having the 0 ground state as core. 

Now we know that the particle-hole interaction is 

in fact very strong, and that it is repulsive in relative 

T=l states and attractive in relative T=O states. In 

order to estimate the effect of this particle-hole force 

on the two particle-one hole states, let us ignore all 

factors other than isospin and recouple these states to 

display relative isospin of any one of the particles and 

the hole. 

L 
'""' T 

[ (2T+1)(2T+l)J l/Z w(l 1 T l.ï T) 
2 2 2J 

T 



Here' xh is the hale isospinor and Ali and xf:<. are the 

isospinors of the two particles respectively. Clearly if 

T=3/2 , then : 

/Xh) iXpl)IXrz> 

1 > 
1 

1 

3/2 

Such states are going to be strongly pushed up by the repulsive 

T=l particle-hole force. The T=l/2 states can be separated into 

two classes : those with T=l "cores" and those with T=O "cores". 

For the former we can write : 

~ j X h) / X f',) J X fz ) + \/~'lxh>1Xr)l1.p~> 
. o' , l 

1 J 
1/2 l/Z 1/:L-

The diagonal particle-hole matrix element will therefore be 

0.25 Vph(T=l) + 0.75 Vph(T=O) • Assuming roughly equal strengths, 

these states should be strongly depressed. On the other hand, the 

states with T=O "cores" can be written as : 

/X~,>JXpcL>JXf2> 
l 1 0 

' 

i /Xh)JXr,)lXr~> 
1 0 

u~ 'l:z. 1/::_. 

Renee the diagonal matrix element of the particle-hole force 

becomes 0.75 Vph(T=l) + 0.25 Vph(T=O) with the result that 

14. 
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the repulsive T=l particle hale force should be dominant and 

these levels should be pushed up. 

It is therefore to be expected that due to the strong 

particle-hole forces, the T=l/2 states with T=l "cores" will 

lie much lower than the T=l/2 states with T=O "cores", which 

in turn will iie well below the T=3/2 states. The introduction 

of the different possible single particle states, and the 

angular momentum factors of course complicate the picture 

but the above discussed effects are nevertheless expected to 

show up clearly. 

The T=l/2 basis also contains one•particle states from 

the (Of,lp) shell, which will be mixed with the two-particle

one hole states both by means of the polarization matrix 

elements and by the orthogonalization process involved in the 

elimination of spurious states (this is discussed in the 

following section.) We shall give reasons for omitting the 

polarization terms from the calculation and it will turn out 

that,in general,the mixing caused by the elimination of the 

spurious states doesntt affect the law lying levels of the 

A=l7 nuclei. Thus the above discussion remains essentially 

valid. 
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§4. Spurious states 

The principal characteristic of the shell model is that 

all the particles are treated individually, each moving in 

a fixed central potential whose origin doesn't necessarily 

coincide with the center of mass of the system. Consequently, 

the many particle states that can be constructed using the 

shell model may contain configurations which correspond to an 

overall motion of the center of mass with respect to the fixed 

potential. Such configurations cannat in any way approximate 

true physical states, hence they are called spurious and must 

be eliminated from the shell model basis states. Now in the 

general case of an arbitrary average potential it is very 

difficult to deal with such center of mass motions. However, 

if the potential is that of a spherically symmetric harmonie 

oscillator then the spurious states can be eliminated by a 

very convenient technique due to E. Baranger and C. W. Lee 
(7) 

The zero;..order shell model Hamiltonian with a harmonie 

oscillator potential is: 

H 
sm 

A 

L 
i=l 

+ 1 2 
2 mw 

whose solutions are denoted by "\ÏÏ' Ism 

A 

L 
i=l 

2 
r. 

1. 
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ii: = lfr e (r 1) • ••••••.••• • • lfr 11 (rA) sm nl 1 nA e;A 

where the *ne (r) are the wel1 known oscillator functions(
4
). 

The corresponding eigenvalue is: 

f} /} 3 E = (2n
1 + é. 

1 
+ 2n2 • • • • • • • • • • • • • • + 2nA + e A) 11. w + 2 11 w 

Now we can rewrite H as: sm 

with 

HCM: 
1 2 + l Amw2R2 =-- p 

2Am 2 

1 
A ,2 

H. ~ 2m pi 1.nt i=l 
+ 

where the following de fini ti ons 

A 
- 1 2--=: - -R=- r. p = 

A i=l 1. 

~, ·-? ·~ _....;.,. 

r. = r. R p: = 
1. 1. 1. 

1 2 A ,2 ~ 
~w ~ r. 

i=l 1. 

have be en used: 

A 

L -? 
p. 

i=l 1. 

. ......:.."]'-

~ p 
pi - A 

In order to avoid introducing another three degrees of freedom, 

one of the variables in H must be eliminated by using int 

L 
i 

..... , 
r. 

1. 
= o. We do not want to find explicitly the solutions 



of H. , but the solutions of HCM are again the oscillator 
~nt 

functions wNL (R), and so we can write the eigenstates of 

H in the alternate form, 
sm 

- .1 

j" SM = W int 

with the eigenvalue 

3 E = (2N + L + -
2

) -ilw + E. 
J..nt 

18. 

Clearly, f with eigenvalue E can be written as a linear combina tian sm 

of the wNL (R)w. belonging to the same eigenvalue and viceversa. .1.nt 

We normally want to restrict the shell madel states used 

in any calculation to those that correspond to the center of 

mass being in its ground state : N = 0 = L. 

Now all the shell madel wavefunctions of A particles that 

correspond to the lowest possible oscillator eigenvalue say E 
0 

compatible with the Pauli principle necessarily have their 

center of mass in its ground state. All the states of this A 

particle system that have their center of mass in its first 

excited state therefore correspond to the eigenvalue E +~w 
0 

and can be constructed explicitly by operating on all the 

states with center of mass in the ground state with the 
..,..+ 

operator C (c.m.) which adds an oscillator quantum to the 



center of mass function *CM (R). 

-++ 
C (c.m.) * NL (R) = ljrN+l L=fl (R) _, 

..,.+ 
The exp1icit form of C (c.m.) is: 

A 
~+ 
C (c.m.) l 2 ) 

i=1 

-i 
2mflw 

(-ifl~ + imw t 

-+ r. ) 
1. 

1 
A 

19. 

We can repeat this procedure to generate all the excited states 

with the center of mass in its second excited state E + 2fiw, 
0 

and so on. Al1 such states are ca1led spurious states. One of 

the most usefu1 aspects of this generating procedure is that 

the spurious states so constructed turn out to be orthonormal 

to each other. (?) 

We can therefore formu1ate the prescription for dealing 

with spurious states in the harmonie osci1lator shell model. 

If we are dealing with the ground state of a nucleus and its 

..-.+ c. 
1. 

excited states corresponding to the lowest osci1lator eigenva1ue 

only (i.e. no across shell excitations) then there are no 

spurious states involved. If we are dea1ing with states 

invo1ving the excitation of one or more neutrons or protons 

across an oscillator shell, then we must construct all relevent 

spurious states and orthogonalize the basis states to these. 

This of course imp1ies that all the states corresponding to a 

given oscillator eigenvalue must be included in the calculation. 
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16 
In 0, all the excited shell model configurations may 

involve spurious components, however, if we restrict ourselves 

to particle-hole excitaLions then there is only one spurious 

state with quantum numbers Jn;T = 1-;0. It turns out that 

this state remains essentially isolated after diagonalization 

of the Hamiltonian, consequently it is not necessary to 

subtract it initially from the basis. 

It is clear that the two particle configurations used 

to describe the nuclei 
18

0 and 
18

F do not contain any spurious 

components, so no problems are encountered in this case as well. 

The basis states used to describe the negative parity 

T=3/2 states of the A=l7 nuclei also do not contain spurious 

states since they correspond to the lowest oscillator eigenvalue 

allowed by the Pauli principle. On the other hand, the T=l/2 

negative parity basis states contain a large number of spurious 

states which must be eliminated. The T=l/2 states that 

correspond to the lowest allowed oscillator eigenvalue are 

the positive parity states of one particle outside the 16o 

core, hence the spurious states can be generated by operating 
~+ 

on these states with C (c.m.). These spurious states will be 

labelled by the quantum number ~ which defines the single 

particle state from which they were generated, and by the total 

angular momentum J' of the resulting state. The isospin T' is 
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of course 1/2 . We can then write : 

fiL jsp. ( cr)J' ,1/2) =-
V3A 

a(3 

where Schwinger's definition of the reduced matrix element 
( 35) 

was used. We can rewrite this state in the coupling scheme used 

in the previous section : 

jsp.(o')J' ,1/2) 1 

yl7' 
6. J' 

J.P' 

+ 
a,P 1 o> 

The reduced matrix elements are 

wcl-111 
2 2 2 2 

+ + 
at3 aa ao- /ü) 

1 :l~' 
J; 1/2 

""' 0 T) 

3/2- j- 2' 
(-) V(2j+l) (2j'+l)' W(/!,j,f' ,j' ;t,l) 

-> 
where the r-space matrix element is 
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< 1V n' e' // t+ llw ne) J ( t + 1) (2n + 2 f + 3) if n 1 =n and e 1 = t! + l 

= V2 (n + 1) if n' n + 1 and Il 1 = e - 1 

= 0 otherwise 

We now have to construct a set of nparent states" which 

are equivalent to the basis states but which have the spurious 

states isolated. This is done by using the Schmidt orthonormalization 

process as fo1lows. All the spurious states of given J are 

numbered sequentially from 1 to K , the kth state being 
sp 

Néxt, all the two particle-one 

hale states are numbered sequentia1ly from K up, the kth 
sp 

J 

-l "" r.J ' 
state being '2 (vk fik; Jk Tk ) J; 1/2). 

k 
This set of states 

spans the same space as the set of basis states. It is now 

merely necessary to orthonormalize this set to obtain the 

required Hparent states 11 which will be denoted by lk)J;l/2) 

where k is simply a label running from 1 to k , this being 
max 

the number of "parent states" invo1ved. For convenience 

we omit the labels J and T (=1/2). We can write the 11parent 

states" in terms of the "basis states": 

. > \' \ -1 ""' "' 
!k =LB( klp) lt> + ~ D(kj ~ (J/j{; J T)) 

f ~ ~ 
12J/J{J T 



For 1.6 k ~ K , we have : 

sp <~ lf;+jl1fa-l) 
B (k 1 p ) 

x[ ~ •• w<j?v j" ; 1 :}) <v, If;+ Il *1> + 

23. 

1 1 1 1 "" 
W( 2 2 2 2 ; O T ) 

+ (-)1-Y-T~"'• W(j?V jv; 1 i><''ix Il ~+Il"~) J 

For k > K , all the coefficients can be defined in terrns of a sp 

recurrence relation: 

If [N(k)] - 1 = 0, then the corresponding parent state is 

cornpletely dependant, and hence must be ornitted from the set. 
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§ 5. Choice of the Hamil tonian 

The zero order shell model Hamiltonian H is completely 
0 

defined by the choice of the single particle energies éa. 

