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ABSTRACT N
"A model is proposed for odd-odd nuclei ih which the independent excitations

are quasi-parfiéles defined by a special Bogoliubov transformation and in which a
: ‘ IR " L - o
Tinite range Gaussian central interaction acts as the residual interaction. The
| | o 'L N L
model is applied to lLa where energy levels, wavefunctions, (d,p% spectroscopic

factopé,_and M1 transition rates are computed and éompared with experiment.
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T. INTRODUCTION
.zin'recent years many models of the nuclear many body problem.have heen
d§séribed in terms of independent excitations called quési—particles. Kisslinger‘
and Sbrensonl s£udied systems of single closed shell nuclei in 1960, Sinée that
time, severél attempts have been made to extend these fechniques in heavier nucleil
to systems that';ontain both neutroﬁs and protons outside magic confiéurations.?’a’u’5
The neuﬁfén-proton interaction was assumed to affect the single ﬁartiéle enefgies in
somevsystematic-ﬁéy or was taken éxplicitly into accouht}in first order perturbation

=

theory. Although Kisslinger and Sorenson) concluded that their calculations were

consistent with the limited amount of ;hformation on odd-odd nuclel that was avaii—
T ‘ ‘ i ,

able at that time, no detailed calculations using an odd-odd quasi—particle'model

were attempﬁed.
. . 6 : s
Tn the previous paper we analyzed data from measurements on the reaction

139
Ta, 125

(djp)Lal”O. These data and data from other eXperimentsY’S give informéfion
abdut (d,p) cross $ectioﬁsland gamma—rayvbranching ratios, as well as the spins‘

and parities of eleven statés;r Therefore we decided to make a quantitative compari-
soﬁ befﬁeen expefiment and thegfy for an odd-odd quagi-particle model.

In this model we assume that the 50 proton 82 neutron system forms én inert
core. . The self-consistent 51ngle particle energies for the Bjr neutrop_are-determlned
from experimental data. For thé'seven valence protons we make a Spécial Bbgoliubov
transformation to define quasi-particles. The energies and wavefunctions for these
independent excitations are determined by solving the selfmcohsistenﬁ problem for .
minimizing the ensrgy of eaéh quasi-particle state. Thus effects of éQre polarizaF

tion by the unpaired proton arce conglidored.  Pinally thoe noutron-proton interaction
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ié ¢énsidérea-both in first order perturbation theofy and by diagonaliiing it in'.t

a ffﬁﬁ¢a£ed‘quasi—particle basis. Since none of the experimental data6’7’8'ihdicates ‘
any bﬁgﬁgn'admixture in states which have: been characterized,ve neglect thosé terms
'in the Hémiltonién which introduce the quasi-particle correlations that generéte
colleqti&e:Qibrétions. In sections IT and ITI we give'the mafhematicél details of
_ﬁhefmédel, diécu;; how we fit_the parameters of the model to the egpefimental.datab
and éiv§H£he fésults ofvthé'calculation, In. section IV we Computeﬂ(d,p) speétro— ;¥'

scopié”faétors,'gamma'transition probabilities and compare the results with experiment. -

g
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'

IT. THEORY

e . ~ 82, 152 s . -
We consider that the system - Snmé forms an inert core:with respect to
single particle and collective excitations. It contributes only. to the self-

consistent potential for nucleons outside this core. With this approximation, the

m-scheme Hamiltonian for the system may be written in the occupation numbéer represen-

» tation as

H = H 4H +H | o
- P n np o
, | | i
where_ E |
| | | .
H =S¢ C C + T2 <Qﬁlv 'yb> ciete e
. P e CX"OC o [o's) pbp ! ap o VY
. ‘ -
. H =. 2 . C+C
n a8 a a
a- :
o s _
= b Cc.C,.
np é; (om |V, IBD) Celcscy

B8b
‘In this equatiqn €'s are the single particle energies, C'é aré annihilation operators
for shell modei-partiples,-Greek letters designate the quantum numbers for a complefg
set of'éompatiblg obserﬁables in the assumed self-consgétent potential for protons and
quan letters designate thcsg gquantum numbers for the neutron.
SA we‘ﬁssume tﬁat tﬁe singlé particlé states.are generated frém the usual shell
mode L harmonic'OScillator béﬁential with a single particle spin orbit term; then ra> =

| Y(p)nxsﬁéjama)faénd_ii ve assume a truncated space{bf only one oscillator shell, the
C :
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.protonvgummatlon is perfor@ed over the ig7/2’ 2d5/2, jsl/g, 2d5/2, and lhll/g:

. Qrbi%éié‘while the sum far the neutron is over the 2f7/2, 5p§/2’ %h9/2’ BPl/é’

13/2

oﬂ%itals. Even this highly truncated shell model calculation
would be very laborious and probably no? physically illuminating{' Howevef,'sincé

EfB/é, and 1i
ih'this'region of the nuclear periodic table the description of even and odd-A
féystems in terms of independent guasi-particles whiéh_are defined by a Speciél

