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NEUTRON PATRING STATES IN DOUBLY EVEN NUCLEI'

Bent SérensenTF

i Lawrence Rediation Laboratory

o : University of California

Berkeley, Californie 9L720

%

April 1969

Abstract: Neutron 5=0 states in even-N nuclei are calculated with a pair-
ing force,.using'the boson expansion.method. All regions of isotopes which
are close to a fairly gooa sheil—closure are covered, and a comparison is
made between célculated and experimeﬁtal two-nucleon transfer crdssf
sections; In general we find;a remarkably gobd agreement, even for the
ground state mass systeﬁatics, sﬁggesting that:for the isotopes under
consideration the simple pairing intefaction is the dominant producer of'’
ground state correlations. A lack ofvagreement‘with experiments in certair
regions is proposed to be connected with couplings to definite other
degrees of freedom under the influenCe of predominantly particle-hole

interactions.

A

TWork performed under the auspices of the U.S. Atomic Energy Commission.
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lTOn leave from Niels Bohr Institute, University of Copenhagen, Denmerk.
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1. Introduction

The picture we are going to present develops around a closed neutron

0

(seniority zero) levels in the neighbouring even nuclei NO—Q and NO+2.

shell N_. The basic ingredients in the description are the pairing type

We here assume that in each of thése nucléi.théfé is oné branch of levels”
which carry the main part of pairing correlatiohs, and that these branéhes

can be built out of two definite operators, one ofrwhich describes &
correlated set of J=Ov hole—pairs‘(with respect to the closed shell NO) )
and the other a cofrelated set of J=0 particle—pdirs; These two branches’
are charactefized by two boson operators, CZ énd CI, which apart from

Pauli principle corrections are collective two-hole and two—pérticle operators.
In a similaf manner we descfibe the remaining set of two-hole and two-
particle states, which we denote non—collective,brénches. We now describe
pairiﬁg states in any nucleus Nd—2q or NO+QP by superimpbsing appropriate
numbers of the collective and non-collective boson operators. In this process
we distinguish betwéenrcollective and non-collective Bosons by performing an

_ additional diagonalization of the residual parfs of the pairing force which
écts among the collective bosons and on the other hand neglecting such
anharmonicties for thé non-collective bqsons, Detéils of the gormalism will
be given in sect. 2. 1In fig. 1 we have schematically shown some of the states
obtained in this way. Heevy ‘lines indicate states formed entirely out of
collective boson quanta, thin lines states formed directly by acting with the
calc;lated non-collective quante on the closed shell, while dashed lines

indicate states built of both collective and non-collective quanta. The

excited, collective states are usually called pair (or pairing) vibrations,
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and in fhe absence of anharmonic correlatioﬁs‘the two-nucleon transfer cross-
sections among tﬁem would obéy the éelection rules discussed by Bés and
Broglia (Be 66). It should be mentioned, that the cross—sections leading to

non-collective sﬁates often are of the same order of magnitude as those

. |
involving collective states, so that a detailed calculation often will be -

| ,
necessary in order to distinguish the collective states in a given experiment.
‘ ‘ : : _

We will now anticipate some of the possible shortcomings of the

description give? above. - First of all the truncation of the boson expansions

_ may cause inaccurate description of superfluid nuclei or transitional regions.

| : o C
For superfluid séquences of isotopes the ground state energles will lie on

a parabola, which means that there are large deviations from the harmonic
|
energies (linear raise of the ground state energies to both sides of NO).

Definite examples in sect. L4 will show that the fourth order boson description

is able to describe superfluid systems, but that the energies become gradually

1

pocrer as one goes away from NO'

From evidence in lighter nuclei it has been suggested thaﬁ one’should
use an isoscalar péiringvipteraction acting among J=0, T=i pairs (Bo 68),
which would on the othérvhand not affect the heavier nuclei, where the
strong alignment of isospin imply-decoupling of proton and neutron pairing
states plus the abéence of proton-neutron pairing qorrelations. An iso-
vector compénent of - the pairing average field would explain the difference;in
the proton and neutron pairing strengthé usually assumed. One can then view

the parabolic energy behaviour of ground state energies of superfluid nuclei

as arising from the rotation in isospace of a pairing distorted system which

N

is directed in isospace.
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The spectra of lighter nucleil show definite deviations from isospin-
independence, both in ground state and excitation energies. In a phenomenological
description of these effects one might consider interactions among the boson

quanta, which contain both isoscalar and isovector (tl,tQ) parts. This

<

leads to anharmonic spectra and to splitting of isospin multiplets of the
form AET = (al+a2 T(T+1)). Experimental evidence for the T-splitting of

paif &ibrational levels does roughly support the 'T(T+l) rule, although it is
not followed very accurately (S¢ 69). |

In sect. 3 we will discuss the type of interaction Whiéh may give the
observed isospin structure; It is pointed out that the splitting of the.pair
vibration implied by an isoscalar pairing interaction is small and not of
the form T(T+1). The simplest interaction which can give the T(T+1)
splittings is a monopole force acting on T=1 particle-hole pairs in
- partially filled shells (which are alfeady formed by pair excitations). From
the assumption of such an interaction it also becomes clear, why the isospin
structure gets destroyed for heavy nuclei, where protoﬁ-holes and neutron-
particles (orvgigg_zgzgg) no longer occupy the same orbits, thereby restricting
the T=1, J=0 interaction to connect only pairs separated by two major
shells.

The interplay between pairing and particle-hole forces has anothef
aspect, which is also revealed by experimental evidence on J=O-‘states. One
has in a number of caées observed low-lying 0O+ states which get fair to very
strong two-nucleon transfer strengths. Thesé states are lower iﬁ excitation
ehergy than possible for péiring states (this conclusion is oniy definite

in closed neutron shells where such states can not be confused with

Y
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non-collective pairing states), and in many cases the -excitation energy is
close to twice that of the lowest collective muitipole staté'(often 3- at
doubly closed major shells, othérwisé 2+). There are two ways'in which such

a "two-phonon' state can get two-nucleon transfer cross-section. One is

.through inelastic effects, which are appreciable when collective multipole

transitions are inﬁolved‘(As 68), the other is_ﬁhrough admixturés of the
ground state (Vith its pairing.structure) or the excited pairing states with
lafge cross?sections. The presence of.admixtures are necessary in some cases,
where the cross-sections to the "non-pairing" states are extremely large.

The classification of these states as "two-phonon" stétes is in a few cases

impossible, possibly pointing to the co-existence of different shapes or

structures. It may here be either the ground state or the excited state,

' \
which has a large parentage to the N-2 and N+2 ground states. Experimental .

‘evidence of fhis is contained in the survey in sect. 4. TFig. 2 shows

schematically some of the deviations from the pure pairing picture, which

has been discussed above.

2.  The Boson Method
The formalism emplojed in our‘calculgtion is identical to the one

describéd in sect. T of Sé 67, except thét we have often defined the
collective bosons by means of TDA réther than RPA, which is ﬁecessary since
we are considering some neutron shells which are so "bad"'c;osed shells that
the system is superfluid; in whicﬁ case RPA faiis to describé the colléctiv¢
boson. Since we are aiso going further away from‘the closed'shélls théﬁ the
single step described in S¢ 67, a brief outline of the theory is rereated . |

here together with the additional formulae.
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The neutron Hamiltonian consists of a single particle part and a

pairing interaction

H = ZE: j €. B, -+ j{: ij' A, A, : (2.1)
n R s BT A Sy - .

J Jg!
where -
— + + + - J+m '
B, =(a, a,), A, = {a, a,) a, = (- a, 2.2
J ( J J)O J ( J 7307 Tim ) J-m (2.2)
and

N (Lo y1/2
J = (2j+1) /2

We now choose a neutron closed shell ]CS) as a reference vacuum and define

particle and hole operators with respect to this vacuum by

04;\| Sy = o,

-A, for J

< Cs
J , :
+ . .

. _ 2.
oij A; for 3 > CS , (2.3)
P B, Cfor - § <08

S : |
B, for § > CS .

Since the monopole, seniority zero states of even sjstems can be described
+
entirely by compining J=0 Dboson operators bj = b;—o(jj) satisfying

+ . :
[bj’bj'] = ij,- We shall include only such operators in the boson expansions

of the two

ot

h
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fermion operators of eq. (2.3), obtaining in fact independent expansions

for each j-value (Br 68)

+ + 4+
XlO 31

<D

A =Pt e Sttt e, L,
J Jo 3 J
(2.4)
ot _ 21+
. =Yy, b, D, : '

@J SRS I ' !
where the coefficients (see 54 68, which also explains why the expansion
parameter yo should be zero for seniority zero) are

10 ‘ 1 ~2\1/2 21 A ‘ '
A R A SIS o b B VRN C )
The Hamiltonian eq. (2.1) now becomes
H = Hy +H +H, ) . (2.6)
with
H =2 Ze bt b, - e vt b QZ 530 bt b,
0 SR I AIR I 2 S IS R
3> S J.d'>
’ or J» < :
: (2.7)
_ G AAv + .o+
H =3 Z 33 _bj,b.,+ h.e. , (2.8)
J>
. j's
: s Tk gy -iL d
H, = = % b, b, b, b,, - = * b b., b, ®
2 2 3 J 33yt 2 (J,J'J'JJ’
Jsd'> J>
or j,i's JI's ,
, (2.9)
AN
+<4pt Tt b)) o+ nee.
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where sixth order and higher terms have been neglected and the coefficients

31

Xj approximated correspondingly for consistency.
The normal mode bosons are now defined by canonical transformations -
+ oy ot : V | v
c = E: rn(J)'bj- E: s, (3) by s (2.10) 5
3> < * |
+ N . ,
c. = E::rm(J) bj - E: Sm(J) bj , | (2.11)
i< 5> .
where

M

p ) r () - ) s (9) s (8) =6, s
<

_ / (2.12)
rm(jv) rmv(j) - Z sm(j) Sm'(j)‘= 6mmv s

HES ' J> _

D 2(9) 5 (5) = ) r(3) s (8) = o

j> IS

The transformation may be defined by the requirement that HO+Hl be diagonalized
(RPA)

+ + , .
m

n

or by the requirement that H

o be diagonalized (TDA) which implies , ¥

sn(j)”= sm(j) =0
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+ ' +
H. = Z w c ¢+ Z W c ¢ . : (2.14)
0 n n n m m m ]

As discussed in S¢ 69a RPA is a bad starting point for the boson expansions
whenever the system is close to being superfluid. When thé systém'is well
non-superfluid one should obfain approximately the same results starting
from RPA or TDA. An example of this is given together With the discussion of.
Si-isotopes (sée sect. 4). One might question whether in the case of
transitional or éuperfluid nuclei the collective branch of excitations defined
by the TDA bosons is a fair approximation to the correct one (cpmprising
mainly ground states). Sufprisingly enouéh this is so to a large extent,
according to the comparison with an exact solution made for the two-level
model (Br 68) and ) comparison with BCS wave functions discussed in sect. b
for Sn-isotopes. Fdr these reasons we have employed.the TDA representation,
eq. (2.14), in most cases.

The bosons characterizing the collectivé branch of excitations
(ground states and pair vibrations) are the two-particle boson c; ‘and the
two-hole boson c; with lowest energies 'wn and wm. We shall in the

(with energies w, and w,) and

. + +
following denote these bosons ¢ and ¢ 1 5

1 2

+ + + +
the non-collective ones by primes ¢y, Coms +--- (AN=2) and Cors Cporrs

(AN=--2) after ordering them according to increasing ehergiesv wl" wl"’ cen

and w

2', 2", “ e e.n

. It is assumed that the non-collective states.(in the even neighboﬁr

isotopes to the closed shell) are well enough given by the normal mode

bosons, whereas non-harmonic correlations must be included for the collective

KN
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branches. We thus introduce the normal mode bosons in the residual inter-
action (Hl+H2 for TDA or just H, for RPA) ‘and keep only the collective

bosons : i

+ + + o+ + o+ o+ o+ i
= + + +. v
Hes T By ey # By v Ay cycytlycg ey cycy
+ o+ o+ + o+ ¥ + ¢
+ + +
Az ey ey cyeg + Ay ¢y, g, t AL Cl 1 ey ¢ *hAg e,y ey Cp
: + +
+ + “Co . .
A7 ¢, c2 ¢y 92 h.c (2.15)

The coefficients Bl’ BQ, Al, cee A7 are for the RPA case given by S¢ 67.