These energies, which were taken from experimentas far as 

possible, are listed in table 1 Now the positions of the 

levels in the Op and{Od ,ls}shells are quite well known 

experimentally, however this is not the case for the levels in 

the Of,lp shell. The work of Salisbury and Richards (8
) on 

1 . . ff 16o . d. h h . e ast~c proton scatter~ng o ~n ~cates t at t ere ~s very 

little single particle f or p state strength below 8.3 MeV. 

proton energy. Beyond this, there is no conclusive experimental 

evidence available. The Of
7
/ 2 and lp3/ 2 energies listed in 

table 1 were therefore chosen quite arbitrarily from the ones 

used by Gillet and Vinh-Mau (g), while the Of
512 

and lp
112 

energies were obtained by assuming the same spin-orbit force 

as in the Od,ls shell. It is probable that the Df 7/ 2 energy 

so chosen is a few MeV too low. 

In view of the fact that the single particle energies 

in the Df,lp shell are so badly known, it was decided to omit 

from the calculation the off-diagonal matrix elements of the 

residual interaction which connect the single particle states 

to the two-particle 1 one-hole states. This is probably not too 
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drastic an approximation for the low lying states, since although 

both the two particle-one hole configurations and the single-

particle configuration start off with the same unperturbed energy, 

the two-particle,one-hole states are depressed by the diagonal 

parts of the residual force. In any case, all eigenstates 

obtained by diagonalization of H that contain a large admixture 

of the single particle Of or lp states and other states of the 

same spin that lie nearby must be viewed with sorne suspicion. 

Within our approximations, the only matrix elements 

of the residual interaction that are involved in the A=l7 

problem are the particle-particle matrix elements that also 

. 18 18 . 
determ~ne the spectra of 0 and F, and the part1cle-hole 

matrix elements which are also involved in the spectrum of 

16o. We shall therefore choose V and V h from the interactions 
pp p 

currently used in these three nuclei. This will generally 

involve using different potentials for V and V h' 
PP P 

The particle-hole force will be taken from the work 

of Gillet and Vinh-Mau (g) who derived it using the R. P. A. (S, lü) 

by a ~ 2 
fit to those negative parity states of 

16o that are 

strongly suspected of being particle-hole states. This potential 

is purely central and can be written: 



-

where f(r) defines the radial dependence of the force, and V 
0 

fixes its strength. The spin exchange operator is denoted by 

P rf and the space exchange operator by • The exchange 

mixture is specified by the constants W B , H , and M 

which obey the relation 

W+B+H+M 1 
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Forces of ·this general type will be called forces of "conventional 

form 11 
• The parameters derived by Gillet and Vinh-Mau are listed 

in table 2 , and this force will be called the Gillet force. 

A great variety of particle-particle forces have been 

. 18 18 used 1n recent years for the study of 0 and F . We have 

adopted four of these for the purposes of our calculations. 

The first of these is a force used by Inoue et al. (ll) to 

calculate the even parity states of nuclei between 
18o and 

20
Ne. 

This is a force of conventional form whose parameters are listed 

in table 2 . This force will be called the Inoue force. 

The second particle-particle force was taken from the 
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(12) . 18 20 
work of Kallio and Engeland on the nucle1 0 and O. 

This effective interaction was derived by means of the Scott-

. (13) 
Moszkowski separation techn1que which simulates the effect 

of the hard core that appears in the free nucleon-nucleon potential 

but neglects the tensor forces. This effective interaction 

is assumed to act in relative s-states only, and is written as: 

V(r) V
0 

exp [- a(r-a) J if r .? d 

0 if r ~ d 

with the parameters listed in table 3 . This force will be 

called the "Kallio'' force. 

The third force adopted for these calculations was a 

( 15 ) 
Rosenfeld mixture with Gaussian radial dependence . This 

is also a force of "conventional form" which was used in this 

case with the parameters listed in table. 2 This type 

of force with a Yukawa shape has been used by Eiliott and 

Flowers (l4) in calculations on 180 and 16o as well as in 

many other calculations. The particular parameters shawn 

in table 2.. (15) 
were suggested by T. D. Newton 

can be used for both Vpp and Vph' 

This force 

Finally Cohen, Lawson, Macfarlane and Soga (1 6) derived 
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the T=l matrix elements of the particle-particle force by a 

2 
direct X fit to the known levels of the oxygen isotopes 

using only the Od
512 

and ls
112 

single particle states. This 

set of matrix elements are listed in table 4; they will be 

called the "Lawson" force. It is clear that this force can 

only be used for the T=3/2 states of the A=l7 nuclei. 

The forces used in the calculation of the spectra of 

the A=l7 nuclei will be labelled by two names, the first 

referring to the particle-particle force and the second to 

the particle-hole force: e.g. the "Kallio-Gillet force". 



§6. Negative parity states of 16o and positive parity 

states of 18o and 
18

F 

As mentioned previous1y, there should exist a close 

29. 

relationship between the spectra of the A=l7 nuclei and those 

. 18 18 16 of the nuc1eL 0, F, and 0, which have been extensive1y 

studied over the 1ast few years. We expect to be able to 

understand bath the similarities and the differences between 

the ca1cu1ated and the experimental spectra of the A=17 

nuclei in terms of the comparative characteristics of the 

calculated and experimental spectra of 
180, 18F, and 

16o, 

which are shawn in figs. 3 ~ 4 , ,:X S . 

We have calculated the energy level schemes of the 

nuclei 18o, 18F, and 16o as predicted by the shell madel 

partially because not all the results were already available 

in the literature, and partially in arder to test various 

subroutines used in the A=l7 calculations. The results 

presented in this section are therefore not new, but are 

intended to outline the state of our knowledge of 
180, 18F, 

and 
16o insofar as this will help us to discuss the A=l7 nuclei. 

18 The experimental spectrum of 0 was taken from refs. 17 

and 18. The first few 1eve1s exhibit a "vibrational" spacing: 
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+ a "one phonon" 2 level at 2 MeV followed by a "two phonon" 

triplet between 3.5 and 4.0 MeV. These states are followed 

by many levels only a few of which have been well identified; 

+ + + . + among these are a 2 , 0 , 3 tr~plet at 5.3 MeV and 4 level 

at 7.1 MeV. 
+ + 

The 0 and 2 states near 5.3 MeV seem to belong 

to higher configurations and can be described as deformed 

States (18' 19' 20) Th . '11 . b ere ~s st~ sorne uncerta~nty a out 

the effects of such deformations on the "vibrational" states, 

(21) . 
but the evidence, bath experimental and theoret~cal, 

indicates that there is, for instance, less than 15% admixture 

of deformed configurations in the ground state. 

In our shell model calculations we have ignored the 

possibility of deformation, thus the calculated spectra do 

not show any levels corresponding to the third 0+ and 2+ 

+ states. It can be seen that while the first 2 state 

is given quite well by bath the Kallio and Inoue forces, 

the closely spaced "two phonon" states are reproduced with 

only moderate success. The Kallio force pulls the second 

+ 
0 state about 0.7 MeV tao low. The ether "two phonon" 

states are given to better than 0.3 MeV. + The first 3 

+ and second 4 levels are given quite badly by bath forces, but 

the deviations are in opposite directions, hence, it is likely 

that the use of a moderately different exchange mixture would 
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give these states correctly. 

The spacing of all the states as predicted by the 

Rosenfeld force is consistently too sma:ll. 

The calculated binding energies of the ground state 

are listed in table 5 along with the corresponding experimental 

values. 
16 

Ail these energies are measured from the 0 ground 

state. The Kallio force underestimates the binding by 0.5 MeV, 

the Rosenfeld force by nearly one MeV , while the Inoue force 

gives it perfectly. 

The spectra obtained using the Lawson force are not 

illustrated in the figures. This force predicts the spacing 

between the ground state, the one and two phonon states and 

the first 3+ state to better than 0.1 MeV in each case (16). 

+ It cannot of course predict the second 4 state because it on1y 

takes into account the Od
512 

and ls
112 

single partic1e states. 

The binding energy of the ground state is predicted to be 

0.3 MeV too small. 

The 
18o spectrum was also calculated using the 

Gillet force. The binding energy turned out to be 2.7 MeV 

too weak, and the spacing between the 11vibrational 11 states 
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was too small by a factor of two. The Gillet force is therefore 

totally inadequate for the evaluation of the particle-particle 

matrix elements. 

. (17 22) 
The calculated and exper~mental ' spectra of 

are shown in fig. 4 . It is clear that the levels at 1.08, 

1.70, 2.10, and 2.53 MeV cannot be predicted by any of the forces 

used, so that they probably arise from more complicated configurations. 

The Inoue force predicts very well all the other identified levels. 

+ The Kallio force pulls the 1 , 0 ground state down too low with 

respect to the rest of the levels, whose spacing is otherwise quite 

good. The Rosenfeld force gives a fairly poor agreement with the 

experimental spectrum. 

16 
The binding energies with respect to the 0 ground state 

and with the Coulomb forces subtracted out are shown in table 5 

The Inoue force gives the correct binding energy, the Kallio force 

gives 0.3 MeV too much binding, while the Rosenfeld force gives 

0,3 MeV too little. 

16 
The experimental negative parity spectrum of 0 below 16 MeV 

(l 7) is characterized by a closely spaced quartet of T=l levels 

near 13 MeV, imbedded in a more or less evenly distributed set 

of T=O levels starting from 6 MeV. By analogy with the spectrum 
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of 16N, all other T=l states should lie above 16 MeV, hence the 

three observed 2 states with no experimental isospin assignments 

are probably T=O. Very few spin and isospin assignments are known 

(23) 
above 16 MeV; Isabelle and Bishop have tentatively identified 

two 1-;1 states at 22.5 and 25.5 MeV respectively and de Forest 

et al. (Z 4) have sorne evidence for a 2 ;1 level at 20.2 MeV. 

Finally, there is a 0 level listed in ref 17 at 16.3 MeV. 

The Gillet force gives all the known T=l levels reasonably 

well. The quartet at 13 MeV lies about 1/4 MeV too high and the 

0-;1 and 3-;1 1evels are inverted. The Rosenfeld force gives the 

quartet about 1/4 MeV too low, but the level sequence is a little 

better since the 0-;1 level is now the lowest T=l state; however 

the 3-;1 state is still too low compared with the center of 

gravity of the quartet. 

The lowest calculated 1-;0 state should be entirely spurious 

and should come in at zero energy if ground state correlations 

were properly included (S). It can in fact be verified that the 

lowest 1-;0 state predicted using the Gillet force, the Rosenfeld 

force, or the Inoue force contains at least 80% of the spurious 

state constructed according to the prescription of Baranger and Lee(?). 