Bogoliubbv transformation is very good,5 we make the transformation

. _*_ ‘. . v v )
£y = Yy Cy = 55%Cqy . : | (2)

+ L . ' S . : .
- Here ga is a creation operator for quasi-particles. The transformation coef-

' i

ficients are chosen so that the quasi-particle operators obey the anticommutation
‘relations for fermions arnd that they transform under rotations in the same manner
that shell médel particles do. A set of sufficient conditions for the transforma-

tion tb be. canonical énd for the system to be spherically symmetric are that Uy and

Wy'are:real and that

v. >0
e

u, = u__

a 'JOK

Yo T V3 (3)

[0} ;
2. 2
%1 + Vg, :jl_m )
(07Ne
o ('l'),

By’defining 5o this way, we have adopted the Condon and Shortley phase conventions.
We will briefly outline the treatment of Hp under a special Bogoiiﬁbov

- . N . 1 _ .
transformation. (For a more extensive description, see Lane.) We consider the

5

w“
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a-'lixilia.ry Hamiltonian
H' =H - N | : i

D : | (%)

where N is the counting operator for shell model protons and A is a c-number.

 After the transformation to quasi-particles, equation (4) may be written

H' = Ho o+ H. o+ H .+ H.

where o S o ' S L

00 ~ i[va(eoz T A %“06_ ) - F ugvp) | o ()
Hllfg[(ua - Voz)(eoc» - N -l ) + 2u vaAa J&a

H - s‘ [u v(e Sin-p) o+ s (v - LIE)A (ﬂﬁ"— * e

20 § oot a Mo/ * 2 Wy 7 J Sobea E’-ozé'oz)
gr _ + .

Hy = u OCZB <oqslv Ifyb> Bcacy

%

A, = »2?88(05 oclelB B)quB

1. .‘ _ . v ) . .2
R R (Ko - plvppla-p) + (oslv fog)] v
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Here the symbol :AB: indicates that the product of operators is normal or'dered.l
One can. generate the Hamlltonlan for a set of Jndependent qua51—partlcles and | : ';

at the same time conserve the average number of shell model particles by ChOOSLnU
- ! . .
the Vo so that HQO vanishes ddentically and by choesing N so that

where n is the number of protons and <y is an arbiﬁrary quasi-particle config-

‘ﬁratiOhJ. This requires that a set of r + 1 coupled equations must be solved'for

each 'j. where r ‘is the number of orbitals considered in the problem. This is
. L | ) .

accomplished by &n iterative technigue. For rimerical simplicity and’ in order to!

reduce the number of parameters in the theory, we use a pairing force, i.e.

. . GJdeMymHMH ’ , :
V | y8)="06{-1 5 5 . . 7Y
(eB|v |y )= ( ) 5Py (7)

|
In order to minimize the energy of the ground state, the use of the pairing

' fdfce réquires that
s 'e B .
u, = (—l)._~/l—21. I | (d)

Egquations Cﬂ};nd(& specify all sign conventions. Tt has been shown that this is an -

acceptable approximation for the actual two body force in pairing type matrix e

. 135 . ., ‘ . ; . L - .
elements . 3 We further assume that this independent quasi-particle representation

is good in the sensé that the matrix elements of HI are small and that ﬁé can
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neglect the correlations bétween the quasi-particles that the terms of HI

introduce. 1t is known thaﬁ the lowest cnergy states that éarise from such

=

cofrelaﬁioné are collectfve ahd vibrational in character. It is also knownl
- that fér:single closed shell even-even nuclei in the mass lMOPregion the energy
of this state is about 1.5 MeV but as neutrons are added, the ﬁéutron—proton
long rangé‘Quadrupole force causes the energy of theleQest vibraticnal state
to dfop‘sharply. However since Laluo is a single closed shell plus one nucleﬁé
and beééuée there are experimental assignments for only the first 0.5 MeV of
#excitation, we assume that we can neglect vibrational particle mixing.
The‘state‘vectors for the independent quasi—particles are

Pt
'

]_'y»°- ) é;la >w= oy m (ua +'s Vv C+C+. )lO

(9);’

3
— /
ya>o ayxa-atlp
o # oy
where IB )fis_the quasi-particle vacuum and ]O._p ) is the shell model particle

L ' 82 13p

Vacuum.b In thgsﬁcase it represents the fifty protoné in 'the igert Sn50 core.
The transfofmation coefficients are now labeled with respect to the single quasi-
particle_state in order to indicate that'biocking is now consideréd explicitly.-
" Physically we have effected a binding of six of thé.valence protons. into a new
éore so that we are now déaling with a two partidle (one quasi-particle and bne
Jshell model‘particle) system. The basic states in such a system are given by

To T N\ petAtad) A '
Joy M 2 = [e G100 (10)

where the bracket notation denotes vector coupling and [0') is the direct product

1) o)
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T

‘The matrix elements of H 5 in this basis are given by
'. . nA .