The same expressions hold in TDA when the proper transformation (2.10) to

(2.12) is used, except that
_ .RPA Q'ZZ: AR :[: A ‘1
Al Al + 3 3 rl(J) J rg(J ) (2.16)
' J> 3

because of the presence of H in H .
v 1 res

The collective eigenétates of the nucleus with neutron number N=NO

+ 2p-2q, where NO is the closed shell, are given in the form

+
(c )n+P ( n q

|N,0 ) ¢, (,a) oy o, . | (2.17)
Z - Vn+p) /(n+q)" ‘

where lO ) is the common vacuum of c, - and Cs and n is extended to ) v
the maximum number consistent with the number of configurations included.
If the total degeneracies of all included levels sbove and below‘the closed

shell are Dl and D?, we thusvextend n from zero to Dl/2 or'D2/2, whichever is

smallest, for the eigenstates of the closed shell nucleus N=NO. Using the basis states



-11- . : g UCRL--1883L4

(C+ n+p (c+)n+q
In) = —= 2 oy , (2.18)
Vintp)t'  V(n+q)V '

where for a given N either p or gq 1is zero, we can evaluate the matrix

\?
elements of each term in eq. (2.15), which are needed for the diagonalization,
(n[cz cl]n ) = ntp
(nle} c |n) = '
n]c2 c2]n ) =n+q , (2.19)-
(n+1) Ly = 1/2 1/2
n+llc, c2]n = (n+1) (n+l+p+q) >
+ + + »
(n¥2fcy ey ¢y epln) = (n+1)1/2(n+2)l/2(n+l+p+q)l/2(n+2+p+q)l/2 ,
+ + + : 2
<n+l|c c. ¢c. ¢ In Yy = (n+p)(n+l)l/2(n+l+p+q)l/ ,
171 271
!
( + + o+ _ 1/2 . 1/2
n+l]c2 ¢, e c2]n > = (n+q)(nt+l) (n+l+ptq) R
+ o+ '
(n]cl c; ey clln > = (n+p)(n-1+p) ,
T+ + .
<n|02 c, ¢, cgln ) = (n+q)(n-1+q) ,
+ o+
(n]clvc2 c; c2|n > = n(n+p+q)
The collective correlations are supposed tounderlie the non-collective
«“ ) . :
excitations, which then are given by c;,INO,O ) and CZ'INO’O » ' rather than
= + ‘ '

by |0) and cZ,]O)

Cpr

We now turn to the two-neutron transfer operator

T = - = —— - —— . :
3TN 8 ek S (2.20)
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which is transformed to the boson picture under the same approximations as

for the Hamiltonian

n¥l m¥2
+ o+ + + ‘ + + o+
+ + . + .
+Dycycgeg +D e e 0, %Dye e 0,4 D) eyc)cp .(2 21)
+ D * c ¥ D ]
5% %1% 7Y% %2 %%
where the coefficients involving collective bosons are given in Sé 61 T)

and the non-collective ones are

c,=r () 6j> - s (J) 5y< » C, = sm(j)_ﬁj> - r (3) 53<;° (2.22)

We arevdescribing the vL=O transfer reactions between the pairing
states in terms of the structure factors Gg (G1 65) arising from the expansion
of the radial partvof the reaption amplitude on a-baéis charécteriZed by
‘harmonic oscillatér quantum numbers. Assuming zero relative angular momentum

for the transferred neutron pair (in a (t,p) or (p,t) reaction) we have

Ggli,f) = E: REILNED: (—)QQN-xdi——(No;so,ohﬂ,nQ,o>' ,
g J L /2 '
N=2n+2-S (2.23)

BNote that D3 = Dh =D_ = D6 = 0 for TDA normal mode bosons.



3

-13- - UCRL~18834

where N 1is the radial gquantum nﬁmber of the relative motion of the two
neutrons to be transferred, S that of the center-of-mass motion, { , , | , ,)
a Moshinsky bracket and QN the overlap between the relative mgtion in the
triton and in the nucleus. Assuming a Gaussian wave function in the triton

and oscillator wave functions in the nucleus one may estimate (Gl 65)

Q .= /lew2) 1 (l o2 )N (-\63)3< —=n )3/2 _ C ({2.2h)

N QN(N+1) ! 6n2+\) n2+\)/6

-1/3 fm—2 and n =~ 0.242 fmnl.

where Vv = A
The structure coefficients GS may be entered in a DWBA calculation

in order to obtain the differential cross section

DWBA 2

= i .2

unpl®) = | O ogli) BBR)| (2.25)

' S

but since we will consider several cases where either no experiments have
been performed or several experiments have been done at different projectile

energies, we will in general not go through the DWBA calculation but simply
quote ' . '

i—rfoc Z Gs(isf)z‘ ) | (226)
S ' '

al

which represents the probability of the reaction taking place at any spatial
separation. One could alternatively choose the probability for the reaction
taking place at a definite radius R, assuming the amplitude pS(R,G) to be

independent of S except for the alternating phase,
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i

i»f

5 2 o . . :
Y (et . (2.27)
- |

We have tried both estimates and compared them with integrated DWBA cross
sections for a few cases, and we find that O Of’eq. (2.26) is the best 4
estimate, although both fail in cases of peculiér kinematics and gengfally
should not be considered as more than order-of-magnitude estimates.

In order to evaluate the nuclear matrix element (f]Tj]i ? in eq.
(2.23), we evaluate the matrix elements of each term of eq. (2.21)‘for the

collective basis states in eq. (2.18). For neutron numbers N <§NO~2 we

get
(q—l,n'+l]c1|q,n )y = (n+l)i/2' )
(a-L.n'fe lam) = (w)/? |
(q—1,£'+1]cz cI eylan) = n(nfrl)l/2 ,
(q;l,n']c; c, cglq,n ) = (n+q—l)(n+q)l/2 Y . (2.28)

1/2

b

1 + + _
(g-1,n +l|cl e, c2lq,n ) (n+q) (n+1)

1/2 1/2 1/2

<q—l,n'+2[c1 cI cZ]q,n ) = (n+q+l) (n+l) (n+2) ,
(a-1,n']c] ¢, e la,n) = n(n+q)l/2 _— ' ' ' .
’ | l l 2 ’ » ’ . » e
<q—l,n'-—1]c2 C2 cl!an )= nl/2(n+q)l/2(n+q—l)l/2 » p
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and for N 2=NO we get
' + 1/2
“@ (p+l,n'|cllp,n ) = (n+p+l) s
v . (p+l,n'—l]c2]p,n ) = nl/2

(p+1,n'lc1 c} cllp,n ) (n+p)(n+p+l)l/2 >

1/2

+ :
(p+l,n'—1102 c, c2]p,n ) = (n-1)n . _ (2.29)
{pt+l n']c+ ¢l e lp,n ) = n(n+p+l)l/2
Prooniic) Gy ColPs >
i

(p+l,n'+l}c-l" c;: c;lp,n> = (n+1)l/2(n+p+l)l/_2(n+p+2)l/2 .
{(p+1 n‘-—l]c+ c. ¢ |lpm?) = nl/2(n+p)

2 l l 2 2 ) v>
(p+l,n'—2|02 ¢, cl]p,n )y = nl/g(n_l)l/2(n+p)l/2 ;

In the cases where we have performed a DWBA calculstion, the har-
monic oscillator wave functions entering into the expansion given in eq.
(2.25) have been matched with Hankel functions of correct asymptotical

behaviour, using a computer code written by N. K. Glendenning.
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3. Influence of Residual Interaction

The neutron pairing force with constant matrix element within a
certain subspace is certainly a crudé approximation to the full interaction
and presumably also to the part of thé full interaction which is effective
in correlating the neutron pairing states of evén—N nuciei. By comparing the

i

fairly reliable bosog calculation based dn only the pairing force to experiﬁental
evidence Qe hope to learn about.the mechanism of producing neutron J=0
states, not only by pointing out the regions of égreement, but also by éon—
sidering in detail the possible causes for lack of agreement. This will be
done during the separate discussion of each region of isotopes in sect. 4,

but we shall in this section formulate briefly the mechanisms of additional

correlation invoked in various cases.

Considering the importance of the isospin quantum number for lighter
elements, one should here use an isospin invariant formalism, which for the

pairing force would imply a Hamiltonian

ne ) e 3/F nto0) -8y 3 AW A% )

00
J ‘ . BN
where
T=1,M,,

= (2t 1 =L ’ :

A flMT) = (aj(t_z) al (t= 2))J -0, o ,
(3.2)

00

+,1,
(a3(3) a,(3)) 0,

td
—
o
(@}
~
1}

hid
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and .

- - J+M+J+MT_ | ‘ B
On(m) = (=) 7O, (M) . (3.3)

In analogy to the procedure in sect. 2 we can épply the boson expansions in

the combined angular momentum and ieospih space, obtaining a Hamiltonian

similar to egs. (2.13) -~ (2.15) except for couplings of isospin. For like

‘quanta this leads to an isospin dependence of the form

2 gyl L gy Ly® . + . HT s 3T
2{: T WS 5 Tl 5) W(111137'T) T [(cl cl)O (cl cl)O]
T - 0
.=__1.Z(—2+T(T+l))';[+ SINCEERY (3.4)
36 | 1 %1’ 1 “1’07
T

+ : ‘ S ' v
" and similar for ¢ bosons. This may account for the observed splittings of

2

T=0 and T=2 states in the nuclei AO * 'L (where the AO

* 8 etc. For ’AO=56 we get around

ground state has
T=O)5fhe T=0, 2, 4 splittings in Ay
5 MeV splitting of the pairs of like bosons coupled to T=0 and T¥2 (using

the same G as in the neutron calculation), which is a considerable fraction
of the experimentally_observed splitting, so that it may be expeeted that the

pairing force is to a large extent responsible for this effect. For the unlike

guanta the only type of coupling implied by the pairing interaction is of the form '

¢

. o 0 .
~ + +\T ,~ +\T :
Yleam) B DT E T, (@)
T
or the analogous with ¢y and 5 interchanged, both of which only through higher

order admixtures in the wave functions split the T-members of the pair vibrational
states, and not very likely produce splittings proportional to T(T+l) (as the

observed ones roughly are).
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We thus have to look for a non-pairing interaction as the source of
the isospin stfucture of levels involving coupled, unlike boson quanta
cI and CZ' The simplest interaction which will give the desired T-splitting | .> ]
is a particle-hole monopole interaction, i.e. a force which is not important |
for a closed>shell nucleus before another interaction-bégins to excite particles
and thereby produce unfilled j-shells. Invérder that this.interaction can
split the T-members of the pair vibration, the particle—ﬁole pairs must Dbe
T=1
1{3? | +y o 00

V.., (B,(1) B,,(1))

330 Byt Byldligg (3.6)

In the collective boson representation we get a term propoftional to

1, + T 01,0 Z R . I, N
((e] ey)y (e e )yl = w(1111;17) T (.(.cl 02)0 (c; 02)0) ,
T _

(3.7)
which gives the pair vibrations a splitting proportional to-'(h—T(T+i))._fﬁ
At the same time the like Bosons get an additional splitting of thé.same
form, which Judging from thevsplittings of the pair vibrations compared to
those of equal quanta generally are of the same order of magnitude, although
definité variations can be observed from case to case. Around A=56" one
would need 4-5 MeV splitting of the T=0 and 2 states in AO t 4 from the \.

monopole interaction.
L 4

For a particle-hole force of the type corresponding to eq. (3.6) the isospin of

the particle-hole pair tells whether proton-neutron ihteraétion is present

or not. If the Bj(TM) cperators have T=0 ‘only proton p-h pairs or
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neutron p-h pairs are correlated, whereas for T=1 also proton-particle
and neutron-hole pairé (or ziggﬂzgzgg) get correlated. In heavy nuclei
ﬁith large isospin alignment only the M=0 part of thé interaction in eq.
(3.6) can be effective, so that it no longér produces any isospin structure.

| A detai%ed investigation of the simultaneous action of the pairingl
and"monopole T=1 forces is planned for a forthcoming communicationj and we
wiil in the discussion of the experimental spectra in sect. L4 only qualitatively
estimate whether the picture given above is relevant or not.