A glanee at fig. 5 shows that for every T=O state predicted 
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by the shell model using one particle-one hole configurations 

only there are about two experimentally observed levels of the 

same spin and parity. It is therefore clear that the presence 

of higher configurations is not negligible. Although attempts 

have been made to sort out the effects of higher configurations(
2
S), 

the situation is not yet completely clear; it appears however 

that one can say the following. The 3-;0 and the 0-;0 states 

observed at 6.13 MeV and 10.9 MeV respectively are probably good 

particle-hole states, however the 3-;0 level is strongly affected 

b d 1 
. (9) 

y groun state corre at~ons • 

appear to involve considerable configuration mixing. 

The Gillet force gives the correct position of the first 

0-;0 level, but it gives the lowest 3-;0 state about 1.3 MeV too 

high; if the ground state correlations were taken into account 
"'le 

by using the RPA, then this state would come dawn ta its correct 

position also 
(9) 

In spite of the likeli hood of strong con fi-. 
guration mixing, it appears that the lowest non-spurious 1-;0 

particle-hole state is predicted tao high, probably by around one 

MeV. Generally then, the Gillet force doesn't pull the T=O 

states down low enough; the clear exception to this statement 

- -1 is the 0 ;0 level which consists of the pure (Op
112 

; ls
112

) 

configuration, and which is quite correctly predicted. 

* "Random Phase Approximation" see refs. 5, 9, and 10. 
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The Rosenfeld force pulls the first 3-;0 level about 

0.7 MeV too low; since ground state correlations would lower it 

further still, this indicates that the force is somewhat too 

strong. The first 1-;0 state is now nearer toits expected 

position than with the Gillet force, but the 0-;0 state is 

raised nearly 3 MeV too high. 

The !noue force yields no improvement on the Gillet 

force as far as the T=l spectrum is concerned, while the first 

3-;0 state is pulled nearly 2.5 MeV too low. Since the 0-;0 

state ends up around one MeV too high, it appears that the 

fit is generally quite poor. The Inoue force therefore doesn't 

seem to be useful for the calculation of the particle-hole 

matrix elements. 



. 17 17 
§~Negative par~ty states of F and 0 

17 
The calculated and experimental energy leve1s of F 
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are shawn in fig. 6 . The experimental level scheme was 

taken from the work of Salisbury and Richards (8) who studied 

16 
these states by elastic proton scattering on O. The level at 

3.86 MeV which they labelled as 7/2- from the previous work of 

Laubenstein and Laubenstein (
26

) has since been identified as 

- (27) 17 
5/2 by Segel et al. . The experimental spectrum of 0 is 

17 
identica1 to that of F below 6.1 MeV; above this energy, 

the level density increases, fewer unequivocal spin and parity 

assignments have been made, and the similarity between the two 

spectra ceases to be quite as startling. 

The calculated spectra have been normalized so that the 

lowest 1/2-;1/2 state lies at 3.10 MeV. The level spacings 

obtained using either the Kallio-Gillet or the Inoue-Gillet 

forces agree with the experimental spacings as well as can be 

expected considering the quality of the fits obtained in 160, 

18o, and 
18

F. The use of the Rosenfeld force in both the 

particle-particle and the particle-hole matrix elements yields 

rouch worse results, which is of course a reflection of the poor 

fits obtained in the A=l8 nuclei. We shall return to the 



spectrum obtained using the Rosenfeld force a little later, 

but for the moment the discussion will be restricted to the 

other two spectra. 

Because of the large dimension of the basis used to 

describe these states, it is not practical to tabulate the 

complete wavefunctions , although we could of course list 

the main components. For the purposes of the following 

discussion , however it is more convenient to describe the 

negative parity states of the A=l7 nuclei in terms of a Op
112 

or Op
312 

hole coupled to a "core 11 consisting of those eigen

states of the A=l8 nuclei that can be described in terms of 

two-particle configurations • The wavefunctions of the first 
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few T=l/2 states are given in tables 8,9,10,and 11 using this 

type of decomposition . Tables 6 and 7 show the wavefunctions 

18 18 of the relevant 0 and F states. One can note that the 

configurations which account for less than a few percent of 

any state have generally been omitted from the tables .The figure 

in brackets at the foot of each column indicates the fraction of 

the normalization that is accounted for by the listed components. 

Let us now discuss the 1/2-;1/2 levels in sorne detail. 

There are three such states predicted below 9 MeV. ; the lowest of 

which of course appears at the correct energy because of the 

arbitrary normalization of the calculated spectra. Because of the 
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~ decay information to be seen later, the second 1/2- ; 1/2 

leve1, experimentally seen at 6.04 MeV, must be identified with 

the 1eve1 predicted at 5.94 MeV (Kallio-Gi11et forces) or at 

6.39 MeV (Inoue-Gi11et forces) whose structure is essentia11y 

-1 + 
Op

112 
(first 1 ,0) , that is to say, a Op

112 
ho1e coup1ed 

18 
to the ground state of Fas a "core". This 1eaves an" extra 11 

1/2-;1/2 state predicted in the region just above 6.0 MeV 

whose structure is dominant1y Op1 j~ + (second 0 ;1). The 

inversion of the order of the two 1/2-;l/2 states near 6 MeV 

can be directly attributed to the characteristics of the Ka1lio 

and the Inoue forces as observed in 18o and 
18F . We may reca11 

that the Ka11io force pulls the 1+,0 ground state of 18F down 

too low as compared to the other states, whereas the Inoue 

+ 18 force gives the second 0 ,1 state in 0 too 1ow. 

These 1/2-;1/2 states a1so serve to illustrate the 

arguments presented in section § 3 . The state based on the 

-1 + configuration Op
112 

(first 1 ,0) which would lie one MeV 

-1 + 
below the state based on the configuration Op

112 
(first 0 ,1) 

in the absence of particle-hole forces turns out in fact to 

lie 3 MeV above this state. The first 1/2-;3/2 state lies far 

above both of them. 

The predicted and observed energies of the first 3/2-;1/2 
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level agree to ~ 1/2 MeV, which is satisfactory. However, 

the second predicted 3/2- state lies halfway between the two 

experimental levels at 5.5 and 6.7 MeV respectively. There 

is, furthermore, another experimental 3/2- level at 7.0 MeV 

while the nearest calculated levels are at least one MeV above 

this. We could of course identify sequentially the second, 

third and fourth experimental and calculated levels, notirig 

that the predicted energies are then too high by 0.6, 1.3, and 

1.4 MeV respectively. However, a more satisfactory explanation 

can be given if we note that the experimental proton reduced 

2 
widths yp of the two levels at 6.70 and 7.03 MeV are two 

(8) 

orders of magnitude smaller than the reduced widths of the two 

levels seen at 5.52 and 4.69 MeV. This suggests that the 

upper two levels may be due to higher configurations (presumably 

four-particle,three-hole), since y2 
p 

for a given level is 

proportional to the admixture of single particle configurations 

in the level,and, whereas the polarization diagrams provide an 

immediate mechanism for mixing these with the two-particle,one-

hole configurations, there are no matrix elements connecting 

the single particle configurations to the four-particle,three-

hole configurations. These two upper 3/2- levels can probably 

be understood as arising from two of the states between 1.0 and 

3.0 MeV in 
18

F which also cannot be described by two-particle 
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configuration. The energies of these states turn out to be 

roughly right if we assume that the effects of the particle-

hale forces are the same for all states involving T=O "cores" 

as their dominant configuration. The presence of these two 

extra states would tend to depress the second calculated 

3/2-;1/2 state closer toits observed position at the expense 

of some configuration mixing. The calculated 3/2-;1/2 states 

above 7.5 MeV can probably be identified with some 3/2- states 

17 (8 28) . 
seen in 0 at 7.72, 8.20, and 8.68 MeV ' wh1ch have 

neutron reduced widths of the right arder of magnitude to 

be two-particle,one-hole states. 

The calculations give the first 5/2- level about 

0.4 MeV above its experimental position, which is within the 

accuracy expected of the madel. However, two additional 5/2-

states are predicted near 6~eV and 7 MeV respectively. There 

is no experimental evidence for such levels in 17F; however, 

two 5/2 levels (parity not known) have been seen in 17o at 

7.16 and 7.37 MeV respectively(S), one of which may correspond 

to the calculated state near 7 MeV. The state predicted 

near 6 MeV seems too far away to be identified with any of 

these levels; however, if its width is as narrow as that of 

the known state at 3.86 MeV (i.e. 3KeV), it is not impossible 



that it would have been missed in the experiments. 

The interpretation of the 7/2-;1/2 states is a 

little more complicated, first because these are the only 

+ 
law lying states that involve the badly predicted 3 ,1 
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+ 18 and 4 ,1 levels of 0 as "cores", and secondly because large 

admixtures of the single particle configuration are involved. 

Using the Inoue-Gillet force, the madel predicts a 

7/2- state at 5.67 MeV. in excellent agreement with experiment. 

-1 + The dominant configuration in this state is Op112 (first 3 ,0). 

The next three states, which lie between 7 and 9 MeV, are mixtures 

of four configurations; in particular, they contain 65% of the 

single particle Of
712 

strength. Now experimentally, there should 

not be much single particle strength below 9 MeV (8 , 28 ) 

consequently it seems clear that the unperturbed energy of the Of712 

state was chosen too low. Raising the Of
712 

energy by two or 

three MeV would then leave only two 7/2- states with predicted 

energies between 7 and 8 MeV. One of these should in fact lie 

near 6.5 MeV, since one of the dominant configurations in these 

-1 + states is Op 112 (first 3 ,1) and it was noted in section 6 

h h I f h f . 3+ 1 f 18o . 1 t at t e noue oree gave t e 1rst , state o approx1mate y 

one MeV too high. The other predicted 7/2- state presumably 
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stays between 7 and 8 MeV and can perhaps be identified with 

- 17 the 7/2 level observed in Fat 7.55 MeV. 

18 Now from the calculated 0 spectrum we know that the 

+ + Kallio force pulls the first 3 ,l and the first 4 ,1 "core" 

states about one MeV too low. Because of this, the two 7/2-

states -1 ( + ) - 1 ( 3+. 1) from the Op
112 

first 3 ,0 and the Op 112 first , 

configurations are found to be nearly degenerate at 5.7 MeV when 

the 17F spectrum is calcu1ated with the Kallio-Gi1let force. 

Clearly one of these states should in fact lie one MeV higher. 

The next two 7/2- states lie between 7 and 9 MeV, but a little 

lower than with the Inoue-Gillet force, and they again contain 

most of the single particle Of
712 

strength. 