Cigdy IHopligdy O =
F(3&55>'{%Ba“05<355éJw IJB ) o
( s Tt |
. i {] J J‘ b - — l
v . ~1]“BYa LT T T
sV Vo BT T U8 i, ]'IV l"J. I
- Paep 5 iJan g Ba J

+8 8. . N =33 IV ]Igany v
i 3 = 1 J.: Y b
gdg et TG, T ol ke
whérev
£ = o1 . L : (12)
L (o5 1) (23,-1) |
e ' o 23 ~1)(25.- o
. e/
Fiydy) = —— " 7r—'1< MotV Y (13)

' Eduatidn(lD is a pe01a] case of the matrix olcment for .the neutron—proton inter-

action in the case where both proton and neutron are-quasi-particles.

@

€y
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i

8 B IR 0 -

,F(jajB).F(jajb) 1(uﬁaua6ubauab + Véavdgvbavéb>

x(%@JM@%%J> - (ab)
- (u Ba 043 VeaVsb * palan” Ba ocf%)

L dgd I
X 3 3'%.5.‘3 v (30T IV NENRON
5 | - i D
+8, . B > = ( lV 15,5 39 (u - v, v )V
Joda TT T 10 3 np' “Bc Yeatos T Ba'os
B Jaqb‘ JC_J & - .
+5- - B, T 3' = (J ! i'\{nle 3.9 (ujO - Vba‘lv.ab)v2 o h
Jadp . Jadp 37 da M é
. : |

The formulas that we have presented assume bnly that an is a two body
interaction. At present there are three different methods for treating this inter-
action. One may take a highly realistic interaction, i.é., one which explains two

nicleon scattering, the deuteron problem, and gives the correct results in nuclear

matter calédiations, and then attempt to explain differences between experiment and

theory by systematic corrections to the model.  The second approach is to invent an
interaction which has desirabie‘analytic properties and can explain certain systemétic
features observed in many nuclear spectra. The well—knéﬁn pairing plus quadrupole

model is an example of this. Finally, one may choose an interaction which is suffi-

ciently simple to allow extensive calculations and even parameter fitting but which
is complicated enough to simulate the properties of the realistic force. Such an

sinteraction will bé model dependent, for it will depend on the assumptions of the
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ﬁodel» (e.g.; the stebility of the inert core), the extent to ﬁhich the baeie
statesgepprokiﬁatevthe Hartree-Fock self-consistent orbitals and the truncation of
the‘Harﬁree—Fock single particle orbitals. The latter will depend on the region

of the'nucleer periodic table, the nﬁmber of valence particles and the size of the
;eomputer; It ihe model is untesﬁed and there is onlyla lipited amouﬁfeof'experimen;
'tel aafa,'the tﬁird appreaeh is perhaps the most useful since it not only ellows’one
: to'drew'cohciusions‘about tﬁefphysical assumptions built into the model but also
‘makeeefredictions which can be tested experimentally.

’For'the neutron-proton interaction, the Pauli principle does not ekciude

x

ahy stafes‘of"relétiVe'motién' Therefore the number of parameters for a reasonablyﬂ

’ f”H

v sophisticateq interaction soon ‘exceeds ‘the number of»avallable;data. We therefore

choOse the simplest possible force capable of explaining the data. The simplest
reasonable neutron-proton interactions is the 8-function. It, however, fails to

S 1hko , ‘
reproduce the experimental levels in la . The next simplest force is the finite
range central intefaction with Gaussian shape. We chose this interaction but

restricté@;it so that all exchange components of the forcehhave the same range

.parametere. With this approximation

- : ' . JB4Jb+J
v L ~r§n/rg o | , |
o x(gdgdle T T Lighd) | (15)
o o Jatd, +#J
Loty v v - B b o
2 (Vg Vpo Vo) + (Vpg Vg Vg Vo) (1) ' Pﬁp)

2,0
) -1 P - .
T T g pnf O e
* <JaJaJlL "JEJBJ>

.

¢

o
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where for notational convenience

13,3,0) = Ingn (32,)5,(22,)3,91) o - (16)

is the .singlet projection opera%or, P

is an operator which
Bb . ‘

In this equation, ﬁs

exchanges the proton and neutron guantum numbers in the ket vector, V's are the
strengths of the two body potential in the triplet even, triplet odd, singlet even

and singlét oddfstates, and r is the range of the force.