We shall now try to estimate the role played by the surface multi-
pole vibratibns llﬂ-) = 2+, 3-, ... which usually appears as the lowest
gxcited states in even nuciei. Although the vibrational bands are known
usually to possess large anharmonicities (S¢ 69a), we can get a qualitative

idea of the influence of the O+ members of these bands on the pairing states

by assuming the harmonic wave functions

‘ 2 » . - 2 ~
o+ = l(“T:(“)}\)J:o '~ [ Z {wph(a; ot ¢Ph(a; ) }] o)
: » PR i - (3.8)

The particle-hole basis employed here {or its equivalent in the boson space,
cf. S¢ 67 )has a certain overlap with the J=0 basis for the pairing states.
If the particlé—hole vacuum !O > corresponds to a closed neutron shell

+ + +
<O+|cl C2|NO’O ) is different from zero, and otherwise we have (O+|c2,!NO+2,O > ¥ 0

+ :
or <O+|cl,|No—2,0 > ¥ 0. In fig. 3 we illustrate the influence of these over-

laps on the two-nucleon L=0 transfer reactions. The total transfer strength

which in the pairing picture went to the excited pairing state (collective or non-

collective according to whether the nucleus is a neutron closed shell or not) is now
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shared with the two—phoﬁon multipole state. If further the multipole force

has produced ground state correlations, as it has if the ¢ . 's of eq. (3.8)

ph
are non-zero (RPA), then the ground state has the form

~

0 =ewd -3 ) v NI RNE L] f 0 L (o)
php'h' ' 0 ‘

which means that part of the paired siructure of_the ground state is destroyed

so that the ground-to-ground state transfer cross sections is reduced. The

figure illustrates this in twé steps, assuming first that the multipole

states do not produce ground state corrglations (TDA,v¢ph=O' in eq. (3.8)). .

The transfer strength to the multipolé 0+ state is thus proportional to

ji:th wp'h' and a recoupling coefficient, and this strength is taken froﬁ

the pgiring type configuraﬁion _c; CZ ]NO,O > (at a qloéed shell), or from the

simplest non-collective states c;, |N+2,0>' (below the ciosed shell) or

+ .
cy | N+2,0) (above the closed shell). In the figure the closed shell pair-

ing state is assumed to have the -structure CI c; |0 ) , otherwise the strength
is taken from several pairing states containing this éomponent. We can now
add the multipole ground étate correlations to the picture, which eq.

(3.9) shows to first order implies an admixture of the uncorrelated ground
state and the TDA 0+ two-phonon stéte. For this reason fhe strength
missing in the ground state has in fig. 3(c) been added to the two-phonon

O+ state. It should also be mentioned that two~§honon multipoie states of
collective nature can be reached by a two-step ﬁrocess'combining fhe transfer

process with an inelastic scattering (As 68), and that the two-phonon states

in this way can get Of the order of 10% of the ground state cross section.

4
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The admixture of the ground state and the two-phonon TDA~state is also of
this order of magnitudeR whereas thé overlap of the two~-phonon state with
the pairing statés excépt fof extraordinary situations only can bé expected
to be a few percént.

All together the picture outlined abové.seems‘to be able to ekplain '
small transfer cross sections to the non—pairing 0+ states (at most around
20% of the ground stéte). Suéh are observed in many isotopes, but in addition
there are a number of cases where excited states whose main source doesvnot
seem to be the pairing interaction have been observed, and which nevertheless
gets cross-sections comparable to or larger than the ground state. We feel that
these transitions have to be explained in terms of rather sudden changes in
thé structure of neighbouring isotopes. It could thus be that the description
given above truly represents the nucleus A, but that the ground state of A-2
has a larger paréntage with some other 0O+ state than with the pairing ground
state, in which case the (t,p) cross sections would change drastiéally. The
structure differences between neighbouring isotopes may e.g. be due to
differences in the gquadrupole type ground state correlations, which are
likely to occur a) when going from a major closed shell to the A * 2 iso-
topes and b) when permanent deformation occurs. ‘A kind of coexistence has
to be assumed in order.to proﬁide.tﬁe parentage relation necessary for large
transfer cross—-sections. A similar change in pairing diétortion and co-
existence of superfluid and normal phases is possible. That, however, can |
not be sufficiently well described by the béson expansions truncated at

fourth order, as further discussed in appendix 2.
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A weak coupling between pairing and quadrupole quénta-has
interesting implications for certain J=2 or 4 levels with pair vibrational
structure (Bo 68), and although the study of these excipatiohs are outside o
the scope of the pfesent-investigation, it should be mentioned that the boson
method (including two-particle énd twq—hole J=2 .operators) provides a

natural basis for analysing such states.

b
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4. Comparison Between Fourth Order Boson Calculation
and Expériménts
Thé calculations of néutron pairing states has been performed around:
major'as well as éome minor éhéll_closings NO and in some cases also
for various proton numbers, reflecting the interactions:with proﬁons‘only'
through the neutroniavéfage poténtial. Béfore cbmparing the éxperiméntal
levels and transfer cross sections with thé calculated ones, we have sub-

tracted the Coulomb energy, which of course is not included in the calculation.

In doing so we have assumed a Coulomb'energy (Be 36)

oD : 2/3 2

' =3 e 3 z Z =2/3y .
B, = e (1 -5 (7))~ 0.7 N (1 -0.76277) MevV .
- (k1)

In the Ca—region»there is evidenCé against the N—depehdence o£ Eé
(0o 66), bﬁt the grouﬁd state energies predicted by the pairing calculations
are not reliable ehbugh to provide conclusive distinction between eq. (k4.1)
and the assumption of zero Céulomp energy difference between hOCa and h8Ca,
although the trend would be slightly bettéf given if Rc were constant or
decreased slightly through the increasing;N Ca—isgtopes.

In order to ease the reading of the figures, a term proportional t@ .

N-N, has been subtracted from the energies of each isotope, so that the ground

state energies of the isotopes NO * 2 become equal, in the experimental_
as well as in the theoretical spectra. For each isotope we give the

experimental spéctrﬁm to the right, and at each level the (p,t) and (t,p)

intensities are given for the reactions leading to this level from the
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ground state of N+2 or N-2 (arrow pointing left or right), similarly for
the calculated levels (left) using eq. (2.26). Transitions to excited states
are quoted relative to the ground state transition and below the ground states

relative ground state transitions are given when possible. The experimental

v
i

absolute values are normally very inaccurate for a number of reasons |

including in somé casesbunobséfvable 9=0° maxima or otherwiée incomplete
angular distributions. The_depe;aence on kinematics i§ not included in the.k
estimate eq. (2.26). This can be an important faétor as several casés,where‘
experiments have beenvperfbrmed at different incident energies will show..vThe
results of every:experiment are labelled at'eaéh level. In .a few cases where
we wanted to emphasise a particular point in the diécussion, a DWBA calculatidh'
of the cross—séctiéns and angular distributiohé were performed. -
The parameters of the boson calculation are the.neﬁtron pairing‘

strength G and the neutron single particle energies. The pairing étrength

is assumed to be of the form (Bo 69)

G -
~ -0 N-Z2 .
=g 1-6 =7, | : o (h..z)

in consistency with the occurence of a symmetry energy term in the empirical
mass formula and the similar parametrization-of the optical'modél potential

dépth. G, was fixed at 0.75 and - G

1 0

was—takenias 23 MeV except‘fér slight
variations related to the number of single particle ievelg included;’ |

The single particle levels were at first extracted from single-
stripping experiments by means of the sum rule’method (Pr 615, whenever daté 

was available, but in most cases these energies were later varied, since they did

not reproduce the energies of known non—coliective pairing states which we

s
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felt was a necessary requirement for the present type of calculation.

Formally, we are also not interested in the-"baré” single-particle levels,
but rather in the énergiés associated with a self-consistent average field
produced by all non-pairing parts of the two-nucleon interaction.T In
a few cases we havé employéd such,poténtials obtained by a Haftree—Fock
calculation (see e.g. Ca—isotopeé),_but the status of the present generatién
of HF calculations is such, that the éxtremely model-dependent single
particle energies obtained from this source shbuld probably only be taken as a rough
guildance. In regions where the single particle strength is distributed
over a number of cémpiex states, we have relied on variational searches with
the aim of fitting 0dd mass spectra, again adding corrections dictated by
the availabie.e?idence of pairing sfates in the even isotope85 and in these
cases by readjusting the éritical energy difference between filled and unfilled
levels, tb which the odd-even mass difference ié érifidal}

The final single-particle energies employed are listed in table 2
of appendix 1, where also the pairing strengths G (table 1) and the collective
boson Hamiltonians (table 3) are éiven.

:It follows now a~separate,discussion of each region of isotopes. When

no other source is mentioned, the experimental ground state energies are

taken from Ma 65 and information on excited O+ states from Aj 68,

-l- : . . . N ) . ‘
For non-superfluid systems the pairing force does not contribute to the

average field, and for superfluid systems only in higher orders.
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En 67 or Le 67 when not from quoted two-nucleon stripping experiments. The
boson states are shown with heavy lines if they are built entirely of collective
gquanta, thin full lines if they are formed by one non-collective boson operator
operéting on the closed shell and dashed lines if they corréspond to one of

the other possibilities sketched in fig. 1. Iﬁ some casés the non—pairing.“
structure discussed in sect. 3 are indicéted in a special coiumn in the miédle

between the calculated and experimental spectrum. Unless otherwise stated

the TDA normal mode representation has been used in the calculations.

He-ISOTOPES
. in ' ' L _ .
In fig. 4, He has been used as closed shell. The He(p,t) experiment

' 2 .
has been performed at Ep = 49.5 MeV (Gr 68). The calculated "He system con-
sists of two protons Withoﬁt any correlation, since only neutron interactidn
is included. The T=0 resonance in hHe, which has been reached by (p,BHe)
(Ce 65), may be interpreted as the T=0 member of the pair vibration triplet.
The T-splitting increases the discrepancy for the 8He ground state which pré—

sumably is lowered by strong multipole forces ("deformation").

C-ISOTOPES

In fig._S,_lgc has been used as closed shell. The (p,t) reaction
on 120 has been performed at an incident energy of lSSIMeV (Ra 65), an
energy at which there is very little stfucture in the angulaf cross sections
tO'ﬁhe excited states (yet a state at 5.6 MeV is assigned 0+), at 50 MeV
(Gr 66) where a level seen at 7.2 MeV is the only one not Rnown to be'J¥O
and at 43 and 527MeV (?e 67), which seems to rule out the 0+ assignment for
a 5.3 MeV level believed to be identical to.the 5.6 MeV lé&el

mentioned above. The suggestion of a 5.03 - 5.29 - 5.60 triplet
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- suggested from (3He,t) (Ma 66) appears to be ruled out (Br 68a). Further

experiments at 50 MeV (Ne 67),'5h.9‘MéV (Ta 67) and 20 - 54 MeV (Co 67) see
no‘0+ states except the ground state. The lhc(p,t) reactioh has béen done
at 18.5 MeV (Le 63) and U47.5 (Ga 69, Ce 68);.in whiéh experiment the T=2,
0+ level isv0bserved and é-level at 17.77 MeV may bé associated with the
T=1 0+. Both states areIWeakly.excited. The reéction 12C(t;p) has been

g = 5+5 MeV (Ja 60), assigning the 6.58 MeV level 1- and
suggesting a O+ at T.01 MeV, at 0.4 = 1.2 MeV (Ku 62) and af 11 MeV (Mi 64),
supporting the 6.58 MeV, 1- assignment but disfavouring the 7.01, O+ assign—

ment. Newer evidence from other sources (Aj 69) firmly suggests O+ for the.

. 6.58 MeV level but leaves the 7.0l MeV level unassigned. The 160 ground

state has been observed in (t,p) experiments at E, =6 MeV (Hi 61) and
E, = 12 MeV (Mi 64). The 120 ground state is believed to be quadrupole
deférmed; and fhe 7.65 MeV 0O+ state a poSsible B~vibration or coexisting
spherical state (Ba 69).

The calculated ground state energies appear to be in éood agreement
with the experimeﬁtal ories, ‘and so is the first non;collective state in
th. In order to settle the O+ assignment of the 6.58 MeV state we pér—
formed a‘DWBA énalysis with the GS—coefficients of the pairing calculation.
The results which are shown in fig. 6, strongly_disagree with the earlier
plane wave calculation which led tdvthé 1- assignmeﬁf, and there seems to
be no doubt of the correctness of the 0O+ assignment.

The strength of the pair fibration in 12¢ should be seen in (p,t); S0

we conclude that its»étrengfh is shared by several states and tentatively

suggests an isospin splitting which incorporates the observed T=2 and
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(presumably) T=1 O+ states together with the highest lying of the T=0 states. The

lowest excited 0+ state is close po_twice the 2+ energy and it may not be

worthwhile to discuss the lowlying spectrum in térms of deformed and sphericdl
multipole surfaces in view of the feW'particlés invélved. If the extremely
large T-splitting suggested above is corféct, one would also expect a ]
considerable shift of fhe T=2 grouﬁd state of 16C. That this is notﬂ

observed may well bé'connected to the fact fhat the 16C ground state hés
particles in the s-d shell, thus presumably'béihg far from made ﬁp of two
identical quanta! For this reason the boson energy of 16C'cannot be cbmpletely
trusted. However, since thé collective boson has only an amplitude.O.BS fér

the particles being in the Opl/2 orbit, it may yet provide a fair description
of thg nuclei with four or more particles outside the closed Op3/2 shell. It
is a general fact that the structure of the collective boson branch may

be expected to change each time one passes a considerable gap in the single .
particle specfruﬁ. Formally this will appear as stfong couplings between

collective and non-collective branches, which has not been taken into account

in the present calculation.