It seems therefore clear that the shell model predicts 

a 7/2- state at 5.6 MeV whose principal component is the Op~72 
(first ,0) configuration. This state can be identified with 

the 7/2- level observed in 17F at the same energy. Furthermore 

the calculations show that with a reasonable particle-particle 

force and a realistic choice of the Of712 energy, two more 7/2-

states should appear, one around 6.5 ~7 MeV and the ether 

around 7 ~ 8 MeV. The latter may perhaps be identified wi th 
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the state observed at 7.55 MeV. 

We now discuss the absolute energy of the lowest 

112; 1/2 state which in fig. 6 was norrnalized to 3.10 MeV. 

Table 12 shows the experimental and calculated energies of this 

16 level measured from the 0 ground state with the Coulomb 

energies subtracted out (see appendix]) ). It is clear that 

the calculated level is too weakly bound. The reason for this 

1 b f d . h d . . f h 16o . . resu t can e oun Ln t e LSCUSSLon o t e negatLve parLty 

states where it was observed that the Gillet potential was not 

strong enough to pull many of the T:O states clown to their 

observed position. The magnitude of this defect in the 

particle-hole force is quite adequate to account for the 

discrepancy in the binding of the lowest 1/2-;1/2 state of 17F. 

We can also use the above arguments to suggest the 

probable reason for the appearance of an extra 1/2-;1/2 state 

in the calculated spectrum of 17F. As discussed in section §6, 

-1 
it is principa11y the Op112 ,od

512
T=O matrix elements that are 

too sma11. The only low 1ying negative parity state in 17F 

that does not depend strong1y on these particle-hole matrix 

elements is precisely the extra 1/2-;1/2 state which is dominantly 

-1 2 + -1 
Opl/Z (ls 112 ;o ,1). If the Op112 ,Is

112 
particle-hole matrix 
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elements are more or less correctly given by the Gillet force, 

then this extra state should lie one MeV or so above its position 

shown in fig. 6 , which puts it just high enough to be near 

the region where there are many experimental levels with no 

spin assignments. 

It must also be noted that the above arguments apply 

only to T=l/2 states. The T=3/2 states are not affected by the 

T=O particle-hole matrix elements, bence they should not be 

lowered with the T=l/2 states. This then puts the 1/2-;3/2 

levels shown in fig. 6 about 1.5 MeV above their indicated 

position. 

17 The F spectrum obtained using the Rosenfeld force 

for both the particle-particle and the particle-hole matrix 

elements has broadly speaking the correct characteristics, 

however the levels are shifted from their correct positions 

often by more than one MeV and in a fairly disorganized manner, 

which reflects the poor spectra obtained for the A=l8 nuclei 

with this force. The following seems to be true: a central 

potential that predicts the particle-hole states of 16o 

reasonably well is too weak to give the proper spectrum for the 

A=l8 nuclei (this is the case for the Gillet potential); while 
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apotential which yields good spectra for the A=l8 nuclei is too 

strong to reproduce the particle-hole states of 
16o (this is the 

case for the Inoue potential). In a sense the Rosenfeld force 

that we have used is a compromise: it is a little too strong 

. 160 (. 1.n 1..e. it pulls the first 3-,0 state too low) and it 

is a1so too weak to give the correct spacing between the 1eve1s 

of 18o The resu1ts for the spectrum of 17
F are consequently 

not very good when the same force is used in both the particle-

particle and the particle-hole matrix elements. 

It might appear that the Kallio force would be useful 

both as a particle-particle force and as a particle-hole force 

since it has already been used to describe both 16o (29 ) and 

18o (lZ). However, although the parameters of the force were 

left the same in both these calculations, the harmonie oscillator 

constant was changed from~w=l7 MeV in the former to~w=13.3 MeV 

in the latter. Now the radial spread of the wavefunction depends 

mw -1/2 
on (,fi-) , consequently the oscillator fonctions used in 18o 

are more spread out than those used in 16o, which results in 

an effectively stronger interaction in 18o for this particular 

type of force. The Ka11io force also has the drawback that it 

t 11 . th f" t 2- 0 . 16o f . b d ac ua y ra1.ses e 1.rs , state 1n rom 1ts unpertur e 

position instead of 1owering it. This reflects very strongly 

17 
on the energies of the 1ow lying states of F. The Ka11io force 

was therefore not used as a partic1e-ho1e force in our calculations 

of the spectra of the A=17 nuc1ei . 
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. 17 17 § 8. Negative pan.ty states of N and Ne 

. (30) 17 
The calculated and exper~mental spectra of N below 

7.0 MeV are shown in fig. 7 . It is evident from the figure 

that very little experimental information is available 

on the levels of 17N, in particular no spin or parity assignments 

have yet been made except for the ground state. The spectrum 

of the mirror nucleus 17Ne is even less well known. 

The spectrum calculated using the Lawson-Rosenfeld 

force is thought to be the most reliable since the Lawson 

force predicts the 180 spectrum very well, while the Rosenfeld 

16 
force gives the low lying T=l states of 0 somewhat better 

than the Gillet potential. We shall therefore compare this 

spectrum to the available experimental data and then discuss 

the variations found in the other calculated spectra. The 

first excited state found at 1.37 MeV is apparently not given 

by the calculation, and hence it probably arises from 

configurations not included in the calculation, The two 

states of the doublet at 1.9 MeV are well predicted, their 

-1 + 
principal component being the Op112 (first 2 ,1) configuration. 

The next five calculated levels arise from the "two phonon" 

triplet of 18o; these states should therefore be characterized 
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by a weak electromagnetic cross-over transition to the ground 

state, but strong transitions to the doublet at 1.9 MeV. 

These levels are followed by two states based on the first 

+ 18 3 ,1 of 0 as "core". It is possible to tentatively 

identify the 1/2- state 1 calculated to be at 2,83 MeV~with 

the experimenta11y observed state at 2.54 MeV; however, 

the identification of the other states will have to await 

the availability of sorne experimental spin assignments. 

Since the 3.21 MeV state is observed to have a 50% 

b h . t. t th d t t (30) . . . bl ranc 1ng ra 10 o e groun s a e , 1t 1s poss1 e 

that this state does not correspond to any of the calculated 

states. This would then leave five experimental and five 

calculated 1evels between 3.0 and 5.0 MeV. The great number 

of experimental levels seen above 5 MeV probably correspond 

to the many levels observed in 18o at about the same distance 

above the ground state, consequently most of these must be 

assigned to higher configurations. 

The deviations of the other calculated spectra from 

the one obtained using the Lawson-Rosenfeld force can be traced 

directly to the differences between the calculated and observed 

18 
spectra of O. Thus, for example, the S/2- level calculated 

to lie at 5.37 MeV using the Lawson-Rosenfeld force is given 
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one MeV below this position by the Kallio-Gillet force and 

one MeV above this position by the Inoue-Gillet force. This 

+ is a precise reflection of the shifts of the 3 ,1 level of 

18o . b h f as g~ven y t ese orees. 

The disturbing feature of these calculations of 

the 17N spectrum is of course the fact that the 1.37 MeV level 

apparently cannat be explained as a two particle-one hale 

state. The presence of higher configurations so near the 

ground·state implies the possibility of a great deal of 

configuration mixing if the parity of this first excited state 

were to be negative. It might be pointed out in this connection 

that a fairly accurate prediction of the energies of the 

various states does not necessarily imply that all the more 

important configurations have been properly taken into account. 

For example, the first four excited states of 
18o are quite we11 

predicted by the she11 model using only two partic1e configurations; 

on the other hand it now appears that these states may contain 

a fair amount (perha ps 15%) of "deformed" configurations (18 •19 •20 •21 ) 

which is enough to greatly affect sorne properties such as 

transition probabilities for instance. 

The experimental and calculated binding energies of 

the 
17

N ground state are given in table 12; these energies 
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are as usual measured from the 16o ground state with the 

Coulomb energies subtracted out. It can be seen that the 

calculated values are too low by roughly one MeV. We have 

no explanation for this discrepancy. 
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89. Electromagnetic transition probabilities in 
17o and 

17
F 

Fig. 8 shows the calculated transition probabilities 

for the electromagnetic decay of the low-lying negative parity 

17 
states of F to the ground state and first excited state. 

The wavefunctions of the initial states were those obtained 

using the Inoue-Gillet force, while the ground state and 

+ 
the 1/2 level at 0.5 MeV were assumed to be the single particle 

Od
512 

and ls
112 

states. The wavefunctions obtained using 

all three sets of forces were used to calculate those 

17 17 transition probabilities in F and 0 that have been 

experimentally studied (27 • 32 ); these results are shawn in 

table 13. The limit given in the table for the transition 

from the first 5/2- level 
17 

the level 0,88 MeV of 0 to at 

is derived from the upper limit set by Braude et al. 
(32) 

+ on the branching ratio to this 1/2 state, and the 

transition probability measured by Segel et al. (2
?) for 

the decay of the analogue S/2- level in 17F; since this is 

an indirect estimate it is marked in table 13 by a question 

mark. 

The measured El transitions are two orders of magnitude 



slower than the corresponding single particle transitions. 

Such very long El lifetimes can be understood as follows. If 

we ignore the single particle configurations which appear as 

very small components in the low lying negative parity states 

of 17o and 17F , then these states can be described in terms 

f . 1 1 d . d 160 N h . o a part1c e coup e to an exc1te core . ow t e g1ant 

51. 

dipole resonance in 16o lies above 20 MeV. , so it is unlikely 

that the extra particle in 17o or 17F will pull much El strength 

down into the low lying states. Renee , there is only a very 

weak El transition between the two particle-one hole part 

of the first few excited states and the single particle even 

parity states. 

The calculations generally bear out these arguments. 

In detail, the transition amplitudes turn out to be small 

for two reasons . First, of the five particle-hole 

combinations that contribute to El transitions , only one 

appears in the first few negative parity states with a 

moderately large amplitude. Secondly, a considerable 

amount of cancellation occurs between the matrix elements 

to the many configurations that enter with small amplitude. 

Thus lifetime calculations based only on the dominant configurations 

can turn out to be very inaccurate : for example, the transition 



probabi1ity from the first 1/2- 1eve1 of 17o to the 0.88 MeV. 

1evel, ca1cu1ated using the wavefunctions obtained with the 

12 -1 Inoue-Gillet forces, is equa1 to 0.25x 10 sec. ; using 

the same wavefunctions, but omitting those configurations 

that are based on the Op
312 

ho1e, we obtain ~el= 0.4 x 10
14 

-1 
sec. , in spite of the fact that the configurations based 

on the Op
312 

hale account for only 6% of the initial state. 