0
2 2
o TonlTo = = |
<JaJaJ[e - [JBJbJ> = i £ P N | (17) {
_ | ' | L
where : | |
ey R G, ()
(r ) v.(r ,r )R r )R r
! n k¥ p’'n nBIB P nblb n
X_riridrpdrn . ' (18)
and
JFJ+d 1
- o “p St 7 % T \en
o) = (-1 7 T (5dgdgdy )k
JJ) Sl g ra ) | | ' | |
jBJa £ (98 e [Py
XT3k -0t ldod (19)
Jpdp j 2 zf \ 2v 2 :

) and (2 +k+ 1 ) must be éven, otherwise
a ? :

B b

£, = 0. The R(r)'s are thé radial wavefunctions

12 and vk(rp,rn) iglthe Legendre

" transform of the Gatssian.
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2y 2
r

(20)

(él)

‘Finally let us consider the problem of conservation of particlevnumbef iﬁ R
thékfrétbﬁ{guaSi—ﬁarticlé wavefunctions. Equafion(Q)corresponds to an edsemble‘of
puclei éachA§ith-;}differ¢nt nuﬁber,of protons. However - the gfefége humﬁeréQf¢'ﬂ

- o o - ! : : S .
.brqtohs taken ovér thé ensemble is equal to the ngmber of valence protons.:nlh
vvordéf:fgf this to be tfue for each proton quasi-particle state, the.BCS equéfions
nust be Sleed fbr?each étate withﬁproper regard for gonsefviné-the a&erage number -

11 ~
i.e., neglects, conjugate states one of

of particles. “In doing this one blocks,
whiéh is oécupied 5y the odd particle. Iﬁ general, the v's for the various siﬁgle
particle states depend on the quasi-particle state, but siﬁce we consider states

%ith only ohe quasi-particle, their different spins and parities automatically

- make them orthogonal.v For many nuclear properties ;impler tréatments than'blocking

are jdstified,'but the errors in the eigenvalues are not smé%l if the neutron-proton
interacfion is treated with basis states generated‘by operating with‘the vérious quasi-

particlé'Cfeationvoperatofs on the same BCS solutioh. If the v's are chosen so &

that the expeéctation value of thé number operator is n in the ground state, then a .
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calculations, Nilsson;
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/
4

'onevquasi-pérticlefstaté for an orbital well below the Fermi surface gives an

expectatign”Qélqé ~(n41). Those states for orbitals well above the Fermi

o ; | , v - Lo
surfate have an’'expectation value of ~(n+1). Therefore, the neutron in La1

Jfﬁﬁnteracts with a differknt\average number of protons depending on the state of

the quasi-proton. Thus whén blocking is not considered, states which are pre-

. dominantly hole have a higher energy relative to particle states. In model

Z .
has shown that the blocking method may unduly reduce the

pairing correlation and that corrections due to blocking are often spurious when
states With.different senority are being compared. However, since we are con-

sidering only senority one states in the proton system, these:considerations are
i I . R . . K .
. “! . . N i h . - ‘ . E

hotvimpgrtanﬁ.
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: : - 1l
- IIT. NUMERICAL SOLUTIONS FOR La’LLO

Before evaluating the n-p force matrix elements, we seek a self-consistent

"_iterative solution for the coupled BCS equations in order to determine the quasi-.

proton énergies'and wavefunctions. To solve these equations it is necessary to
specify a p-p interaction (we have chosen a pairing force) and a set of single'

particle‘levels. For single particle levels we choose the set used by Tamura and

—

Udagawalf but we have altered ng/Q - 2d5/2 spacing to agree with the value obtained

s . 1 ' . ‘s . .
by Kisslinger and Sorensen.” The value of the pairing force matrix element was

139

chosen so'thqt it reproduces the experimental lg7/2 - 2d5/2 separation in La
These parameters, the quasi-particle energies, and the occupation probabilities
are given in Table 1. ' 51m¢ ‘ - T R
We would like to take both single particle proton energies and the single
' ' 132,
core. Uhfortunately this is not.now possible and so in the case of protons, we have
fesortédbto the use of calculated values for these parameters. However for the
neutrons we Héve taken the position of the single particle levels from the expefi—
U 1 - S b 5 | , , . ' _
mental work of Fulmer et al. Tor Ce . Since this nucleus has one neutron and
elght protons outside the Snlj core, it 1s necessary to correct for the effect of

n-p residual interaction on the spacing of these levels. Cohsidering only first

order effects, we find that

- 1 a - - o '
er = ex — % J' (3 3J'v |33 anv : (22)
Jg Ja 3T 3 Yy a np' vy a Y

v a

- . 157 . . - LHL
where.ag is the value lor Sn 53 and G'E iz the experimental value for Ce ]. The
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140

v 's représent the unblocked solution of Ce (see Table 1). Finally for thé theory

R ,
as formﬁiated, we need to specify five parameters for the n-p-interaction; Four of
-these are thététrengths of the interaction in the triplet-even, triplet-odd, singleﬁ—

even, and singlet-odd states of relative motion. The fifth parameter is denoted by

X and is‘given'by
v 5 o | ,
X = vr ‘ (23)

0 have different physical meaningé, only X' has mathemafical

 Although v and
ffélevancé. Asg e explainedvin the last section, the values of these parameters afe

sensitive to the truncation of the shell model and the quasi-particle states. Since
we expect‘thét the model will have vaiidity only for the fourteen negative parity
states that are_predominately from the configurations generated_by‘the lg7/9 and -

. 2d5/2 p?qfon quasi-particle states and the 2f7/2'neutron state,bwe have truncatea