0-~-ISOTOPES

In fig. 7, 16O has been used as closed shell. ThevlhO ground state

is seen in (p,t) at E, 43.7 MeV (Ce 6k4) and E, = 50 MeV (Ne 67), the

16 : :
0 ground state at Ep 17.6 MeV (Le 63). The excited levels are seen
in (p,t) at Eﬁ = 43.7 MeV (Ce 6k4a). As expected the deformed O+ level at
6.06 MeV does not carry any (p,t) strength. A mumber of T=1 states are

observed between 1L and 18 MeV, and one O+ assignment has been made

X
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(Ch 67). The spin assignment of the excited OF state in L4 (A5 69) is
made from another member of the isospin multiplet (Re 69). .The‘reaction
180 (t,p) was studied at E, = 5.5 (Ja 60), and at 10 MeV (Pu 62), the
ground state transition.further at 0.7 - 1.1 MeV»(Kﬁ 63) and l.é-— 1.6 MeV
(Ko 67). Reactions (t,p) on.both léo.and l80 (first pérforméd by (Ja 59)) has been
pefformed at E = 2.0 - 2.6 MeV (Ja 60a), at 6 Mev (Bi 62), at 10 MéV |
(Mij6h) and at 5:5 MeV (Mo 65). The relative ground state cross sections
quoted are presuﬁably rather inaccuraté.

The pairing calculation give good agreement for ground states and
non—collecti#é'péirihg excitations. The ﬁéak transition tb the first
excited O+ state inleO is easily expléined by assuming it to be a
two-phonon quadrupole state (cf. sect. 3). A line is insérted in the middle
column at twice‘the 2+ énergy. In 160 we have tentatively prOpoSed the
non-pairing typerof isospin éplitting. If the trend of the‘obserﬁed>groﬁnd—
to~ground transitions is correct, we will have to assume that the_zoo
ground state has correlations other than pairing, which might also compensate
the increase in‘energy caused by the isospin dependent pairing or mdndpdie
force. In an earlier study of the oxygen transfer reactions (Do 67) the
structure coefficients were,calcuiated from shell-model wave fupctions
including deformed configurations. Unusual optical parameters were needed ‘
to explain the angular distributions. Presumably the wave functions contain
too little pairing type correlation, since'the ratios of bross sections to

excited states and to ground states are too large. 'The pairing calculation

do somewhat better, and after the kinematics are introduced in DWBA the relative

/16

ground state transition'ratio‘lso(t,p) 0(t,p) reduces to 1.1.
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Ne-TSOTOPES _ o

The lBNe closed shell has been used in fig. 8, the 2vLLI\Te closed shell
in fig. 9. The 20Ne(p,t) experiment has been pérformed at Ep =‘50 MeV
(Ec 68), the 22Ne(p,t) experiment atv E = L3.7 Mév (Ce 6ha). The 20ne ground
state is deformed and one of the excited 0+ states around 7 MeV is prdbably a
vaibraﬁion. Since a pairing—t&pe two bartiéle state is present in ﬁhis |
region, one might expect that the B-vibration is the state which does not
receive (p,t) strength. However, this could also be a coexistiﬁg spherical
state and in that case most likely the pairing state. Tﬁe ground state energies
calculated from the almost superfluid N=1L subshell suggest that the étructure
of l8Ne is different from_the other three; preéumably of sméll deformation.vl
This is further supported by the observation of a weak O+ state in (p,t) at
approximately twice the 2+ energy. The N=1L calculation?appears superior to
that based on N=8 in predicting the ground-to-ground transitions to be strdng

in the middle of the shell as compared to both closed shell ends, as one

would expect.

Mg-ISOTOPES

The closed shell used for the presentation in fig. 10 is 26Mg which
is superfluid and presumably also deformed. The (p,t) pick-up reaction lead-
ing to 22Mg has been performed at Ep = 50 MeV (Ga 68), the one leading to
ghMg at Ep = 28 MeV together with the (a,6He) reaction at E, = 40 Mev (Ri 6k),
further (p;t) at:Ep = 38.7 MeV (Ga 6L4), at Ep = 20 - S5k MeV (Co 67), at
E_ = 50 MeV (Gr 67), at B = b2.1 MeV (Mc 67) end at E_ = 5.0 Mév (Ce 69).

The (t,p) reaction leading to 26Mg has been reported at Et = 5.95 MeV
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(Hi 6la, no angular distributions) and E 11 MeV (Hi 65), the one leading

to 28Mg atvEt;= 10 MeV (Mi 6ha).andAat E

t

L = 35 MeV (Mo _67’,xon1y N
grouﬁd state).

The situation is here different from that of C or‘O in that the

‘are thus only the lowest isospin possibilities, so that‘aﬁ isospiﬁ‘spliﬁting

interaction can account for the deviations of ground state energies which

L L . ' -2k . .
are calculated with only neutron pairing. The T=2 state in Mg which 1is

rather sfrongly excited in (p,t) must relate its structure either to the ground

1

state of that nucleus or to the non—boliective; but strongly (p,t) favoured
excited state. Several of the weak or in transfer non-observed ghMg/levelsﬁ

can then/be intérpreted as the T-components of’thevpair ﬁibration? especially

since the lowest'excited 0+ state has no E2‘trénsition to the 2+. The three

:pxcited_levels observed in 2§Mg are all T=1 and those ih 28Mg,all T=2. One .

'possibility is to associate the T=1 member of the 26Mg pailr vibration with

the highés£-experimentél:state and acéounfing.forbthé large strength to-the
lowest»exgited statexby assu;ing'large'quadrupole admixturés between this
and the ground étaté. The same;shariné of stréngth»is_again found in'gBMg,
exéept that.the_combihed miiing in.target anavfinal nucleus makes ihe (t,p)
étrength eveh'ﬁorekdistribUted.~ Iﬁveaéhjof the two3ﬁu#lei_tpere is still a
o+ levéllunaccounted fbr. ‘The 28Mg pair #ibratién.is-not suppdsed ﬁo play.'

2
)J=0

3/2

an important rolé, but the coupling of (d
.28 . 26 . L .
non-collective ~ Mg excitation) the the ~ Mg B-vibration (denoted lQ > in

configurations (the so-called '

fig. 10) and to‘the,-2 Mg ground state can provide two states in the right energy

26

region. 'In this picture the Mg(t,p) 28mg ground state transition would be

reduced with respect to the value in the pure pairing picture.
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definite discrepancies, the most conspicuous>being the absence of the strong

)

ground state. The latter might be explained by introducing thé'isbspin splitting .

of AN = -2 bosons, but it then appears strange, that no similar splitting ié

L\} .

observed for the AN = 2 bosons.

Ca~-ISOTOPES
Both fhe N=20 and_the N=28 closed shells have been used for.calcu;ations;
Fig. 15 uses hOCa és closed shell. In contrast to other regioné of the |
periodic table the Coﬁlomb énergy iﬁ the Ca-~isotopes seem not té follow the’?
trend given by eq. (L4.1), but rather to be the same for all‘the isotopes
(0o 66 and later Sﬁanford data quoted by Sc 69). In fig. 15 a constaﬁt
Coulomb energy has been assumed; but the comparison with ground state energies
corrected for a Coulomb energy of the form (L.1) is.given iﬁ fig. 16. ‘
The reéction hOCa(p,t) has been investigated'at Ep = 39.8 MeV (ﬁa 66),
reporting an excited O+ state at E# =vh.36 MeV. The same reactibn has béén-.
studied at 50 MeV.(Da 67), whére-no excited'0+ state is seen, bﬁt'é 2+
is assigned at roughly the same energy. The (p;t) reactions on uECa to MSCa

e "2MGa(p ) at 25.6 MeV (Sm 69)

Lo

have been performed at 40 MeV (Ba 64), th

and at Ep = 18 MeV that on h8Ca (Pe 68), tha and u2Ca (Pe»67), the “Ca(p,t)

reaction further at 42 MeV (Garvey and Cerny as quoted by.Ce 68). The isotope
50 | |

Ca has been seen in (t,p) studies at E, = 3.2 MeV (Sh 64), 12.0 MeV (Hi 66),

t
. ke L8 ,
7.5 MeV (Wi 66) and together with Ca to Ca at E

t
Lo

= 10.1 - 12.08 MeV
(Bj 67). The ~Ca(t,p) reaction was already studied at E, = 7.2 MeV (Mi 6ka)

and together with tha(t,p) at Et = 7.5 MeV (Wi 67), disagreeing with Bj 67 only
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in the 0+ assignment of the 6.7 MeV level. The O+ assignments of.eXCitedb"

50

levels in “ Ca made by Hi 66 is‘not confirmed by‘Bj 67. Some of the data
have been DWBA analysed 5y Ba 68 and ﬁr 68b. N

The lowest non-collective staée calculatéd in.380a should bé extremely
strong in (p,t) so we conclude that the weak observed state (if the spin
_ assiénment is correct) is a two;phonon quadrupole state, which“agreeé
perfectly withvits_position. The.lowest'excited‘state in hOCa is supposedly -
deformed (Ge 67), anq the third excited O+ state'agrees in energy with a twof
phonon octupole state. The two reﬁagning excited 0+ states could be the
T=0 and T=2 members of a split pair fibration. No candidate for ﬁhe T=1
member is present in the rather detailed (p,t) data available, but although
the state close to twice‘the octupole vibrational energy has a reasonéble
position, its strength is much too small for being interpreted as the T=1
part of the pair vibraﬁion. Probably the inﬁerplay'with quadrupéle deformed
states destroys the simple pairing picture. The fact that the deformed state
gets a third of the ground state‘crosé éecfion impliés a considerable deformed
component in the'h2Ca grdund state, accounting for the weakness of the (p,t)
cross section to the pair vibration. An alternative interpretation of the
5.20 MeV O+ state as an 8p - 8h configuration (Ge 69) required 7% of a
similarlpgrent component in tha. If the firstvexcited O; state in tha is
deformed its (t;p) intensity fequires around 10% of the parent configufatibn in
hOCa,_i.e. less ground state correlations;than ip tha but‘still an appreéiable
amount. The correspoﬁding configurétion is not present in the tha gfound

. . b
state, judging from the weak (p,t) transition to the excited 2Ca state. As

: Lo o . .
one goes away from - Ca the pair vibration rapidly increases its energy, but
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an extremely strong non-collective state in tha can be identified in this

nucleus and its analogue in tha. This is of course the staté‘whiCh_trans—

forms into the pair wvibration in h‘6Ca and h8Ca (based on thé h8Ca core). -
Some fractionation of its strength may be present in tha and h6Ca. In

ko v

Ca there is one other non-collective pairing state present, and the two !
: . . |-

remaining states seen (possibly only one) must bé_other states (B-vibrations
etc.) which mix with the pairing states. All together it is evident that
the presence of complex core’excited statéé in the closed shell nucleus on Which
we build our pairing calculation causes major disturbances in the pairing
scheme. This is also beared out by the sequence of ground state'energies.

We have tried to vary the single particle energies, an example of
which ig given in figs. 16 and 17. A set of singlé particle energies is hefe
introduced, whicﬂ is taken directly from a (spherical) Hartree-Fock calculafion
(Pa 68) except for thérclosed shell gap, which is still from the odawefen‘
mass differences. As seen in fig. 16 the fit to ground state energies is
slightly improved, but on fhe other hand the position of the lowest non-
collective states in 380a andvh?Ca (fig. 17) disagree with experiment. In
order to avoid the influence of the deformed admixtures in fhe L‘lOCepand h2Ca
ground states on the comparison for the remaihing isotopes, wevhave also.in'
fig. 16 given the calculated ground state energies referred to'huCa and h6Qa,
both for the calculation based on the HF single particle energies and that
based on s-p energies adjusted from one-particle stripping experimeﬁfs to
reproduce non—collectiyé two—pdrticle and two hole O+ sfates. However, with
this gauge we still get fine agreement for the heCa ground state enérgy, ﬁhile

48 » '
the Ca and especially the jBCa-ground state would be implied to have

additional correlation.
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One additional piecéfof evidence comes from the fatios of ground
state intensities and theif absolute cross sections ﬁhich are all knownT);
None of the éélculafed'séquences of ;elative cross sections reproduce the
experimental trend, and if we adjust the stripping interaétidn_to givé'the
absolute value of the LL6Ca(t_,p) ciOss—sectioﬁ cOrrégtly for the-calculation
shown in fig.‘lB,_it is 50% too large when the HF fasiS'is>u$ed. On the
other hand the uoCa(f,p) cross section then becomes 50% and 30% too small,
reépectively, in the two calculatiéns mentioned.