How re1iab1e , then , are the calcu1ated transition 

52. 

probabilities ? In general , the amplitudes of the smal1 components 

vary by 1ess than a factor of two with changes in the forces 

used; consequently , if too much cancellation does not occur , 

the ca1culated lifetimes should be accurate to a factor of 

four or five • On the other hand , when cancellations become 

excessive , then the calcu1ated lifetimes are no better than 

arder of magnitude estimates. It can be seen from table 13 

that the calculated and experimental electromagnetic transition 

probabilities agree to within the limitations of the ca1culation. 
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§10. The ê+ decay of 17Ne 

We can now calculate the log ft values for the 

o d f 17N 17F · h . 1 1 1 t d ~- ecays rom e to usLng t e prevLous y ca cu a e 

wavefunctions. Since this is a ~T=l transition, it is 

purely Gamow-Teller and we can write (3l) 

log ft <-:>)2 3.64 - log t:r 

where < ;J) is the conventional symbol for the Gamow-Teller 

matrix element. It is given by: 

2 (2J+l) (2T'+l) 
1 

2 

1
. (l.,M ,T,M J T'

1 
M') 1 

op t t 

A 

]<J'T'li ft â(i) _& (i) ,, 
2 

JT~ 

with M = +1 for ~- decay and M -1 for 
op op 

decay. The 

reduced matrix element in the"basis" states is shown on the 

next page, equ. 21 . It can be seen that this matrix element 

separates into two contributions, one which corresponds to a 

hole transition and the other which corresponds to a "core" 

transition. The derivation of equ.21 and the details of the 

evaluation of the various factors are given in appendix B . 
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-> 
The ifr operator does not connect the single particle basis states ....,. 

to the two particle-one hole states so the former do not enter 

the expression for the log ft. 

The measured (l) and calculated log ft values for the 

17Ne p+ 17 decay F are shown in fig. 9 . The experimental 
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1 f 1 f h d 
17N 7o t" 11 . "1 (2) og t va ues or t e ecay are essen ~a y s~m~ ar . 

Experimentally the decay to the lowest 1/2-; 1/2 state 

of 
17

F is strongly inhibited with a log ft value greater than 

1 - 17 5.8. The mirror decay to the lowest 1 2 state of 0 has 

a log ft = 6.8. The calculations also predict a weak decay 

to this state which can be understood in terms of a cancellation 

as follows. 
-1 + 

The Op
112 

(first 0 ,1) configuration accounts 

17 for 96% of the ground state of Ne, while the lowest 1/2-;1/2 

17 -1 
state of F is made up primarily of the configuration Opl/Z 

+ -1 + (first 0 ,1) and a small admixture of Op
112 

(first 1 ,0) which 

together account for 90% of the state. Now, let A be the 

+ amplitude of the configuration based on the 0 ,1 "core" and 

B the amplitude of the configuration based on the , 0 "core". 

Then the Gamow~Teller reduced matrix element can be written 

according to eq. 21 . as the sum of a ho le part and a "core" part 
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/1 Op112) + B <first l+,ojl if!: /Jnrst 0+,1) 

where, for the sake of clarity, we have omitted all the 

angular momentum and isospin coefficients which in this 

case turn out to be almost equal for both terms. Now 

B << A according to table 8 ; on the other hand, the 

"core" matrix element turns out to be nearly three times 

larger than the hole matrix element. The relative signs 

of A and B are determined by the relevant off-diagonal 

matrix elements of the particle-hole force; it turns out 

that two terms interfere destructively and thus give rise 

to the very large observed log ft value. 

The 1/2-;1/2 state predicted at 6.39 MeV using the 

Inoue-Gillet force or at 5.94 MeV using the Kallio-Gillet 

+ force is essentially the state built on the same 0 ,1 and 

+ 1 ,0 "cores 11 as the lowest 1/2-;1/2 and orthogonal toit. 

It therefore has the values of A and B interchanged with 

the opposite relative sign. The interference is therefore 

constructive and gives rise to a very fast calculated decay 

rate with a log ft= 3.4. This is much faster than the 

observed log ft which is N 4.3. 

These interference effects illustrate the great 
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sensitivity of the p-decay matrix elements to the small 

admixtures in the wavefunctions. In this sense the log 

ft values are an excellent test of the finer details of 

the calculation; on the other hand they are often too 

sensitive to verify the broad features of the model. This can 

again be illustrated by the third low lying 1/2-;1/2 (this 

is the "extra" state which has not been identified with 

any experimental level). This state contains as dominant 

-1 + 
component the Op112 (second 0 ,1) configuration which is not 

-?-">-
connected by the ~roperator to the main components of the 

17 
Ne ground state. The transition therefore proceeds 

entirely via the sma11 components of these wavefunctions. 

-1 + 
The amplitude of the Op112 (first 1 ,0) configuration in 

this state is found to be essentially zero using the 

Kallio-Gillet force and 0.155 using the !noue-Gillet force: 

correspondingly the log ft values change from ~ 6.7 in the 

former case to /V 4.9 in the latter. 

1 - 17 The decays to the 3 2 ;1/2 levels of Fare quite 

similar to the ones discussed above. The dominant component 

-1 + of the first 3/2- state is the Op112 (first 1 ,0) configuration; 

the decay is therefore calculated to be very fast with log 

ft 3.3, which is much smaller than the experimental value 

of 4.3. On the other hand, the log ft of the decay to the 

second 3/2- level has a calculated value of 4.85 (Kallio-

Gillet forces) or 6.7 (Inoue-Gillet forces) which is much 
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larger than the experimental value of 3.8, This occurrs 

because the ~~operator doesn't connect the main components 

of this state to the ground state of 
17

Ne, the transition 

being therefore forced to proceed via the small components 

only. The difference between the two calculated log ft 

values can be largely accounted for by the different small 

-1 + 
admixtures of the Op

112 
(first 1 ,0) configuration predicted 

by the two forces. The log ft value of the decay to the 

third 3/2 state predicted near 8 MeV is calculated to 

be 4.2; it is therefore tempting to try to identify this 

state with the level observed in the delayed proton 

experiments near 8 MeV with a log ft value ~ 4.0. At 

any rate this fast decay certainly rules out any identification 

of the third calculated 3/2- level with the two levels seen 

in the proton scattering work (8) at 6.7 and 7.0 MeV since 

these are not observed to have any ~ decay strength. 

It appears therefore that, although the decay to 

the lowest 1/2-;1/2 state is well predicted, these calculations 

+ 17 
cannat explain all the other observed ~ -decays from Ne 

to 17F In particular, sorne mechanism must be provided 

for a better sharing of the decay strength between the two 

lowest 3/2 levels of 
17

F. Presumably the same mechanism 
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should also weaken the very fast calculated decay to the 1/2-

state at 6 MeV, since all these discrepancies seem to arise 

from the concentration of the Op~J 2 Cfirst 1+,0) configuration 

in one 1/2- state and one 3/2- state. The presence of higher 

configurations as indicated by the two 3/2- states near 7 MeV 

could perhaps provide the required mechanism. On the other 

hand, it must be noted that higher configurations very probably 

1 ff h d f 
17N ( ' );: 8 ) d a so a ect t e groun state o e see sectlon ~ , an 

this could also seriously alter the log ft values. 



§ 11 • Conclusions • 

These calculations show that the negative parity states 

of 17o and 17F up to 6 MeV. can be adequately described in terms 

of two particle-one hole configurations • There are however indi-

cations that leve1s arising mainly from higher configurations 

appear above 6 MeV. ; sorne mixing of these into the lower states 

is therefore to be expected . Whether such mixing can explain 
+ 

the discrepancies in the log ft values for the decay 
17

Ne ~17F 

can only be decided by further calculations. 

In the absence of experimental spin assignments, it is 

17 
difficult to say much about the spectrum of N . It seems that 

the first few observed energy levels ( with the notable exception 

of the 1.37 MeV. level ) can be identified as negative parity 

two particle-one hole states. The 1.37 MeV. level either has 

positive parity, or it must arise from higher configurations. 

This study of the negative parity states in the A=17 

nuclei can be extended in two ways first , the effect of four 

particle-three hole configurations should be investigated in 

detail, and secondly, the possibility of ground state correlations 

should be included in the calculations. This latter point is parti-

cularly important if good absolute energies are required. 

60. 
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Level Op3/2 Op1/2 OdS/2 ls1/2 Od3/2 Of7/2 lp3/2 

Energy -21.8 -15.65 -4.15 -3.27 0,93 6.70 11.7 
(MeV.) 

TABLE 1 • The single particle energies used in the study of nuclei near 16o 

OfS/2 1Pl/2 

13.7 14.7 

e 

' 

0'\ 
+:-. 



e 

1 
Na me f(r) v 1 ex: w B l 

(Me:.) 1 (f.-1) 

Gillet 
2 2 

exp(- .:X r ) -40.0 0. 5682 0.35 -0.10 

Rosenfeld 2 2 exp(- :?( r ) -50.0 0.5774 -0.13 0.46 

Inoue ex:e (- 0( r) -35.0 0.6026 0.25 -0.136 
r 

TABLE 2 • Parameters for the residual forces of conventiona1 form. 

1 
H 

0.40 

-0.26 

0.25 

M 

0.35 

0.93 

0.636 

e 

()"\ 

Vl 



e e 

Spin state V (MeV.) 0: (f. -1) a (f.) d (f.) 
0 

Sing1et -330.8 2.402 0.40 1.045 

Triplet -475.0 2.521 0.40 0.925 

-

TABLE 3 . Parameters for the Kal1io residual force . 

0'> 
0'> 



Two particle matrix elements 

<Cod5/2)2J=O 1 res 1 (Od5/2)2J=O> 

• 2 1 .res 1 (Os
112

) J=O v (ls
112

)
2 
J=O) 

1 

<((Od5/2'lsl/2)J=21 res 1 (Od5/2'lsl/2)J=2) 

< (OdS/2)2 J=21 Tes 1 (OdS/2 'lsl/2 )J=2) 

(Cod5/2'lsl/2)J=31 res 1 (Od5/2'lsl/2)J=3) 

((Od5/2)2J=41 res 1 (Od5/2)2J=4) 

67. 

(MeV.) 

-3.33 

-2.07 

-0.93 

-1.38 

-0.87 

-0.69 

1.00 

0.02 

TABLE 4 • The T=l particle-particle matrix elements of the 

Lawson force . 



e 

Exp't. Kallio Inoue Rosenfeld 

force force force 

18 
0 ground state -12.21 -11.71 -12.20 -11.26 

18 F ground state -13.26 -13.54 -13.28 -13.00 

-

TABLE 5 • 
. 18 18 The energ1es of the gound states of 0 and F measured from the 

ground state of The Coulomb energies have been subtracted out, 

and a11 the energies are given in MeV. 

e 

0'\ 
00 
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. 
+ + + J=l+,T=O 

+ + 
configuration J=O ,T=1 J=2 ,T=1 J=4 ,T=1 J=2 ,T=O J=3 ,T=O 

first second first second first first second first first 

2 
Od5/2 0.924 -0.337 o. 773 -0.622 0.974 0. 716 -0.524 0.650 

Od')j 21s1/ 2 0.598 0.779 Oo872 0.734 

Od5/20d3/2 0.121 0.017 0,226 -0.512 -0.015 0.375 -0.192 

2 
lsl/2 0.331 0.942 0.452 0,841 

lsl/20d3/2 0.153 0.076 0,027 -0.117 0.314 

2 
OdJ/Z 0.190 -0.002 0.074 0.009 -0.142 0.068 -0.041 

TABLE 6 o The wavefunctions of the two particle eigenstates of 
18o and 

18
F as calculated using the 

Kallio force o 

0'\ 
\.0 . 