: thé'calqulation tq include only tﬁe lg7/2, 2d5/2,band the 2d372.qg?si-proton states
and.the 2f7/2, 5p5/2; 2f5/2 neutron shell model states. Fach of these three quasi-
proton states is specified by the five shell model orbitals that gfe listed in
Table 1. To specify these five n-p force parameters we have useé a leasﬁ squares
seérCh technique toifind the miﬁimum of X2 in this five dimensiogal parameter spacé,
where Xz'is the suﬁvof the squares of deviations in energy after the fheoretical \
s?ectrum has been normgliZed to the experimental T7- state at 284 keV. We chose
this state rather théh:tﬁe ground state becausé in ouf theoretical model this state

’ haévno éoﬁfiguration mixing and experimentally this also seems to be,true.é However

experimentally it is Tfound that the - ground staloe is strongly adwixed between the
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5

ilg7/2 and 2d5/2 profon states and so its cnergy pos 1tJun will be ben51t1ve to the
magnitude of:an off- dlagonal matrix element and albo to the relatlve energy spac1ng

lof the lg7/2 and. 2d5/2 guasi—proton states. This latter quantity might be expectéd

to change sllghtly from L& 159 to La MO because the neutron-proton quadrupole inter-

:actlon w1ll 1ower the energy of the vibratiocnal phonon. In Figure 1 we compare the

'experimental level scheme with the theoretical predictions for these states. 1In

Table 2 we list the energies and wavefunctions for all levels below 600 keV in
exd&tétion energy. The mean deviation between the'experimental and fheoretical
Speetra'is 52'keV. This spectrum was- generated with a neutron-proton force having -
VTE': —5 OO MeV, VTO = =11, lO MeV, VSF = -37.00 M?V’rVSO = 11.10 MeV, and

X = 1"'0‘,:‘ v ) N i L [ . ' { - I ' ;‘
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TIV. WAVEFUNCTIONS -

A. (4,p) Spectroscopic Factors -

| Undeerertain generai assumptions,l9~the differential cross section for
the (d,p) reaction may be written as >
. J Yo Do
do*® f s .
—_— _ R S . a) (24
) i ~;—'5£ ¢(£,Q,0) | ,) R
Sk :
where Ji is thé’spin of the target nucleus, Jf is the spin of the residual
“nuéleusj_and -Szvvis-the spectroscopic factor. . The last factor, calledAthe_single
'vparticléfcross section, is assumed to depend on the Q-value, the orbital angular
. momentum of the stripped neutron, and the angle of the outgoing proton. . .The speg-
’ ’ v . : “'!‘;'.‘i“ . : “‘.;“!“ . . i . ‘ .
 troscopic factdr is a sum of overlap integrals
. 2
sV = = 1°(¢,9) (25)
If we write a state vector in Laluo as
) ,;"' /'\ - : ‘1 . Toy
Yy = v = = (’JaJ'aJ NI - (29
' Joda
thenvthé overlap-infegral for the state labeled 7y is
, . ' r J Y : :
: z = 'y iy Vo= P - 2 . . ~!
N ; s o

Here Wﬁ_dénot@a_the Larget ground state which we a;

iume Lo be a pure 1g. uRs i -
b{/p -

proton state, andfwb represents. the spin angle part of the stripped neutron's wave-

- function.-
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~ No experimentél evidence exists from the (d,p) reaction6.for £-mixing in
the sﬁates observed to 585 keV excitation. Therefore experimental spectroscopic
‘factors are:extrac?ed by ;ssuming that the QfT/Q state is the only single particle’,
neutron component in the wavefunctions and by assuming that the 7~ state‘at 284 keV
is entirely from the 1g7/2 quési-proton configuratiocn.

In Table 3 the experimental 85 values are c?mpared with the calculated
_values'from the wavéfunctions that are listed in Table 2. Also in Table 3 we |
compare. the theoretical and experimental differential cross sections normalized
to thé'yalge for the T~ state at'28h keV. In compﬁting the theoretical cross
sectiohs, we have used the DWBA‘single particle cross sections obtaihed from fittihg.
angularidistributions fo§‘65° in the‘iaﬁgratory.fr?me.é The experimental:intensities
for-theiél‘kev, thé 43 keV, and the 33 keV stafes”were deduéed gy as;uming that ihe
lg7/2 and 2d5/2 proton states and‘the 2f7/2 neutrop states were the only components\
in the state vectors. This waé éonsistent with the total unresolved intensity of
these three states. This caiculétion underestimates cénfiguration.mixing betweeﬁ

j]

the lg7/2 and 2d proton qqasi~particle states for spins 1, 2, and 3 and this is

5/2
consistéht with the incorrect energy ordering in the lowest states. .If one allows
the spacing between_thé 1g7/2 and 2d5/2 quasi-proton states to be aﬁ additional
parémeter,'then a slightly improved energy fit and much better (d,p) predictions
can be obtained. Insofar as this parameter'has any physical significance, it

probably simulates the first order effects of particle phonon coupling.b The

predictions for the other states seem to be in good agreement with the (d,p) data.
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B, Ml Transition Probabilities