The strong ahd rather continuously varying groundfto—gfound cross
sections supports the claim of correlations in the ground states, but on
the other hand excludés any abrupt change in the structure of the ground

Lo

states.'_As,an.exception fhe’measured‘ Ca(p,t)380a ground state cross

section is only 21% of the §2Ca(p,t)380a cross section (fig. 15), which indicates

g.major differénce.bétween the l:"OCa and‘38Ca ground state wave functidns.

The experimental valué'is.rathér'uncertain, since the two.experiments are

perfofmed under different conditions,‘but the qualitatiﬁe indication is _ |

that the 38Ca ground state may be in fair_agreement with the pairing-wavg-
function, contrary té the LLOCa ground state. The.groﬁnd state admixtufes in

the pairing wave functions are nearly the same in all the isotopes, nameiy

around 0.25 - 0.30 (in amplitude)of the n=1 (see eq. (2.18)) or 2p2h

configurations and 5% of the n=2 or Lpkh configurations.

Our discussion is based on the absolute cross-sections coming from the
relative data of Bj 67 in conjunction with the elastic triton scattering of

some targets under the same conditiocns reported by Gl 67.
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+
In fig. 18 we use h8Ca as a closed shell. Here the cy boson

T

a total amount of ground state correlation which is 0.40 (still amplitude)
50

+ : ' :
contains 0.94 (amplitude) of pg/g, the c, boson 0.91 of f 32, leading to

} ' :
in ‘8Ca and about 0.55 in %6Ca and “ Ca. -The amount of ground state

correlation in h6Ca is in agreement with experiment (Be 66a), that or 2%a

in agreement with the predicted one from Br 68bbalthough our grouhd state
energy is 300 keV closer to experiment. The ground state correlation pre-

dicted for h8Ca is in agreement with Pe 68, which quote a total amplitude

-2
7/2

0.32 as compared to 0.3 to 0.42 (Pe 68), both in contradiction to an earlier

0.5 of admixturés; and as far as the T p§/2 component concerns, we predict
given velue of 0.17 (Co 66). The calculated ground state energies (fig. 18)
are in reasonable agreement with thé experimenﬁal ones in the region hOCa
to 500&. There are small deviations for hOCa and for the difference between
Ca and its two neighbours. Correéting for the latter difference by adding
a little amount of correlation in the h8Ca ground state ﬁe'would get an in-
creasing shift when approaching hOCa, as might be.expected in view of the
anticipated admix%ures of deformed combonents. The pair vibration in h8Ca
is too high, and a lower-lying O+ state is unaccounted for. Thié might Be‘a
deformed state, in which case the extra groﬁnd state corrélaﬁion is exrlained.
On the other hand there is no particular reason té expect a deformed state iﬁ
h8Ca. The simiiar lowlying state in LL6Ca has the exact energy and small transfer
Cross section which would be expected for a two-phonon quadrupole state mixing
slightly with the.pairiﬁg degreé of freedom and so has the lowest (possible)

50

0+ excited state in Ca. The claim that the h6Ca state should be deformed

Ny s ' . . L8
(Me gb) is thus not quite convineing. Further a deformed Ca state which mixes



=39~ _ UCRL-18834

with ground state or pair vibrational state to get the observed (t,p)

strength would pﬁsh‘these states apart, contrary to the fact that both excited
50

v : L :
O+ states are below the sum of the 6Ca and the Ca energies. It should

be mentioned that the fourth order béson method with pure pairing force
inevitably predicts the pair vibration to be above the sum of the neighbouring
ground state energies. A speculative sﬁgges#ioh explaining thé two ;xcited
80a levels is to assume in this nucleus a coexistence of normal and superfluid
phases; such thaf the lowest excited O+ sﬁéte'has the main superfluid-componént
and the higher 0+ state has small average pairing distortion. A support for
this idea comes from the potehtial energy surface (shown in appendix 2),
which is very flat in fhe region A = 0 to A = 3, thus makiné important the
higher order terms'that are needed in order to produce a second équilibrium
with A # 0. Such terms are not considered inAthe present calculation and théy
méy arise from ofﬂer sources £haﬁ the model pairing intéraction. The presence
of a seéond minimum will automatically lower the O+ excitation.energies, and
the sharing of strength will remove strength from the ground state. In order

L8 \

to explain the lérge ratio of the Ca(t,p) to h6Ca(t,p) cross sections one

will further have to assume that the coexistence of normal and superfiuid

50

phases are present both in h6Ca and h8Ca but not in Ca. A phenomenological

search for simple shell model wave functions which can explain the sharing of
strength between the three u8Ca'states (Ko 69), finds no solutions which agree

46,48

with the experimental limits for ?"“Ca ground state correlations.

The ground state energies seem not to leave any room for isospin interaction

between thé boson quanta, and all stétes,excited by'the (t,p) reaction above

0 ' N . ‘ gun P
Ca must of course have the same isospin as the corresponding ground state.
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As with the hOCa core, we have alsc here tried a calculation with
single particle energies derived from a Hartree-Fock calculation (Pa 68),
shown in fig. 19. The amount of ground state correlation is now increased.
The ground'stéte energies are much poorer, the h8Ca pair vibration a little
better and the overall variation of ground-to-ground cross seétion closer
to the experimental one. This may, however, not be significant, since the
values calculated with the first set of single particle energies (fig. 18)
Just leaves room for the inclusion of deformed components in hOCa and tha,
thereby decreasing the cross sections involving these isotopes, and allowing for
similar reductions due to residual correlations around Ll8Ca.

None of the calculatiohs have éompleﬁely éccounted for the sharing of
strength befween several levels at excitation energies around 5 MeV in h2Ca
gnd in 2‘L6Ca. The dashed tha states indicéted in fig. 18; of which some
correspond to non-collective states and the pair vibration in fig; 15, at
least show qualitatively that a large number of O+ states can be expected.
Also in h6Ca several states are predicted, although not quite as many as
are seen exﬁerimentally. Additional possibilities are numerous, such as

50Ca 2+ state

e.g. coupling the lowest tha 2+ to the gquantum creating the lowesf‘
from the hSCa core. Some amount of admixtﬁre seems to be reguired if the
fairly large (t,p) cross sections, which several of these states receive,
shall be explained.' A particﬁlar problém arises for the third and fourth
excited state in~h60a, which are so Elose to each other, that they could not
have been separated if much mixing were present. It is most likely that

one of these states is the pair vibration lowered similar to the one in‘h8Ca '

and the other one non~collective, in which case only higher order mixing can

take place (one state is 2h, the other at least 2phnh).



41— | ' UCRL-1883Y4

In order to compare the pairing wave functions with the‘SOCa

wave functions of Br 68b, which are calculated using the Hamada-Johnson

G-matrix as effective interaction, we have calculated absolute cross sections

46,48 :

for the Ca(t,p) ground state reactions at E_ = 11.97 MeV (Bj 67), using

t

the same optical model parameters as Br 68b and adjusting the'Strippihg

v

interaction (zero range limit of V exP(«BRE)) to give the correct h6ga(t,p)'

0
crbss section (implying VO = - 50 MeV and B = 0.2 fm_z, the oscillator
- parameter was A_l/3 fmug). In units of this integrated cross section the
18 | '

Ca(t,p) Cross seétion becomes4l.621 for the pairing boson wave_fuhctions
and 0.738 for the H-J wéve function (assuming here similar to Br 68b that

no ground stéte correlations are present in lLBCa, otherwise thevnumber would
be still smaller). The experimenﬁal number is 2.5k i‘0.06. It seems very

h8Ca(t,p)

unlikely that the prediction of the H-~J wave function for the
cross section can be correct, since that Woﬁld'require é‘considerable

change in the stripping interaction quéted above, which alréady uses parameters
which appréximately fits the two-nucleon transfer cross-sections in bther_
medium heavy nuclei (e.g. the 7r transitions considered in fig. 28). One

50

Ca wave function lacks pairing type

50

may conclude that the H-J type

correlation but that the amount of paif correlation in our “ Ca (or in the

h8Ca or both) ground'state is too iarge. It is interesting that the

pairing and H-J 5OCa wave functions considered here have the same amount of

pg/g‘configuration.
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Ti-ISOTOPES

In fig. 20 the isotope 50Ti has been used as s closed.sheli. - The
hhTi to h8Ti ground states have been observed in (p,t) exﬁeriments at |
EP = 40 MeV (Ba 64 and Ba 6ha), those ofAh6Ti'and hBTi further at Ep’= 28 MeV
(Ri 6k4a). The T¥2 state in hhTi was seen With‘ Ep = 38.7 MeV (Ga_6h).

The~50Ti(t,p) reaction has been studied at E =,745.MeV.(Wi 66) and the

t

h6Ti, h8Ti(t,p) reactions at 9.6h'and 11.1%4 Mev (Hi 67).

As expectedvfhe picturé'is‘vefyvsimilﬁr_to ﬁhat of the;Cahisqtopes.'
'In particular a vefy sfrong .O+ statevis séen in 5OTi, apparently below fhe
pair vibrations. The position of this lowest excited' O+ state isvwéll above
- what would be eXpected for a two-phonon quadrupole state (in fact there.are'v
wesk states present in‘the‘(t,p) déta which ma&vbe candidates for fhat), and
a igformed state cén not get the huge amount of transfer“strength unleés
the structure of the hBTi ground state is_similar, which appears to be
ruled out by the nearly‘harmonic quadrupo1e vibrational spectruﬁ in h8Ti.

5OTi_state is a

So it is tempting also here to suggest>that the excited
superfluid‘state similar in‘structure to the LL8Ti gfound'étéfé. Like in Ca
the ground state energies seem to indicate a change in strﬁcture as the N=20
closed shell is approachéd, S0 a_detailed study of,the.<p,t) reactions in !
this region would be véry‘desirable. The T=2 state in M“I‘li_is likeiy to

be a pair vibration built on the hzTi éore (similar in étrﬁcture to the ;owest
nbn-collective stafe in h8Ti). The third excited O+ state in h8Tivma,y

be the pair vibfation, lowered in éneréy by thé same meghanism which

20

describes tne coexistence in “ Ti. The pairing type of coexistence is only .
expected to occur at shell closures, since the inverted coexistence - superfluid

ground state and normal excited state - is not possible with a pairing force,

4l
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which implies BVpot/BA < 0 for every system.with superfluid ground state.
On the other hand, no matter what the structure of the potential energy is |
at low excitation energies, it is possible (ana for the truncated boson
expansion a fact) that highly excited states all have A = 0.

A total of four excited states have been observed ‘in 5OTi (in contrast
to two in MBCa). HaVing described the two lowest,as supérfluid and pair
vibrational, it is‘péséible tQ associate the remaining, weaker states with
quadrupole degrees'of freedom. The energy of the 2+ state in-52Ti is

1.05 MeV (Wi 66), and that of the h8Ti 2+ state 1.56 MeV, combining to a

50

0+ state in “ Ti at around 6.6 MeV. This state is excited via a two-step

process and therefore rather weak. ©Slightly higher will come the states

>

cdmbining the two-phonon quadrupole state of 2Ti with the ground state of

l+8Ti and vice versa. The former of these will be strongest in the (t,p)
reaction. All of these states will be affected by anharmonié.quadrupole
coupling effects. BSimilar structures can be formed in h8Ti, but are
probably higher in'energ& than the raﬁge covered by the quoted experimenﬁ.
Isospin splitting may affect particularly the pair vibrational states by
lowering them and shifting strength to the higher T-members, which can not '
be ébserved in the (t,p)-experiments.

It shouid bé mentioned that Hartree-Fock calculations of,hhTi to
5OTi (Pa 68) predict systematic prolate quadrupole deformations. However,
these authors suggest that the HF minima may not be very stable towards

pair dorrelations, a remark which should-apply to most shallbw HF minima.

Unfortunately, the guoted argument (Pa 68) is based on non-superfluid

Ti wave functions, but it is almost certain that similar conclusions will
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emerge from the appropriate Hartree-Bogliubov calculations, thus reconciling
.the remarkable success of the mass predictions of the present pairing

calculation with the picture offered by ordinary HF method.