1 
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configuration 
+ 

J=O ,T=l 
+ 

J=2 ,T=1 J=4+ + 
J=l ,T=O 

+ 
J=2 ,T=O 

+ 
J=3 ,T=O 

\ 

first second first second first first second first first 

2 
Od5/2 0.862 -0.422 0.644 o. 700 0.885 0.707 -0.534 0.619 

Od~/2ls112 0.677 -0.665 0.869 0.759 

Od5/20d3/2 ,. "~ 0.209 0.163 0.466 -0.474 0.062 0.340 -0.198 

2 
1s1/2 0.429 0.902 0.504 0.835 

ls1/20d3/2 0.256 -0.183 0.027 -0.086 0.358 

2 
Od3/2 0.268 -0.086 0.132 0.085 -0.142 0.084 -0.042 

TABLE 7 • The wavefunctions of the two particle eigenstates of 180 and 18F as ca1culated using the 

Inoue force • 

-...) 

0 . 

! 
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Kallio-Gi11et forces Inoue-Gi11et forces 

configuration 

3.10 MeV. 5. 94 MeV. 6.65 MeV. 3.10 MeV. 6.09 MeV. 6.~9 MeV. 

-1 + Op112 (first 0 ,1) 0.919 0.276 0.000 0.934 0.042 0.230 

-1 + Op112 (second 0 ,1) -0.021 0.009 0.930 -0.025 0.925 -0.136 
-1 + 

Op 1/Z (first 1 ,0) -0.281 0.947 0.007 -0.225 0.160 0.949 

-1 ( + 1 

Op112 second 1 ,0) 0.036 0.047 -0.182 0.028 -0.155 0.087 

(92.5%) (97, 5'7o) (89 .8%) (92 .4%) (90. 7%) (98.0%) 

TABLE 8 • The wavefunctions of the J=1/2-,T=1/2 states of 17o and 17F. The wavefunctions are 

expressed in terms of a ho1e coupled to the "A=18 cores" and on1y the main components 

are shown. 

-...J 

"'"" . 
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configuration Ka11io-Gi11et forces Inoue-Gi11et forces 

4.55 MeV. 6.13 MeV. 7. 90 MeV. 8.81 MeV. 5.05 MeV. 6.15 MeV. 8.01 MeV. 8.45 MeV. 

-1 + Op112 (first 2 , 1) -0.212 0.893 -0.025 -0.237 -0.114 0.897 -0.066 0.224 

-1 + Op112 (second 2 ,1) 0.146 0.055 -0.854 0.276 -0.172 -0,029 0.830 0.374 

-1 + Op112 (first 1 ,0) 0.892 0.227 0.188 -0.051 0.900 0.117 0.192 0.086 

-1 + Op112 (second 1 ,0) -0.033 0.193 0.271 0.825 -0.018 0.222 0.388 -0.795 

(86.3%) (88. 9%) (83. 9%) (81.6%) (85 .3%) (86 .8%) (88 .1%) (83 .2%) 

'-· 

TABLE 9 • The wavefunctions of the J=3/2-,T=1/2 states of 17o and 17F. The wavefunctions are expressed 

in terms of a hale coup1ed to the "A=l8 cores" and only the main components are shown. 

-.....! 
N 

. 
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Kal1io-Gi1let forces Inoue-Gi1let forces 
configurations 

1 

! 

4.29 MeV. 5.75 MeV. 7 .03 MeV. 4.38 MeV. 6.11 MeV. 6.95 MeV. 

-1 + Op
112

(first 2 ,1) 0.925 0.053 0.138 0.927 0.062 0.183 

-1 + Op
112 

(second 2 ,1) -0.055 0.919 -0.061 0.038 -0.900 0.189 

-1 + Op112 (first 3 ,1) -0.017 -0.036 0.403 -0.018 0.022 0.152 

-1 
Op1/2 (first 2+ ,0) -0.052 -0.140 -0.444 -0.065 -0.199 -0.368 

-1 + Op112 (first 3 ,0) -0.221 0.018 0.608 -0.236 0.130 o. 776 

(91.0%) (86 .9%) (75.2%) (92 .1%) (87 .1%) (83 .0%) 

------ -

TABLE 10 • The wavefunctions of the J=5/2- ,T=1/2 states in 17o and 17F . The wavefunctions are 

expanded in terms of a ho1e coupled to the "A=18 cores" and on1y the main components 

are shown. 

e 

"-..1 
w . 
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Kallio-Gillet forces !noue-Gillet forces 
configuration 

5.56 MeV. 5.75 MeV. 7.28 MeV. 8.38 MeV. 5.67 MeV. 7.17 MeV. 7. 70 MeV. 8.53 MeV. 

-1 . + Op112 (fLrst 3 ,1) -0.712 0,483 0.162 0,123 -0.102 -0.546 0.617 0.181 

;,.1 + 
Op112 (second 3 ,1) -0.043 0.047 0.040 0.211 0.015 -0.009 0.044 0.109 

-1 + Op112 (first 4 ,1) -0.121 -0.365 0.701 0.318 -0.174 0.453 0.458 0.519 

-1 + Op112 (second 4 ,1) -0.052 0.110 0.040 0.299 0.080 -0.086 0.022 0.212 

-1 + Op112 (first 3 ,0) 0.559 0,616 0.426 0.042 0.905 0.116 0.198 0.063 

-1 + Op112 (second 3 ,0) -.050 0.181 -0.333 0.106 0.063 -0.523 -0.300 0.322 

Of7/2 -0.177 0,107 0.281 -0.809 0.018 -0.134 0.408 -0.686 

(87 .2%) (80.4%) (89 .2%) (91.8%) (87 .1%) (81. 6%) (88 .8%) (93. 7%) 

TABLE 11 • The wavefunctions the J=7/2- ,T=1/2 states of 17o and 17F • The wavefunctions are written in 

terms of a hale coupled ta the "A=18 cores" and on1y the main components are shawn. 
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Level: 

. 

J=l/2- ,T=l/2 

.:J=l/2- ,T=3/2 

TABLE 12 , 

--------------·· 

e 

Experimental 

energies Calculated energies (MeV.) 

(MeV.) 

-- Lawson-Rosenfeld 
Kallio-Gillet !noue-Gillet Rosenfeld 

forces forces force forces 

-1.09 0.88 0.62 0.55 

7 .o 6.55 6.05 6.68 6.28 

The energies of the lowest T=l/2 and T=3/2 states in the A=17 nuclei measured 

from the ground state of 16o. The Coulomb energies have been subtracted out. 

-...J 
V1 . 
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A -1 (cale.) (sec. ) 
Initial state Final state A (exp.) 

-1 (sec. ) !noue-Gillet Kallio-Gillet Rosenfeld 

170 1/2- 3.06 MeV. 5/2+ g.s. < 0.3 x 10
12 0.44 x lOill 0.53 x lOll 0.46 x 1011 

1/2- 3.06 MeV. 1/2+ 0.88 MeV. 0.8 x 1013 0.25 x 10
12 0.33 x lo12 0.12 x 1014 

5/2- 3.85 MeV. s// 14 0.41 x 1014 0.94 x lo
14 0.82 x 1014 

g.s. > 0.4 x 10 

5/2- 3.85 MeV. 1/2+ 0.88 MeV. 
13 .. < 0.8 x 10 (?) 0.37 x 10 

9 
0.31 x 10 

9 
0.51 x 10 8 

---- ------------------- ------------------- ------------------- -------------- --------------- -------------
17F 5/2- 3.86 MeV. 5/2+ 15 0.39 x 1014 0.97 x 1014 

g.s. 0.17 x 10 

TABLE 13, Sorne calculated and experimental electromagnetic transition probabilities in 17o and 17F . 
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configurations Lawson-Rosenfe1d Ka11io-Gillet Inoue-Gillet 
forces forces forces 

-1 2 + Op3/ 2 (Od512 ;2 ,1) 0.249 0.159 o.U.8o 

-1 '2 + Op1/ 2 (Od512 ;o ,1) 0.899 0.900 0.811 

-1 2 + Op 112 (1s 112 ;o ,1) 0.353 0.353 0.480 

-1 . 2 + 
Op1/ 2 (Od312 ;o ,1) 0.000 0.182 0.253 

(99 .5%) (99 .3%) (98 .4%) 

; 

TABLE 14 • . 17 17 The wavefunct1on of the ground state of N or Ne ( J=l/2-,T=1/2) 

as calculated using various forces. The wavefunctions are expressed 

in the "basis" states and only the main components are shown. 

-..J 
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Fig. 1 She11 mode1 configurations for the 1ow lying states of nuclei near o16 

( 6 is a hole in a filled shell; 0 is a partic1e in an empty shell ) 

Of,1p Of,lp 
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! ~ ~ 

full 

Os 

16 
0 ground state 

Of, 1p 

-0- Od,ls 

o17and F17 

positive parity states 

-0-0-

Os 

Of,1p 

Od,1s 

o18 
,F18and Ne 18 

positive parity states 

-0-
------------------ -- ----------------- ------ --------- -------------------------

-6- Op -~:---- Op 

Os Os 
016 ·N17 017 F17 d N 17 , , an e 

negative parity states negative parity states ...... 
CX) 



a. 

c .. 
v' 

JI 

-----A 
}tl \1 

, ,, 

1 /1, 

----7\ 
JI 1 

Il' 

....... -----

JI 

Fig. 2 Examples of the three types of diagrams representing the 

matrix elements of the residual interaction : (a) the "polarization" 

diagrams, (b) the "particle-particle" diagrarns, (c) the "particle-

hale" diagrarns. 
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Appendix A The matrix elements of ~es. 

This appendix contains a brief derivation of the various 

matrix elements that were required for the calculations discussed 

above. The fundamental matrix element is of course the two-particle 

matrix element) and this is evaluated in section A-1 below. The 

remaining sections are then devoted to reducing all the other types 

of matrix elements to sums over two particle matrix elements. 

Throughout this appendix the residual interaction is as-

sumed to be purely central. It can therefore be written as : 

~es (r) 

where f(r) defines the radial dependence of the force, and V 
0 

fixes its strength.The spin and space exchange operators are de-

noted by Po- and P respectively. For the purposes of calculation, 
x 

· · · · h · f _xes · f h ~t ~s eas~er to rewr~te t e express~on or v ~n terms o t e 

singlet spin and triplet spin projection operators P! and P~ 

87. 