This discussion of gamma transition probabilities is bésedfonjbhapter,l7 .
, L .10 ‘ '
of* de~3halit and Taimi.
Tn the lohg wave approximation, the transition probability is given by

' 21 .
T, (b) = S, 2 A B,(1) (28)

where I is the multipolarity of the transition, AE is the energy of the transi-
tibnj'iﬁ is an index so that t = e-denotes‘an electric multipole and t = m
déhqtés)a mégnetic multipole. - The réduCed transition rate is given by

‘ ‘ | ; Lo . [ 3 A Lo }
' - y ! "‘_tL ' +1 o s o
| B (L) M%& l(afJfoLOM (p) + O () ]alJlMl , o §29)

Here O Cl is the one body multipole momént operator where T = 1 denotes a proton
and 1 = 2 denotes a:héutron. In general, for any one body operator, we have

tL

- -
<JadagﬁMfl I M_>

L

IJB b
T T == t1 '
R(anﬁlL-><aa,ani,b4flo INgddMy) - (30) -
‘ The factor R(J JBT) is gjven by

R(E&EET)': F(EQEE)_[UBQHGB i (_I)Tvﬁavdﬁ

o+ (l.—'&T,l).'



®
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where (—l)T = -1 for operators which are odd under time reversal and (—l)T =1
for operators which are evén. Equation(Q@ can then be written as
S ' J_ o, o, L L L .
B (L -+ |2 ot et | R(ET) (33 J.Jlo “d 3 I >| . (32)
: 4 (0 i
Jl Joda Sodade dgdpdy OB &l 3°b '

JBLb

T

.Afier decoupling the reduced matrix element, equation (52)may be writteh as

04 Q . o
-~ f i
B(n) = 34 = ot o= ' (33)
t £ Joy J.J Jadrnd, .
EQE? a f Bb i _ .
89
L (. T
S I I DI ‘ quJiJ 4 !
07 a’ ; f a o tT_J .
"1p | a,"b
E in | P a9
)

| : | 6
Experimental information exists only for Ml transition probabilities. The

reddced single particle diagonal matrix element for the ML multipole operator is

i ﬁf'f 1. ' :
(nke ) O™ ndes) = [(3/bm) 3(3+1)(23+1)1%8y 5 (en/oMe) o (38

‘ wherev ggj is the gyromagnetic ratio for the state that has orbital angular momentum

!

{ and spin J. Thé‘nonrdiagonal elements with our phase conventions are given hy
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_]; -. ‘.vml“' 1l .l 1\ =, f _j'l"'% _‘ é_ é-£(£+l) %. & ’ X )

N

where 8, and g, are the spin and orbital angular momentum gyromagnetic ratios.

For convenience we define dimensionless reduced transition probabilities B' by
Br;l(i) = ().1qT/5)(eﬁ/EMc),’le.(l) . v _ - o (36)

IT the transition energy is expressed in MeV, then

r (1) sh25x 10 (0B BI(1) see™ L 6N

i

'Siﬁce'detaiis of the interaction (e.g., negiect of tenéor.force) might;
édnéiderablyvinfluence the amount of configuratiocn mixing, we computed transition
probabilitieé not onlyvfor the theoretical wavefunctions but also for
égﬁériﬁental wavefunctions extracted from the (d,p) experiment.6 In Table 4 we
" tabulated the reduced tramsition'probabilities ahd the:transition brobabilities
for all bossible M1l transitions between states below‘579 keV in excitation. In
theory I' wé use the wavefﬁnctidns from Table 2 and Schmidt limit gyromaghetic
r%ﬁios.& In theories II and iII we used wavefunctionslextracted}from the (d,p)
eXperiment.6 Of course only absoiute values of the:siatg vectorFS»coeffiCients
~¢an be obtained. However since there are only tWofcbmponents in thé:expanSion
(see reference 6, Table 5), ve can specify the vectofé if we assume a sign for

the offidiagonal‘matrix element of -the Hamiltonian matrices of angularvmomehtum:

one, two, and three. We'chodosé this .sign.to agree with that of the theoretical



L

data°" on the nuclei La139(1g7/2), Pr
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.matrix element. Theory IT uses Schmidt limit gyromagnetic ratios and.fheor& ITT

ﬁsés effective gyromagnetic ratios. These were deduced from‘magneﬁic moment

141 l 141, ‘ N
(2d5/2), and Ce™ . (2f7/2). The relative

~

rates are normalized to the most intense gamma ray that depopulates each parent

state. The experimental date are taken from the work of J. 8. Geiger, et. al.

The very. limited experimental data do not offer a very good test of the théoreti-

cal wavefunctions or of the consistency of our model with (d,p) dhd gamma'ray‘

!

data. However both theories II and III give acceptable results. Underestimating
the cohfiguration mixing probably also explains the discrepancies that occur in

theory I.
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V. DISCUSSION
PR . L p . crc s ' o ~1ko -
- In this pdper we have .investigated the possibility of describing lea _

in terms of twdﬁinteracting particles, a shell model neutrcen and a quasi—proton;

A quasi-proton is defihed by -searching for the vector which gives a minimum

expectation value for the energy of each spin and parity in a class of vectors
which are moﬁé general than those given in the Hartree-Fock approximation.vllnr.

deed the quasi-proton describes not only independent excitations of the Hartree- .