Cr-ISOTOPES

52 52

Cr(p,t) experiment has

54

Fig. 21 uses Cr as closed shell. The

been performed at Ep = 40 MeV (Ba 6La) and together with ° Cr(p,t) at

17.5 MeV (Wh 67). The 50’52’5hCr(t,p) reaction has been studied at

Et = 12 MeV (Ch 68). The intensities quoted.in the figure from the latter
experiment are ratios at 5°, whereas the (p,t) data lacks forward anglés
and hence are quoted at the "second maximum". This may make a difference,
e.g. the (t,p) cross section to the firs£ excited 0+ state in 52Cr is
only 0.5 of the ground state transition if quoted at the second maximum as
compared to 1.17 at forward angles. Further the (t,p) angular distributions

52Cr(p,t) Cross

are rather state dependent. The low value quoted for the
section (Ep = 17.5) may thus be partly due to kinematics, as also suggested
from the fact that the (rather uncertain) cross section from the Ep = L0 MeV
experiment is about 5 times larger (in absolute value).

That a significant change in cross section occurs when passing from
mainly p—shell‘configurations to mainly f-shell configurations is beared outb
by the calculation, predicting a reduction by a factor of two. The excitation
spectra are similar to the corresponding Ca and Ti cases, except for the fact

5

that the first excited 0+ state in 20r lies in the region of the two-.
phonon quadrupole vibration. It is thus conceivéble that the latter state>gets its

strength from the pair vibration rather than from the ground state, due to
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. > |
the common f7/2.p§/2 component. Otherwise the large (t,p) and small (p,t)

strength of the pair vibration would be unaccounted for. As the figure
indicates, both non-collective pairing states and states with quadrupole-
type correlations”may be candidates for the two highest observed states.
Isospin splitting would be another mechanism for removing (t,p) strength
from the pairing states, but in‘order to investigate thé effect 6f tﬁat the
(p,t)-experiments above N=28 will have to be carried to higher excitation
energies.

The remarks on ground state deformations made under Ti also apply

here.

Fe-ISOTOPES
5k

" In Fig. 22 ” Fe has been used as closed shell. The reactions

54,56,58

Fe(p,t) have been studied at ‘Ep = 40 MeV (Ba 6La), the two latter

ones further at 28 MeV (Ri 6k4a) and 58Fe(p,t) at 22 MeV (Ba 63). The T=2
52

state in °“Fe has been looked at with Ep = 38.TAMeV'(Ga 6h)-and 4O MeV

(quoted by Ce 68 and Ce 69). The (t,p) experiments are performed at E
54 56

L = 12 MeV

(on " 'Fe, Co 66a, on ° Fe, Co 6Ta). The ground state (p,t) data of Ba 6ha

does not include the forward éngles, which gi#es rise to the big ratio
58Fe/56Fe of Ri 6ha. If the ratios were considered at the second maximum,
the two experiments agree. It thus appears as if the ratio obtained from

the (t,p) experiment§ are more frusﬁwdrthy. The performance of the (p,t)

experiment leading to the closed shell nucleus suggests itself.

The calculation doeé not reproduce the grbund state energies very

well, and it appeérs as if some of the isotopes may be deformed (e.g.
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56 58

Fe and not Fe). The T=2 state in 52Fe is naturally explained as the

T=2 component of the lowest non-collective state (a T=i 2—hole'pair coupled

to the T=1 5LlLFe ground state). The impressive amount of 0O+ levels in .

56 58

Fe and Fe includes multipole vibrational states etc.

Ni-ISOTOPES

56

Calculations based on both thez Ni and the 68Ni closed shells have been:

performed, the results being compared with experimeht in figs. 23 and 2L.

58

The “ Ni(p,t) experiments have been performed at Eé = 28 MeV (Ho 65),

at 50 MeV (Da 68) and at 45 MeV (Garvey and Cerny, Ga 69a). Further this

reaction was studied together with €0, 62

Ni(p,t) at Ep = 28 MeV (Ri 6la
60,62,6k . '
Ni

and Ko 64) and together with
o 58,60,6&N.

i(t.,p) reactions are investigated at

(p,t) at E = 40 MeV (Ba 6lLa) and
at 28 MeV (Da 68a). Th

Et = 12.12 MeV (Da 69).

56

There are several indicatiéns that ~ Ni is not a "good" closed sheil.

‘The form of the pairing intéraction in eq. (L4.2) makes it comparatively

stronger in T=0 nuclei, ih fact making 56Ni superfluid with the chosen parameters.
Hartree-Fock caicglations using Yale-Shakin potentialé (Pa 68) predicts either strong
prolate deformation or almost zero (slightly oblate) deformatién. A

calculation using Hamada-Johnson G-matrix ‘elements és effective interaction_

(Wo 68) predicts L46% of 2p2h >and 38% of Lplbh components. One of their

excited states in the 5 MeV region has 81% ULplh, which would fit with the

lowest O+ excited state, if the 60Ni ground state remains sphericél. A

DWBA analysis of some of the (p,t) data using pairing interaction has been

presented by Ba 68. The T=0,1,2 triplet at 6.7 to 10 MeV excitation

»
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.energy gave rise to the propqsai'of'isospin structure of the peir vitration by

. Bo 68. | | |

The calculatiohlbased on 561\Ii ie shown in fig;'23;'vThe single particle

. energies are adjusted from experimental ones, but very similar reeulte are
obtained Vifh a set of Hartree—Foek energies which siﬁulaﬁe the deformed solutien
menﬁioned (this set is denoted "quasi-deformed" by Pa €8). Hoﬁever,‘the ground
state energies do not feilow the.experiqental.ones, ahd in order to find the
region of discrepancy ve have in the middle colums (dashed lines) added a term

lineer ip Nl S0 that 60Ni and 62Ni are exactly reproduced rather than ~'Ni
and 58Ni. Thereby we actually obtaln reasonzble agreement except for a 1-2 MeV
dlscrepancy at N-28 and 30 We .thus conclude that‘these two isotopes eontalﬁ
non-palrlng.type correlatlons, which expleins why basing the energy scaling on
forcing the pairing states to reproduee these two isotopes leadsAto completely
wrong ground state_seqﬁences. Actually the pairing wave function of the 56Ni
ground state contain 0.8k (in &mplltUde ) of the closed shell configuration, in
contrast to the effective 1nteract10n calculatlon mentioned above. Assuming the
weak excited O+ state to be mainly Lplh, the pairing spectrum sppears quite
reaeonable,-exhibiting the isospin splittieg of the pair vibration and
sharing of its total (p,t)~strength, which is only about a quarter of the

grouna state cross section dﬁe fo the superfluidity of the ground state. If.
.this splitting is of the nature discussed in sect. 3, it will also increase

the energy of the N‘32 (and hlgher) 1sotope by a couple of MeV. Introduc1ng
further the isospin independent palrlng force Bo 69, see eq. (3.1), this w111

raise the T=2 ground state‘of»soNl by an estimated 2.5 MeV, altogether brlnﬂlng.

it close to the experimental value. Until decisive evidence on the structure
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56

of “"Ni becomes available, the two interpretations presented a?pear equally

attractive, either to consider 60Ni to 66Ni as mainly governed by a neutron

56

pairing force and 2p2h components entéring into the 58Ni and ~ Ni ground state
wave functions or, alternatively, to view the nuclei around 56Ni as governed
by an‘isospin independent paifing force plus some T-splitting interaction,
which presumably will have to decrease in magnitﬁde when adding particles to
the closed shell, since the iscospin shifts do not increase as rapidly as
T(T+1).

The lowest O+ excited states in the isotopes above N=28 are apparently
identical.to the two—phonon quadrupole vibrations, and the combinations of
non-collective pairing states give enough candidates for the remeining states.
Thé predictions for the éround state intensities are rather goodz thus
suppofting the pairing picture as far as ground state correlatioﬁé are concerned,

56

and at the same time disfavouring the HJ-effective force Ni wave function,

which can hardly be expected to connect with a conventional 60Ni ground state
wave function without abrup£ lowering of at leasf one of the two~ﬁeutron tfansfe;
cross sections. The claim that the 60Ni wave function must have a iarge com—-
ponent of the pairing wave function is based on its pretty harmonic multipole
spectra and the presumption that large ground state admixtures would implj _
large anharmonicitiesT).

It should be pointed out that the boson calculation reproduces the

rise of the ground-to-ground cross sections when going from a major shell

gﬁwidence in the opposite direction may be offered by the observation of large
static quadrﬁpole moments in guadrupole vibrational states exhibiting almost
harmonic spectra, but in these cases the cross-over E2 transitions are extremely

weak, suggesting that the ground states do not receive much admixtures.



-L9~ UCRL-18834

élosing towards the middle of the shell and the subséqueht decréase when
approaching the next gap in the singlé particle spectrum (in this case at:
N=hd). The.harmonic treatment of the pair quanta of course cannot reproduce
this systematic trend.

In fig. 24 the calculation is baséd‘oﬁ the (unknown) 68Ni isotope,
vﬁhereby pro&iding a>more reliable set of non-~collective pairing excitations
for the upper end of the series of known isotopes. However, approaching
N=32 the calculated transfer cross sections become extremely small, due to
a complete change in the boson wave functions. This change is caused by
the emptying of two single-particle leﬁels and the corresponding action of
the exclusion principle through the boson e#paﬁsions, which happéns infthe
truncation'employed to. cause a failure toldescribé nuclei with more than
six hole; in the N=40 core. Such a failure may be expected to occur
éccidentally when several shells of low degéneracies are bordering the closed

shell nucleﬁs, bﬁt far from always as e.g. the calculation based on 56Ni shows.

Zn-ISOTOPES
In fig. 25 '°
70

. Zn has been used as-closed shell. The (p,t) reaction
on 6th to

68

Zn have been studied at Ep = 40 MeV (Ba 6L4a) and 17.5 MeV (Mc 66),
6h,66Z

Zn(p,t) further at Ep = 55.17 MeV (Ya 67), the n(t,p) reactions at

Et = 12 MeV (Gl 69 and Hu 68). Since 70Zn is superfluid, N=LO is not a good
closed shell in this Z-region, and it is interesting to see whether the
fourth order boson calculation is. able to describe this series of supérfluid

isotopeé. In fact, the similaritiés of the wave functions of corresponding

states in different isotopes and the approximate constancy of the transfer
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?ross-sections are features of the calculation, alfhough the quadratié-inérease
in ground stéte energies when going away from the "closed shell™ is not quite
reached. Of course, the "pair vibrations™ become weak and must»intéract with
the non-collective states, since the definitions of collectivé and non-collective

would partly interchange if another "closed shell" was employed.

Sr-ISOTOPES

86’888r(p,t)

In fig. 26, 888r has been used as closed shell. The
reaction has been studied at EP = 49.5 MeV (Da 68a). The only excited O+
states observed can be associated with the two-phonon quadrupole vibrations;

The quoted ground state transition ratio is preliminary since the thickness -

of the 86Sr target used has not yet been accurately measured.

s
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Zr-ISOTOPES

In fig. 27 we use 902r as closed shell. The 92Zr(p;t) has been

studied at Ep = 22 MeV (Ba 63), 92,94,96

ang 90790

Zr(p,t) at the same energy (Go 63)

Zr(p,t) at 4O MeV (Ba 64). A more exotic two-neutron transfer

o4 17N) 90,92,9th 15

reaction, ( , has been applied to the isotopes at 7N

energies ranging from 70 to 120 MeV (Po 63). No excited 0+ states were

identified in an& of these experimeﬁts. The 90
|

studied at Ep = 55 MeV (Ta 69), at 31 MeV (Ba 69a) and together with
92-96 | 9

7Zr(p,t) reaction has been

zr(p,t) at 38 MeV (Ba 69b). The’ Zr(t,p) has been studied at

90-9k4

E, = 20 MeV (Bl 69) together with 7r(t,p) (Be 68 and F1 69):

t

The calculated ground state energies are generally good, probably
indicating that N=50 is a very good closed shell.. The lowest excited O+

state observed in most isotopes is likely to be a proton excitation mixing-

slightly with the ground state. In 88Zr there is further evidence for the two-

phonon gquadrupole state. The large jump in the 2+ energy occurring in

96

Zr éeems ﬁo indicate a change in structure, supported by the sudden shift
of (t,p) strength from the ground state to the first excited O+ state, which
méy be thé lowest non-collective pairiﬁg state, which decreases in energy as
moving away froﬁ the closed shell. At the same time we expect the assUmptioh

of independence of the collective and non-collective branches to become less’

valid so that these will mix and share (t,p) strength (96Zr), eventually
. ) ,

producing only one pairing state with (t,p) strength in 987r where no excited

O+ state.has been identified below 4 MeV. -It should be beared in mind, that:
96

there is a 1.3 MeV energy gap between the 1d shell closed &t Zr and

5/2

the 2s and then again 1.3 MeV to the next shell, which might imply that

1/2
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96 98 . . '
the Zr and Zr ground states are closer to being pure shell model states

than to the pairing wave functions.