V
0

f(r){((W-B) + (M-H)Px] P~ + [ (W+B) + (M+H)PJ P~ 1 
..... (A-1) 
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A - 1 • The matrix elements of ~es between two-particle states 

< v' x' ; J T V i/fi ; J T > , "' ~ 1 res l N ...., 

•••.. (A- 2) 

<J,'T J,T 

The matrix element involving the creation and annihilation operators 

can be calculated in a straightforward manner by using the commu-

tation rules given in equ. 1 . The symmetries of VapyS allow the 

resulting expression to be written as : 

- ~ l res 1 - ~) <v',4;JT V .V)1;JT = 

JT 
.••.. (A-3) 

The single particle wavefunctions may be written: 

= ) , (/!,mn, 1/2 ,ms 1 j ,rn) lwniJ'm·m (1)) t 
-' t 

x x<s) (1) rn 
s 

À (T) (1) 

mt 



89. 

where Y is a spherical harmonie as defined by 
( 6 ) 

Edmonds , 
tme 

is a harmonie oscillator radial wavefunction ( 4 ) , and X (s) 

IV (T) 
and 1\ are the spin and isospin wavefunctions respectively. 

In order to lighten the notation somewhat, we shall write : 

Jn f)1 = Rne (r 1) y êmî (fl1) 

J s >1 = X (s) (1) 
m s 

j t) 1 X (T) (1) 
mt 

We shal1 also suppress the z components of angular momentum and 

isospin. 

The residual interaction defined in equ. A-1 can be written 

as a sum of terms g g where g acts on1y in coordinate space, 
x a' x 

and g 11' acts only in spin space J and both g and go-- are scalars. 
x 

We can therefore easily evaluate the matrix elements on the right 

hand side of equ.A-3 by going over to L-S coupling ; the direct 

term will then be : 

<wv~<l)l< ~~ (2)1 gxg.r\wx (2)) \wj/ Cl)) = 

< J" T' J T 

J:t: 
'\ r 

jJ/ 1 
L 

1/2 j~ 1 j ~JI 1/2 

= A l' 1/2 • 1 l A ,, ~ 1/2 . l 
Jx; 

; 
J }1.. { 

- 1 'L Jl L S LL s J 1 s [_ ..! 

x ;(nj~ el~ 1 ~n~ i~ 1 gx 1 n){ e~Jnj/ ();_ 
<L L 
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The A coefficient is the one defined by Kennedy and Cliff ( 33 ) 

Since we are using harmonie oscillator wavefunctions, the 

coordinate space matrix element can be evaluated by transforming 

to the relative and center of mass coordinates of the two particles. 

If gx doesn't contain the space exchange operator, i.e. if gx= f(r 12), 

then : 

(n'e'j /n'2' 
1 llv 1'1'11'1 f(r12) 1 n1./Jt\,lnvlP ) 1 L <n ê n ! ; L J nIl~~; L) y j/ ;'i }t 

<L L n n'R • .r.:t 
t>O 

x (n'/!' n~e~;L/ n'f.A'L;L) i Rn'e (r) f(r12) Rne(r) 
2 

dr r 
JI JI 

where r12 = / 
1 

r = - r • The transformation brackets 
fi 12 

are defined in the paper of Moshinsky 
(34) 

• The matrix element 

of f (r 12) p is identical 
x 

except for a factor of c-/ inside 

the sunnnation sign. 

Since we can take g~ to be either the singlet or the triplet 

projection operators, the spin space matrix elements are trivial. 

The exchange term differs from the direct term only by a 

phase factor (-) l +S-T inside all the summation signs. Using all 

the above results, we can write the total matrix element for the 

T = 0 and the T = 1 cases as follows. 
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"' If T = 0 

. 11 r 
1/2 jjl l 

r 
1/2 Jv ' 1 g)l 

2A 1 -1 l ) 

(J!'A' ;J T=ol res l ~ ~ ) 1/2 A ./ /! 1/2 . > V 1/Ji. ;J T=O = Jx r .::i. r ' ){ 0 1j :' j 0 J 1 -

(n;e; n~~~;JJ n'é',,r.t;J)<n,~~t:nx~t;Jj né'"JI.t;J) 
' 

x 

n n'vV.i 
è =odd ""' 

x ( w - B + H - M ) L Rn' e (r) v (r 12) R ne (r) r 
2 

~ 
+ 1 

L...____1 

L 

1/2 

1/2 

1 

1/2 

1/2 

1 

~}/] 
J )( 
Ï{ 

J 

••••••• ( A- 4 ) 

tv 
The T = 1 matrix element is the same as above with the 

replacements 

( W - B + H - M ) ta be rep laced by ( W - B + M - H ) 

( W + B + M + H ) to be rep laced by ( W + B - M - H ) • 

)( 



A-2. Matrix elements of Vres between particle-hole states. 

= 

x <oJ + + 
aJ/, a~, ao; a

13 
~ 

<J T 

1 
4 

10 > 

The use of the commutation rules again leads to a straightforward 

evaluation of the occupation number space matrix element. Using 

. .res the symrnetries of v we 
CXI3Y.f 

< J T 

J T 

........ ( A- 5 ) 

S
. .res 1.nce v is a scalar, then as far as the angular momentum 

couplings are concerned the matrix element on the right hand side 

of equ. A-5 can be thought of as a product of four spherical 

tensors coupled together in a given order to zero total angular 

momentum. We can therefore change the arder of coupling by the 

use of an A ff
. . ( 33) 

-coe 1c1ent : 

92. 



J j'l jv J 1 A ., \ J 'l; r J 0 1 _, 

which, in this special case, is equal to a Racah coefficient to 

within a factor ( 6 ) . The argument can of course be repeated for 

the isospin couplings. The final result becomes : 

< J T 

= 

___ __; 

J T 

~ (2J+1)(2T+l) W(j~,jj/,j;,j;;J,J) x 

J T 

""" x W(l/2,1/2,1/2,1/2;T,T) x 

••••••• ( A- 6 ) 

93. 

The two particle matrix element can now be evaluated using equ. A-4 

without any difficulty. 
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A-3. The rnatrix elements of vres between two-particle,one-hole states. 

1 L vres <ol + ++ + + = NJ'ft.' NYX a~,av,a~,aaa~ayaJ a~ aJI aX-4 Of)yE 
Of) yS {:~.'< 1 

,~ 
JT 

---+-' 

< JT JT 

Let us for the moment ignore all the angular momentum and isospin 

couplings. We then have : 

< 1 -1 1 ,

1 
.. .res/ n -1. ·"-. 

~ lJfl v {., )/)1/ 

= 
1 
4 

= 

where we have used the syrnmetries of v~~~ 

second quantized matrix elements, we obtain 

x 

Evaluating the remaining 

jo> 



<. -1 1 res/ -1 ) 12' v' tt' 1 V 1J v ;t = 

•••••••••• ( A- 7 ) 

It is not very difficult to put back the angular momentum and 

isospin couplings if we use the f'ollowing relations : 

= 
~~ 

J T 

1/2 
[ (2J+l) (2J+l) (2T+l) <zT'+l) J 

+ + or, when we want to isolate ay rather than aft 

95. 



= 
\ - -1/2 
~ ~zJ+l) c2J+1) C2T+l) C2T+l) j 

J T 

JT 

When we put the couplings back into equ. A-7 , the first term 

gives rise to the 11particle-particle" matrix element given in 

96. 

+ + 
aJI a 

1 x 
) 1 

equ. 19 of the text, while the term within the square brackets 

gives rise to the "particle-hole" force whose matrix element is 

shown in equ. 20 of the text. 
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A-4. Matrix element of ~es connec the two-particle,one-hole 

states to the single particle states. 

, f res/ -1 "'"" ) < _p' V ':? (v}[ ;J T)J T = 
1 
4 

+ + 
a_ aJ/ a 

lz~ 
~ 

JT 

The evaluation of the second quantized matrix element is straight-

forward, and gives : 

<:'n'J ~es J. ·17 -l(l/u ;J T)J T) = N !J J S 
r t " Jlfl J,jf' M,m.P T,l/2 

x <*l(l)j <*~ <z>/ 

1 ) 

"" ,..._. 
J T 

1 

J T 

where M , m~ , Mt , and m 
tl' 

are the z-components of J , j~ , T , 

and of the isospin of/' respectively. Making use of the fact that 

the above matrix element is independant of these z-components, we 

can rewrite it in the form : 
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[ 

- 1/2 
(21+1) <ir+1) J 

2 (2j/'+1) 

x < ~~(1) 1 <w~ (2)1 vres (1 ,2) lwx (2)) lw v (l))AS 
• ) 1 

.v N ,..., ""' < J T J T 

• • • • • • • • ( A- 8 ) 

The two partic1e matrix element that is 1eft on the right hand side 

of the above equation can be calculated as shown in section A-1 

of this appendix. 
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APPENDIX B ; Matrix elements of sorne one body operators . 

We now want to calculate those matrix elements of an arbit-

rary one-body operator that connect the two-particle#one-hole 
), :'it" 

basis states to each other. Let the operator t7 be a spherical 

tensor operator of rank 1 in coordinate space and rank :J 
t 

in 

isospin space. Then with Schwinger's definition of the reduced 

( 35) . matrix element , and us~ng equation 6 of ref. 35, we can 

write almost immediately that : 

x 

= 

] 
1/2 [< 2J + 1) ( 2J' + 1) ( 2T + 1) ( 2T' + 1) 

[ s (-)-J'-J+ J +j'Il (-)-T' -T+ 1 +l/2 W(T T T' T' ·1/2 1 ) 
'2'2' t ' ' ' ' ' t x 

- - < - - Il &· 1 1* tl "' ~> X W (J J J ' J ' • J. ·'f ) J/' u' ,· J ' T ' . . , u ,· J T ' ' ' ; 'Z ' . ;·t v/ 1, 

/, , ~,-./, 1 """-·, (-)-J+J+J·., (-)-T+T+l/2 - '.JI ji ; J T J/ ft ; J T / ~ x 

x W(l/2,T,l/2,T';T,1t) 

••••••• ( B-1 ) 
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where we have used the fact that the hole-hole matrix element is 

related to the particle-particle matrix element by 

If we substitute 
,1-lt- _.,.. -

= rr z:- then equ. 21 is obtained innnedia tel y. 