FOCklfype but also senority éero correlafions between pairs of protons. Thus inkv
~ the shéi1 model féﬁresentation, the quasi-particle is paffly particle in‘nafure,

. énd{parfly'ﬁolé. The diagonal neuﬁron—proton matrigvelemeﬁts in fhe Lalgoj

" problem (seé.equatiﬁn (ll»refleCtlthis by.not only fakﬁng:ipto*a@counﬁ the
eﬁérgy of'inte}aétggn bétweeﬂ the_heutronﬁand‘conjﬁgatg pairs of ﬁrotbns butl E

‘also by :forming a linear combination of two body particle-particle and particle-

hole matrix elements. Thus the calculation predicts that tﬁé leeSt energy

A

member of the l(lg7/2>o 2f7/2;JM) configuratiQn is 6-. ?his is consiétent wifh
_the Brennan and Bernstein rule21 for the ground state of'particle hole odd-odd-
nuclei. Thé.lowest member of the [(2d5/2)o 2f7/2;JM) configuration is also 6-
which’is consistent with the rules for particle-particle configurationé. These
résults OCCur}bgiagse the BCS calculations shpw that for 57‘prétons the ng/E
orbitél»iﬁ predoﬁinantly full agd'fhe”2d5/2 orbital is predominantly empty,
(See‘Table:l), The only way ?_5— state could be the ground state would be by
,gxténSive éoﬁfiguration inﬁeréctions. Experimentally6 the ground statevapéears
,fo have 1arge,éohfiguration admixtures but theoretically we get avvery‘pure wave-

fun¢tion for the_lowest'B- state in particular with respect to mixing of the 2d5/2

. proton orbital.

-
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The major discrepanciés in the wavefunctionsvseem.to be in states of -spin

1, 2, and 5-. ;in all cafes we appear to underestiméte.the amount‘of lg7/2 apq
2d5/é.p;oton mixing. This is reflected in the 1- aﬁd 5= states.which have reiative-.
iy poorer fits to the energy levels.

| Attemﬁts to explain Léluo‘using a simple particle hole shell ﬁodel failed as
did the odd-odd quasi-particle model with a delta function for neutron-proton force.
Use of a central fofée gives reasonable agreement between the theory and the known
experimental ievels. Although the wavefunctions for the lOWer'spin states seem to
underes#imaté con?iguration mixing between the lg7/2 and 2d5/2 proton orbitals, use
of thé.mddel_wavefﬁnctions obtained from the (d,p) experiment give results not in-
consistsnt with the ve?y limited gam%a“ray data. ;Thevtheoretic?l;mQQel pﬁedi?fs
that!there are apﬁ;ééiablehadmixtures of higher ﬁéu%roﬂ cohfigukagions»in[some‘of
the low eneréy;states.v Thé energy resolution in‘the (d,p) experiment  was suffi-~
.biently poor that angular distributions had to be made onvgrOups of peaks. There-

| . I

fore even appreciable admixtures in the lower spin states would not be detected
in.thé angular distribﬁtions. The present calculation also predicts the location
of ‘the unobser&ed negative parity'sfates of spin 4, 5, 6. It will be particularly
interestiné to find‘the second 6- state since it is predictéd to be 200 keV below
" the 3- state and this pf;diction is quite insensitive to the neutron-proton inter-
action that was chosen. Whether the underestimate of configuration mixing is due
‘to'the choice of force, the truncation of basic states, of the neglect of-phonon_
admixtures is problematic. The answer to this queéﬁion must wai£ until realistic
,interactiéns and the serious study of the entire mass 140 region with Hartree-Fock

Al

Bogoliubov theory are undertaken.
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Table 1.
V Coefficients
I j

Quasi-  Single  Quasi- _
Particle Particle Particle Ny lal e Byp dye B oo
 Vacuum - - O.L41 0.88L 0.8505 0.4823 0.2328 0.1728 0.1543
1g7/2 | 0.00 0.0 - 0.386 0.713 0.8590_ 0.4165 0.1879 Q.1387 0.1237
'2d5/2 1.00 0.166 0.194 0.718 0.7939 0.3557 0.1725 0.1302 0.1169
4 /2 . 2.18 1.091  0.156 0.763 O0.7747 0.3591 0.1791 0.1360 0.122k
Edj/g 2.88 1727 o.¥u9 w?.77§ 0.7712 O'?6O7j 01}830% 0?15751 0.;259
351/2 3.20 1,951 0.147 0.778 0.7701 0.3613'1 0.1816 0.1381 0.