9 90

Three 0+ states are seen in 2Zr(p,t) at 7 Zr excitation energies

90

between 4 MeV and 5.5 MeV. The two-phonon octupolé sfété in Zr is
"expected at approximately the same energy as the pair vibration, but of course
with less transfer strength unless they'mix. Further the two-phonon duadrupole
and 25—pole vibrations are expected in this region, and if our single-particle
energies are correct no non-collective pairing states can occur below & MeV.
The DWBA caiculatidﬁ shown iﬁ fig. 28 shows that the expécted (p,t) strength
of the pair vibration is 45% of the ground state (rather than the 73% from
the simple estimate (2.26)). One is thus tempted to suggest that the strength
of the pair vibration is fractionated among three states, indicating a stroﬁg
mixing between the pairing degree of freedom ahd the othér two, which most
like;y are the quadrupole and octupole fields.

in an attempt to uﬁderstand the difference.betWeen the relative ground
state transitions derived from the (t,p) and (p,t) experiments, we have
perfofmed a DWBA calculation of .both using the pairing wave functions, the
results of which is shown in fig. 28. One should note the large difference

in the 90

Zr(p,t) angular distributions obtained with incident énergies

31 MeV and 38 MeV. This explains why one cannot expect the (p,t) expériments

.at 38 MeV to give results approximatély reiated by time-reversal to the 20 MeV
(f,p) experiments. In most other regions of nuclei a similar difference‘in
energies would not make any drastic differencé. The caiculated,ratios of tofal
ground.state (t,?) cross sections for final nuclei 92:94:96:98 are l.OQ:l.27:l-28:
l.llAas compared with the experimental 1.00:1.40:1.55:1.50. The calculated.

ratios of total ground state (p,t) cross sedétions for final nuclei

88:90:92:94 are 1.04:1.00:1.19:1.11 as compared with the experimental
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intensity ratios 0.6:1.0:1.3:1.0. ‘In contrast to the simple estimates
given on fig. 27 the DWBA values reproduce the earlier decrease of the (p,t)
than the (t,p) cross sections. The calculated cross sections shown in fig.

28 agree quite well with the experimental ones with the exception of the

96 9

Zr(t,p) which is slightly underestimated and OZr(p,t), which is much too large.

The over-estimation of this transition is likely to lead to a éimilak,error

in the (p,t) cross section to the pair vibrations. For that reason the

9

actual strength of this state in OZr may already be exhausted by the

observed 5.45 MeV level. The DWBA value for the (p,t) cross section to the
92

Zr pair vibration is 23% of the ground state. If this number is £o be

further reduced by the ratio between calculated and experimental 9OZr(p,t)

9

cross section$, it may explain why the 2Zr pair vibration has not yet

been recognized.

Ca-ISOTOPES

o 110»116Cd(p’t)

: 1k ‘
In fig. 29 we use * Cd as a closed shell. . Th

experiments have been carried out at Ep = 40 MeV (Ba 65a and Ba 6k4),

110 110-116

ca(t,p) at E, = 10 MeV (Mi 6kha) and ca(t,p) at 11.1L4 MevV (Hi 67a).

t

The single particle energies used in the pairing calculation are predominantly

from a least square fit to the odd=A spectrum (Be 68a).

: i :
Again we see the fair ability of the fourth order boson calculation:
. _ : : : 5

in a number conserving basis to describe a series of superfluid nuclei,

including the concentration of transfer strength in the ground state transitions.
Only if the p-n correlation energy stays constant one can neglect the protohs_

in calculating the ground state energies. High-lying non-collective states
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are predicted which involves excitation of pairs from the negt lower (or

higher) major shell, to which the superfluidity does not reach, so that larger
cross sections may again be'expected. The structure of the "pair vibration"

is not qualitatiﬁely differeﬁt from that of low lying non—cqllective states.

In the same regioﬁ two-phonon quadrupole vibrations are present, which again get
transfer strength either by the mechaniems described.in sect. 3 or bx two-

step processes involving inelastic excitation to (or from) the 2+ state.

Sn—-ISOTOPES
Both ll6Sn (fig. 30) and 12041 (fig. 31) have been used as closed

: ] .11
shell. There have been reported (p,t) experiments at Ep = 40 covering 1 2Sn

o 124 116-120 120

t Sn (Ba 65a, Sn(p,t) at

Sn(p,t) also reported in Ba 6L),
118Sn(p,t) at 55.15 MeV (Ya 68) and all Sn isotopes at

116,1138n(

20 MeV (Ho 67),

Ep = 30 MeV (Ca 67). The t,p) has been investigated at E_ = 12 - 13

. t
MeV (Bj 68a) and the ;22’12h8n(t,p) at 20 MeV (Be 68).

- : 11k -

The reason for the changes in single particle energies from Cd to

116 | | T ”

Sn (cf. table 2) is the difference in proton correlations, which in the
pairing calculation should be reflected in the average field.

116

The ground state ehergies above the Sn shell closure are very well

reproduced, somewhaf better than the enes below. At lO_SSn a jump occurs
indicating a complete change in structure. The ground state transitions

are reasonable, considering an estimated * 15% inaccuracy. in the experiﬁeﬁéal_
values, but for the large—N isotofes the celculated values drop unphysically.p R

The ﬁredicted excited O+ energies are in agreement with the experimental ones in the

region around the assumed closed shell, so are the (t,p) strengths, but some
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of‘the (p,t)»strengths appear to -bhe too large. ‘In this region of isotopes ,

we have also indicated the strong nonvcollective.states involving the next
lower or higher major shell. |
The calculatlon starting from 1208n (fig, él) shows 31m11ar agreement

for the ground state energies, best at the hlgher 1sotopes, and the calculated
transfer cross sections are fairly constant in all cases as expected for a set
of.superfluid isptopes, although the detailed fluctuations’in the experimental
'values are not reproduced. However; at least fron lluSn to 126Sn, it is |
within experimental errors to consider the cross sections as constant. Thel
calculated.transitions to excited states are in better agreement with the
" available data than those of the 116Snlcalculation; The position of‘the

: {

1f and 2p3/2 levels have been adjusted in such a way that the non-collective

7/2
states involving mainly these configurations have the energies in l2hsn »
and.126Sn corresponding to the two stroné states observed in the (t,p)
reactions | |
In order to exhibit the ability of the fourth order boson method to”

deal with w1th superfluid systems, we have calculated the occupatlon numbers

of the various single particleylevels in the l208n ground state

v -+ A 2, . > . -
N, = (2bjbj y =2 (" e (rI(3) 6j‘> + rQ(J} ng) - (53)
where for the NO nucleus
(cte) = (c;cl ) f (c;cé ) = i{: n_¢i ‘, ' ()
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in the notation of sect. 2. These we compare in fig. 32 with the corresponding

numbers v? of %he BCS ground state wave function.

116,118

A discussion of the Sn(t,p) reactions in terms of the BCS

model plus harmoﬁic correlations are given in Br 68c.

I :

’ : . o
Te-ISOTOPES :

3hTe has been used as a closed shell. Although this

In fig. 33, ©
isotope has been produced (Fe 62), no mass determination is available.
We include Te. in our survey because (p,t) expériments are planned at the Oak
Ridge National Laboratory. Despite the N=82 shell closuré, thé calcuiation
predicts 13)‘L‘I‘e to be superfluid. Similar (t,p) experiments on Ba—isotopes are

in progress at Los Alamos Scientific Laboratory. The known excited O+

states are two-phonon quadrupolé states,

'Ce-ISOTOPES

I 140

In fig. 3 Ce has been used as a closed shell. This N=82 nucleus

seems to provide an excellent .opportunity to look for pair:vibrational
degrees of freedom, but no two-nucleon transfer experiments have yet been

performed. Both (p,t) and (t,p) experiments are planned at Los Alamos
14

Scientific Laboratory. The excited state observed in OCe (Ch 65) is

mainly a two-proton quasi-particle configuration.

Nd-ISOTOPES

L

2Nd has been used as closed shell. The lh8,l50

; .
In fig. 35, © Na(p,t)

reaction has been studied at Ep = 4O MeV (Ma 66a).
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- The caldulated ground State'enérgiés are in remarkably good agreement

150Nd are deformed nuclei. This is

. L

with the experimental ones, yet 1 8Nd and
probably due to the cancellations of two contributions to the ground state
energy, one coming directly from the deformation and one from a simultaneous

discontinuous change in superfluidity, both of which would be_inéofpor&ted in
. . N .

'

" sections with the calculated dnes;bit appéars that the strength going to the

first excited 0+ state in lhBNdiis>entirely taken=from thélpairing grouﬁd v
sfate. Theveicited‘state in lh?Nd_is a two—éfotOp quasi—partiélg‘s%ate. It

is not clear ét preéent what becomes of the pair Vibfafion'in'défof@ed nuélei,
but if.no significénf gap exiét; in the relevant.ﬁartrge;Fock spectrgm, oﬁé

5 .

. . . i B . -
would expect it to be absent. In quadrupole transitional regions the spherical

pair vibration may exist as a coexisting level. .
. . . o
{

Sm-ISOTOPES

bl Sm(P' :t)

In fig. 36, L Sm'has been used as clcsgd shell. The 150,152

experiments were first performed at Ep = 40 MeV (Ma 66a),.more recently together

15 1khk,148,154

with ~2 Sm(p,t) at 55 MeV (Is 67) and together with Sm(p,t) at

150Sm(t,p) reaction was studied at E_ = 12 MeV (Hi

Ep = 50 MeV (Ga 67). The A

1hh’lh8’;52’15h8m(t,p) at the same energy (Bj 66).‘-‘
.Because of lack of experimental eviaence the predictions of the |
pairing modeilfor‘the closed shell nucieus cannof be di§Cussed. The oﬁset of
quadrupdle deformation for ingreaéing neutron number naturally'destroys‘the‘
pairing picture. Judging from the ground state eﬁéfgies, the admixturé'of
148,

deformed components starts already in Sm. - This is in agreement with the

experimental quadrupole moment of the 2+ state and with a
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calculation of the potential energy for_this nucleus as function of quadrupole
vdeformation (84 69a) which, however, disagrees with a calculation based on
the adiabatic assumption (Ku 68)). Despite the change in ground state energies,

148 15

the Sm and OSm wave functions appear to be méinly given by the pairing

150

¥
'

ground states, as the>corfectlj predicﬁea lL'BSm(‘t,p) to Sﬁ ground state
cross sectionvsuggeSts. On the other haﬁd,lincreasing (p,t)‘cross section to
1owlying excited O+ states suggests that thesé nuclei are very soft and
presumably transitionall The highest O+"state in'lh8Sm is a candidate

for the spherical pair Qibrétion; A similar strong stéte is observed in

150 lssz, but in these cases the large parentage tofthe N+2 ground

Sm and‘
states suggests that these excited states are more qﬁadfupoie deformed than
the resbective ground states. Cther lowlying excited state; are strongly
excited by the (t,p) as weii‘as (p,t) reactions, including the B—Qibrations.
This is to belexpeciéd sinéé these ;tatés are.two—quasi—particle states in

the deformed representaﬁions, which means'that they may be reacﬁed by two--
nucleon transferlprocesses in the same way the quadrﬁpole one—phonon vibration
is»reacheq in séherical nuclei. Viewed from the spherical representation
both the deformed.ground states and the two-quasi-particle collectﬁve states
have large compoﬁgnts of the spherical pairing.ground states, which enables

us to understand %hat the sum of the cross sections to these lowlying
deformed states add-up to approximately the cross section predicted for the
correéponding spherical pairing grQund state.

50

The cléarest indication of the transitional character of 1 Sm are

the two first excited 0+ states, which are strong in (p,t) but of which

148

one is not seen .at all in (t,p). Adding the similarity between. the — Sm
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150 | 150

and Sm ground states it appears that Sm is an examcle of coexistence of

the type discuséed in fig. 2ec.

Pb-ISOTOPES

8Pb is used as closed shell. At EP = Lo (p,t) reactions

20)4’206’2081% (Re 67) have been studied, the 208

In fig. 37 20

208 |

on “"°Pb (Sm 67) and Pb(p,t)

reaction further at 22 MeV (F1 67, Ho 67a and Br 67, Ig 68) and at 20 MeV

210

(Ho 6Ta and Br 67), the Pb(p,t) reaction at 20.5 MeV (Ig 68). The

2Oth(t,p) reaction has been studied at E, = 11.95 MeV (Bj 672) and 20 MeV'

t
206

(F1° 67), the Pb(t,p) reaction at 12 MeV (Bj 66a) and at 20 MeV (Ig 68).

Finally the 208P

b(t,p) reaction at E, = 13 MeV (Bj-68) and 20 MeV (Ig 68).