The two-particle matrix element can also be rewritten in 

terms of single partie le matrix elements by using equ. 6 of ref. 35 

again. This yields : 

x 

(-):1-:T+t,- j~ (-) :J t +r c 12 "' 12 ""'' 1 1 ) ,. W 1 ,T,l ,T; 1 2, t 

x[ ~~,W(jy,J,j;,J';j;('-1) <v'/1():/)t~)J/) 

+ J
11
..,,(-)J+J'+Ï+T' w(jlt,J,j,.;,i•;jy,1) <!i'll rf 11"JJ,tt) 

,V N 

\ J'+T' 
"/t'''(-) 

,.. "' J. (-)J+T 
/?/t' 

........ ( B- 2 ) . 

The single particle matrix elements are of course determined by the 

choice of the one body opera tor tP :nt: • If we take this to be d 't:" 
-'loo 

x 
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and if we assume unit overlap for the radial wavefunctions of given 

t but different j, then we can write 

1 +1/2 . ' - J 1/2 
6 (-) 0 -] l(2j+l)(2j'+l) x 

x W(l/2,j,l/2,j';ê,l) 

••••••• ( B- 3 ) 

these are all the formulae necessary for the calculation of the 

log ft values for the ~ decay of the ground states of 
17

Ne and 
17

N. 

The matrix elements of a one body operator 
,i) :1.71: 
I.Y that 

connect the two particle-one hole states to the single particle 

states will now be calculated. In this case, it is better not to 

skip over the explicit calculation of the second quantized matrix 

elements • 

& L <wcxO)/ & J)h) 1 '~ (1)> 
+ 

acx a 13 
C43 

L &Ut- + 
013 acx a 13 

exp 

Omitting the angular momentum and isospin coupling coefficients, 

we have : 

(,P j tJ1~tj "2- 1 
J! ){) = L (!}~t (0 1 a1 a~ a

13 
a'l a: a; Jo) 

C43 
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Renee : 

\-, 

/ 
j -m +1/2-m 

(-) 2 2 ty 

(l/2,m ,l/2,m 1 T,M) 
tv t,N. t t 

(j ,rn , j ,mu ,. J ,M) 
j.l JI ~ n 

After doing sorne angular momentum algebra, we can write : 

"'"' N' .1 1/2 [ (2J+1)(2J+1)(2T+l)(2T+l) 

2(2j.P+l) 

N · N 

x W(l/2,1/2,T,l/2;T,1t) W(j/,j~,J,j~;J,1) 
,>V ... v 

J-J+j,.+T-T+l/2 , J.it: , 
x N/lf( ~)/ (-) z < ljr~ (1) JI & (1) }j~Jr){ (1) > 

/V l'V 

j +j -J+l-T 
(-) JI 'tt """ ) (same as above with J/ ~fi 

.•.•• (B-4). 

This equation will be used in Appendix C to calculate sorne 

electromagnetic transition probabilities. 
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APPENDIX C . Sorne electromagnetic transitions . 

The theory of lmv energy electromagnetic transitions 

is given in all textbooks on nuclear theory ( see for example 

M.A. Preston , ref.4 ) • In this appendix we shall use the formulae 

given by Kennedy and Sharp (3S) but we shall rewrite them us 

the isospin formalism. The charge and magnetic moment operators 

can then be written : 

charge = e [ ( 
e [ ê

0 

magnetic moment = 

E + f~ ) f' 

2 

+El~ J 

eti 
mc 

eti 
=~ 

mc 

!:(, é·., )] + 7; ( 
z 2 

) + 

+ 

where e is the magnitude of the charge of an electron, is 

the z-component of the isospin operator, E and 
p 

1! are the 
n 

effective of the proton and the neutron respectively, and 

and are their magnetic moments. 

The electric and magnetic multipole operators of order 

L can then be written : 



e QL M (1) 
' L 

e QL M (1) 
' L 

e M1 M (1) 
' L 

e ML M (1) 
' L 

= 

= 

e ( E.o + E 1 -,;- ) 
z 

i k 
(L+l) 

1 
(~) ( é.o 

(L+l) mc 

(~) 
2mc <;t + J{l 
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+El { ....:;. L * -> ] ) ( \7 r YL M ) ·L 
' L 

) f<"v rL 
-~~ ·--<> 

] T YL,~ ) • (Ï 
z 

where the label "1 11 stands for all the particle coordinates 

and is explicit1y shawn to distinguish the above operators from 

the corresponding second quantized operators which are : 

= L <*c/1 ) ] QL,M
1 

(l) lwP <1)) 
ap 

and simi1ar expressions for the other three operators. These 

operators transform under rotations as the hermitian adjoints 

f h . 1 ( 6 ) d h . b h . 1 o sp er~ca tensors , an t ey conta~n ot an ~sosca ar 

and an isovector part. 

We shall from now on restrict the discussion to electric 

multipole transitions , since all the formulae for magnetic multi-

pole transitions are identical except for the replacement of all 

the Q and Q' by M and M' • 



The transition probabilities J1EL for an electric 

transition of multipole order L , going from an initial state 

lJi,Mi,Mti :> to a final state JJf,Mf,Mtf~ is given by : 

8:rc (L+l) 

L [(21+1) ~ J 2 

x 

Now we can write 

2 k2L+l e c 

-fic 

~Jf,Mf,Mtfl QL,~ + Q~,~ 1 Ji,Mi,Mti~ 

~ 
(-) ( L,-~,Ji,Mi 1 Jf'Mf) 

= 

1 
x 

(2J .+1) 
1 

= 
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which defines the quantity < /: U > ; it is essentially a reduced 

matrix element in spin and coordinate space only . Using the 

completeness of the Clebsch-Gordan coefficients, we can perform 

the sums over the magnetic quantum numbers : 

il EL 
8rr (L+l) c k2L+l 

2 
1 = (~) 

2(2J.+l) x 
L [C2L+l) ~ ~1 2 ..fic 

1 

x l<Jf,Mtfl1 QL + Q' 
L :1 J. ,M) 

1 1 t1 
12 

2 



Now , we are interested in electromagnetic transitions 

in 
17

F and 
17o going from sorne of the low lying negative parity 

states to the ground state and first excited state. The latter 

are assumed to be pure single particle states whereas the former 

106. 

involve both single particle and two particle-one hole configurations. 

We therefore need the matrix elements that connect single particle 

configurations either to single particle configurations ( eq. C-1) 

orto two particle-one hole configurations ( eq. C-2) . 

• • • . • . . ( C-1) 

N N 

The operators QL and QL are the same as Q
1 

and QL except that 

the factors é 0 + E
1 

Z: z and ji0 
+}il are omitted. The 

double bar matrix elements that are left in eq. C-1 and C-2 are 

reduced matrix elements in configuration space only; they are 

given explicitly by Kennedy and Sharp ( 35 ) 



e e 

<f'/ 1~ QL + QL \l 1?-l(J/jt ;J T)J T) 

(' ~ T-T+l/2+J-J+j'Z ,.,. N 

= àVf1 i NJ;'Jl (-) V(2J+l) (2J+l) (2T+l) (2T+l) 
'V' 

W(j
1
,, j}{. ,J, J,; J ,L) 

ls M w(l/2,1/2,T,l/2;T,o) {2 <1jf'/J(l) JI t
0
QL(l) +fL

0
Q1(1) ]j 1jf <1)> 

[~t ' x 

-/6 (1 ,0, T ,Mt j1/2 ,mtf') W(1/2, 1/2, T, 1/2 ;T, 1) <(' *'l (1) Il E
1

Q1 (1) + )L1
Q' 1 (1) Il WfL (1)~ J 

""' N 

1-T+j +j -J ~ 
- $iif' (-) v 'Ji { same as above with /{~J./ J 

••••• ( C- 2 ) • 

...... 
0 
-...J 



APPENDIX D 16 Coulomb energies near O. 

The rest mass or total energy of a nucleus in a given 

state can be divided into three contributions : first, the energy 

108. 

due to the strong interactions of the constituent nucleons ( E ), 
n 

secondly, the energy due to the Coulomb repulsion between the 

protons ( E ) , and finally the rest energy of the nucleons. 
c 

Since it is conventional to tabulate the atomic masses rather than 

the nuclear masses, we must also include in the total energy the 

rest masses of the orbital electrons. Since we are only interested 

in energy differences between neighbouring light nuclei, we can 

neglect the binding energy of the electrons. We can then write 

for the total energy E 
t 

= E + E + (A-Z) 
n c 

rn c 
n 

2 2 + Z rn c 
p 

2 + Z rn c 
e 

where as usual, A is the number of nucleons , Z is the number of 

protons, and rn , rn , and rn are the masses of the neutron , 
n p e 

proton, and electron respectively. 

Now our shell model calculations yield the nuclear energies 

16 
E measured with respect to the ground state of 0 , whereas the 

n 

experimental information relates the mass differences. It turns out 

that an explicit estimate of the Coulomb energies E is not necessary 
c 
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if we only want the relative nuclear energies of the T=O and T=l 

states in the A=l6 and A=l8 nuclei since the experimental positions 

of bath the lowest T=O and T=l states are known in 16o and also 

in 
18

F . However,the T=3/2 states in 
17

F or 17o have not yet been 

experimentally observed; we must therefore use the known 
17N~17o 

mass difference and an estimate of the Coulomb energies to determine 

the nuclear energy difference between the T=l/2 and the T=3/2 states 

in the A=l7 system. 

If we make the crude assumption that each proton is uni

formly distributed inside a sphere of radius proportional to A113 

then ( see M.A. Preston , ref.4 ) 

E 
c 

l. c 
2 

1/3 
( .1.§_) Z( Z-1 ) 

A 

where Z is a constant that we shall determine from experiment, 

and the radius of 
16o is used as a convenient reference radius. 

e 
The enrgy difference between two nuclei of the same A but different 

Z can be written : 

E (A,Z+l) 
t 

E (A,Z) 
t 

= E 
n 

where all the energies are in MeV. 

+ 
16 1/3 

c < T) z - 0.783 
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. (17 22) We can now use the known energy d~fferences ' 

16 between nuc1ei near 0 that are members of isospin multiplets to 

estimate C . 

C 0.454 .•• from the 18o <(:--}8
F mass difference and the known 

position of the T=l states in 18F. 

0.462 from the 18 18 . 
::::: F~ Ne mass d~fference. 

0.453 from the 
17 17 

Of--il- F mas s difference. 

= 0.456 from the 
16o~6N mass difference and the known 

position of the T=l states . 160 
~n . 

0.495 ••. from the 15N(-l5o mass difference. 

Renee we have for the mean value of C, 

c = 0.464 mean 

We can therefore write for the 7 system, 

E (A=l7, Z+1) E (A=l7, Z) = 0.455 
c c 

17 17 . and thus, using the N- 0 mass d~fference: 

E (17N g.s.) - E (17o g.s.) = E (17o first T=3/2 state) - E (
17o g.s.) n n n n 

= 11.1 MeV. 

The mass difference between 17Ne and 17F can a1so be estimated from 

the above to be: 

14.4 MeV. 

which is the same as Janecke's estimate 
(36) 