__Table 2. -

| STATE VECTORS

—

sin Besy ey, e ey B P Py Py 2w

Perity (V) BTy - Jmp Bt Byp Tegn fMgp R, Jmp, o,
0- 0;620 0.9539? f; -0.2130 o.215é;
i- 0.027 .0.2037 0.00kg  -0.9387 -0.2393 -+  0.09L0 0.1656 -0.0030
1-  0.366  0.9530 1 0.159%  0.1723 "”O.i§ﬂlt_l 0.027k o.o576r-".§;du8o
2- . 0.050 0.23€2 -0.0195 0.002k 0.8962 ’Vo.luuﬁ: -0 09u6 0.3192 0.0202 {ologzl
2~ 0.155 0.9611 -0.1088 0.0%0% -0.2L26 '-0.015i§ 0.0236 -o.b158 C o 0.0292 0.03%2
3-  0.069 0.9892 -0.1261  0.0L7h 0.0295 ‘ 01012i7 0.0028 0.6590 0.0289 -~ 0.0050
%Z-  0.391 0.0%25 0.0506 0.0188 -0.9760 -0.1833 0.0095 0.0539 0.073% ';0:0295
L. 0.025 0.9938 -0.0926  0.0266  0.0248 0.0304 — -0 0058: 0.0356 0.0131
- 0.196  0.03%351 -0.0250 0.0061 -0.93%35% -o.ﬁoéﬁ B 0.0805  -0.1hk2k o!o5i5
5- 0.015 0.9906 -0.1270 0;0280 0.0106 _ 0.0231 o.oh9i
5-L 0.437  0.01k49 0.1236  0.00k0 =0.95%3 -0.0835  0.2621

- 6- -0.165- 0.0867 ’-0.0017 0.9962 - -
&~ 0.032 0.9962 -d.oooo -0.0867

 0-284 1.0

_88—

2699T-T9N
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Table 3.

' Enerey Spin [8,] 8] Relative Relative
keV 5 tn orexp Intensity Intensity
Theoretical Experimentally
579 h o- 0.91 1.0 0.06 0.05
s - 0.0k 0.66 ©.0.01 B 0.13
467 ‘ﬁ' 1- : 0.9% 0.35 C0.19 0.07
31 - 0.06 0.48 0:02 0.16
 162 S 2- 0 0.50 0.32 0.17
10 3- 0.8 0.81.. o7 10.38
319 0 ¢ 3 S 6.651 o 0.18 f : o.oq,{‘ f‘i 0.09 . |
'63 - h- ©. 0.9 1.0 ' 0.60 0.58
38 5 0.98 1.0 0.7k 0.73
oo T i 6- | ‘ 0.99 1.0 - 6.86 - 0.85‘

o8l . 7 1.0 1.0 1.0 . 1.0




_Table 4.

Spin  Energy ‘Spin. Energy Transi- Type Rate Reld~".. Rate :Rela— Rate - Rela-  Experi-

Parity = (MeV) Parity (MeV) tion .~  TH.-T tive” - TH.-IT tive = TH-IIT - tive = ‘mental
Initial . Final Energy . - . Sec™t Rate - -~ Sec:l Rate Sec"l - Rate . Branching
_ . (MeV) ‘ TH.-E _ TH.-IT . TH.III Ratios
L . . 10 . 10 | 10 o |
0- 0.580: 1- 0.6 0.11k M1 - 8.80x10 0.23 - 3.70x107 0.0051 3.98x10 0.0051 0.00069
1- 0.043 0.537 M1 5.9O><101l 1.0’ 7428x1012il-0 7.8ux1012 1.0 1.0 =
= ' 12 o) ‘ 12 . '
1- 0.Lé6 2- 0.162° - 0.30h M1 1.00x10 1.0 - 2,59%x107 1.0 1.86x10 1.0 1.0 -
1-  0.043 0.423 M1 7.87xlOlO 0.079 1;9ox;o;2 0.7 1.2Mx1012j 0.67 0.56
2- 0.030  0.436 M1 1.2kx10%" ‘l;?L.» 1.52x10%% 0.59 v5.5hx1011' 0.29  0.53
2 0.62  1- 0.083  0.119 1 1.7%10° 0.18  9.5%ad° 0.0k 1.0lx100 0.0005 0.011 .
. ‘ - : X o
2-  0.03%0 0.132 M1 229009 0.016 7560o9 0.032 69&QQ9 0.036  0.047 '
11 11
3- 0. 0.162 Ml 1.hox10™t 1.0 - 2.36x107 1.0 1.96x107" 1.0 1.0
' 8 8
1- 0.043 2- 0.030  0.013 ML 2.45%10° 1.0 1.7ux108 1.0 1.35x10 1.0 1.0
2-  0.050 3= O. 0.030 ML 9.05¢10' 1.0  8.03x10° 1.0 5.65¢100 1.0 1.0
- o
3
- 3
|_l
(@)
. O
®
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'Figure Captions
Fig. 1. Comparison of energies between calculated and eﬁperimentaliy determined

"~ ,states in luOLa.
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Quasi particle calculation for states in La
0- ————— 698 .
Q= ————— 620
0- 579
|- 457
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1 - 417 , :
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