The groPnd'state energies below N=124 are not well reproduced by
the boson calcelation, reflecting the change in structufe occuring between
2O6Pb and the isotopes below because of the low degeneracy of the 2pl/2 |
level. This change of etructure will in the boson picture be caused by
interaction between the chosen collective ;c; boson (containing a sub-

i . . .

stantial 2p1§2 component) and the non-collective (AN = -2) bosons, an
interaction which has been neglected in the present calculation., As, ﬁowe#er,
the single pargicle levels below N=126 are father close together and the .
collective branch therefore contains considerable components'ofher than’
2pl/2, the exclusion principle acts through the besen expansion.of the
interaction and we still expect the structure of at least the isetopes‘fairly
close to N=l2§ to be reasonably well described, which we think is indicafed

by the agreement between calculated and experimental (p,t) ground state

transitions.
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206 208

Two non-collective states in Pb and the pair vibration in P

are found in both (t,p) and (p,t) experiments. The assumption in our

model, that the non-collective pairing states do not mix with the corresponding

ground states is very strongly supported in 2O6P'b by an inelastic proton

scattering experiment (Va 67), which do not see the 1.16 MeV or 2.32 MeV '
| ’ ’ } o
: |

: |
states, implying for both states a maximum differential cross sectiod of

5 ub/st. In 208Pb further a 0+ state is seen above the pair vibration. This

state has an energy of a harmonic two octupole phonon vibration but then has to
mix with ground state or pair vibration. A non-collective state is expected’

at approximately the same energy, so both interpretations seem possible. Half

an MeV higher in excitation energy the 2+ states have been observed (Ig 68),

which may be interpreted as combinations of the 2lOPb ground state with the

206Pb quadrupole vibration (2_ 0+) and the QOth ground state with the 2105,

quadrupole vibration (O_ 2+),(cf. Bo 68), so we expect around 6.6 MeV to see
a O+ state formed out of the two quadrupole vibrations (2_ 2+). Candidates for

this state are present in the partially analysed Los Alamos data (Ig 68).

The 2OBPb pair vibration was the first to be recognized as such

(Br 67a). Other calculations of O+ states have studied the reactions

azoth( 208

t,p) (Br 67b), 206Pb(t,p) (s 67), “ Pb(t,p)(Ri 68 and G1 68) and

2Oan(p,t) (Gl 67a and G1 68).

U-TSOTOPES

The calculation shown in fig. 38 uses 228U as closed shell. The

236,238U(

t}p)’reagtions have been studied at E, = 12.05 MeV (Mi 63).

t

These isotopes are the most superfluid which have been included in the present

survey and the boson calculation must be considered as rather inaccurate,
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exemplified by a 3.66 MeV shift of the.228u ground state from its TDA

energy due to anharmonicities. Evidence for rotational spectra are present

in 230—2hoU_
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‘5. Conclusions

We believe in the calculations presented in the preceeding survey to:
have deﬁonstrated the importance of pairing type correlations in the structure
of even-N nuclei, both in explaining the ground state energy systematics
and in describing excited 0+ states, of which the collective pair vibratiops
have attracted special attention ever since their ekistence was firsy anticipated
(Bo 6L4). It is further clear that the consideration of anharmonic effects is
necessary if.a comparison is to be made with experimental energiee and twc—
nucleon transfer cross sections.

We heve fquna evidence for a number of deviations from the picture
provided by the neutron‘pairihg calcﬁlation, most of which are mentiohed in:c
sect. 3. The isospin structure is mainly found for Z < 20, but the magnitﬁde
of splittings, both between like and unlike quanta, are ef little regﬁlarifyi
and suggests that the fesidual interaction respohsible'for these effects, |
i.e. mainly the p-n interaction, cannot be described by a constant J=0
matrix element similar to the n-n pairing interaction. |

Couplings between collective and non-collective pairing branches

’

are found to be important in some regions,.which Just means that one has to
use a more exact diagonalization of the ﬁairing force than.the one used in
the present calculation.

Various kinds of coexistence have been proposed. Tﬁe coexistence ofi
a superfluid ground statevand normal excited states is trivially present iﬁ{:
most of the cases being discussed, namely wheneve; the closed shell nucleus
is normal, the neighbouring nuclei superfluid and the energy of the excited étate

above the energy gained by distorting the nucleus. If the shell is large

enough to allow addition or subtraction of many neutrons in such a way that



-63- . UCRL-1883)4

the pair vibration gets lower than the energy associated wifh the superfluidity,
then this staté will loose its coilectivity. In a few cases (h8Ca etc.) the.
opposite coexistence, that bétweén'a normal ground state and a supérfluid
excited state, is an open possibility, One would in such cases not expecf
the pairing force with constant matrix element to bé ablé tp describe these ’
higher order effects accurately. In transitional fegions a further Loexistence
between spherical and deformed pairing states can be.expecfed.

The very collective surface multipole vibratiéns are in several
cases close in energy to the pairing excitations and it is likely that they1>
Yorrow transfer strength by admixture.

We summarize in fig; 39 the systematics of the positiqps bf pair
vibrétions at major neutron shell closures.

The stimuléting influence of Prof. A. Bohr méde me wfite in 1965
the computer program used for the present_calculatioﬁ. At that time it was
not clear whether the'pair vibrations required a description including
anharmonicities but the same s;urce of inspiration éaused the initiation of a
still increasihg number of experiments directed at testing thé validity of’the
assumptions made céhcerning the structure of pairing states. I am very

grateful toward the large number of experimentalists which so readily furnished

me with unpublished or preliminary data.
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Appendix 1. Parameters and Boson Hamiltonians
Table 1 gives the neutron'pairiné\strengths G and table 2 the
single particle states and energies for each closed neutron shell considered.
In table 3 we give the calculated boson ﬁamiltonians, in order that one may
understand the type of aﬁhafmonicity present andﬁjudge the convergenée of
the fourth order expansidﬁ. The_parametrizatioﬁ follows eqs. (2.13)Jor
1724 p = Byt iy The

'quantities 2Bi and 2Bé_ give the energies associated with the normal mode

(2.14) and (2.15), except that Bi = B, + l-w and B' = B_ + L

bosons (which in the harmonic approximation were W, and w2) and the
coefficient Al measures the amount of RPA type ground étate'gorrelation
(although RPA could not be used if Al is large, the condition‘being that
02 of eq. (A.11) in appendix 2 stays positive) The remaining coefficients

specifies the types of anharmonic correlations between several collective

boson quanta.
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Table 1
Pairiﬁg strengths G
| No—nucleus  ‘ d No—nucleus G
b .00 Shpe 0.35
2 .80 56y 0.411
16, .125 68y 0.293
1By 0.95 024 0.36
the‘ ? .60 BBSr 0.22
26Mg .0 90Zr 0.234
e 9 Lk, 0.178
32 719 116, 0.178
38y .55 120gy, 0.163
40ca .575 13hp, 0.143
40ca (ur) .55 lFOCe 0.143
48, .38 142y 0.143
h8Ca (HF) .bo lhhSm 0.16
>0 k19 208y, 0.086
“Cer 228, 0.095




Table 2

Sihgle particle levels and energies

He

18y,

ghNe

26Mg

2854

Osy 5 OPgp

- -10.78  10.78
08172 O30
-20.5 -6.89
Osl/2 Op3/2
-33.47 -9.7
-33.0  -9.0

0P/ 0Py /o

-14.0  -10.0
-1k.0 -9.0

-18.0 —%2;0

0Py /2
15.38

0Py /0

6.89

Py /2

=5.75

-2.328

-k.35

Od5/2

11.1

Od5/2

2-T5

2.5

1sl/2

2.0

2.328

4.35

- 1s

1/2

12.7
151/2

6.01

6.3

Od3/2

3.0
3.33 -

6.1

3/2

10.77

10.9
T /2

10.0

10.5

. 8.0

7/2

- 18.21

18.5

(continued)
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Table 2 Continued

hOCa

e(HF)

M8Ca

e(HF)

503

52Cr

?hFe

Od5/2

-6.0

Od5/2

~5.hp

Od5/2

-9.27

=T.7

0d5/2

3/2

=k.05
-=5.02

6.66

151/2

-3.22

lsl/é
-4.3
1s

-6.11

-=5.5

151/2

-L.27
—hlz

181/

-3.85

-4.8

-5.11

1/2

Ods/o

3.22

04y,

-2.625

Od3/2

-3.62

-3.62

0d3/2

-4.25
-4.3

Of,.{/2

- -2.283

~2.0k45

S -2.16

. of

0of

T/2

5.82

2.625

of_

T/2
3.62

- 3.62

0% /2

2.4,

-2.h

lp3/2

2.283
2.0ks5

2.16

/2

P55
6.0

P35

2.75

.lp3/2

5:5
L.2

r3/5
2.}
2.4

21/

3.65

- 2.175 .

3.0

124 /0

3.7

2,/
6.0

5.0

21/
k.5
3.76

Of5/2

5.37

2.665

[AV)
o

5/2 T - o -
5.7

Of5/p  O8gyn

4,8 - 7.0
3.6 6.0"

O8g /2

5.6
4.0

3.2 -

(continued)
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Table 2 Continued

56y;

68ys

TOZn

88Sr

90Zr

lthd

116Sn

0d_
_5,§

0f7/2

-5.5
ry/»
-2.3
Of7/2
~L.4s5

-L.5

1Py /o

-8.15

-8.6

5/2 |

181/2

=5.7

fs/0

-4.95

of
-1.3

Qfs/z

-3.95

%g/2

-6.15

5/2

Od3/2

—h.9 .

3o

-3.7

121/

P30

-2.6

ld5/2

-1.65

-2.0

Ta/z

-2.k

2y /o

-2.0

Og9/2

1.2

/0

-2.h

-2.45
281/2

~0.9

-0.8

3/
2.k
989/2
2.0
1d

1.7

%29/2

-2.35

%72

-0.6

5/

Of5/2

4.15

3.k

281/

3.2

ld5/2

2.35

-

2.k |

14

0.6

3/2

P10
4.3
28170

b.o5

281/2

ho

3.7

Ohll/2‘

- 1.55

2.0

1lda

%92

7.35

3/2

"~ 6.05

ld3/2

5.5

5.0

lf7/2

5.0

og,,
6.15
Ogr/5  Ohy1/p
5.6 7.5

5.1 7.5

2_1’3/2 2Py /o

5.1 7.0

6.5 8.6

(continued)
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Table 2 Continued

120

Sno 1pyyp  Osgsp  Mgp Bsyp O8rp M3p Oy Myp Py g
€ -9.5  =T.h -3.0 -0.8 -1.3 -0.6 0.6 3.5 3.6 7.6
220 14,0 0 2s Oh 1d 1f 0i, Oh op - 1f
5/2  “81/2 1/2 11/2 3/2 7/2 13/2 9/2 3/2 5/2
€ -4.56  -3.87  -3.35  -2.12 -1.84 1.8 2.7 3.3k 3.62 b2z
122 . |
Te 2p1/2‘ z01ll/2 lg9/2
£ 478 T7.89 8.79
405 14 oz, 2s Oh. 14 1f 0i Oh 2p 1r
- %5/2 Er/2 1/2 11/2 3/2 7/2 "13/2. 9/2 3/2 5/2
e -7 b0 -3.5 -2.37  -L.79 179 2.7 3.5 3.8 bk
b2y 3 , | e )
€ -h.7 -4.0 -3.5 -2k 1,85 | 1.85 3.15 2.11 L.2 L.73
1hhSm
€. =5.05 Qh.3 -2.25 -3.5 -1.85 1.85 313 1.95 2.05 -4.8
lhobe . 2py
€ 5.0
_lgzNe'
£ L.,T
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Table 2 Continued

1Lk

Sm
> b7
208Pb Oh
‘ 9/2
€ -4.65
20%% 2d
5/2
€ 3.5
22%3 if
' T/2
€ -6.31
228U' 331/2
> 1.89

lf7/2

-3.55

1/2

4.2

0iy3/0

-5.76

1870

2.49

Oi13/2

-3.05

187/2

L.8

2P3/2

-L.9

2d3/2

2.59

2P3/p

-2.15

2d3/2

4.9
lf5/2
-4.76

if

-2.0

Py /2

-3.83

5/2

Py /o

-1.716

1892

-0.39

892

S 1.716

01112

0.39

0i11/2

2.7

0dy5/n

1.03

0dy5/2

3.28

2d5/2

1.19
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Table 3

Boson Hamiltonians

ca(HF) 2.88

-0.23"

] 2 By 52 Ay Ay _ Ay By, 5 g A?
hHé 11.47 17.56 _. .73 8.78 6.69. 0 -1.25 -3.35 .09 .00 0
2 9.78 9.96 .89 L.98  5.10 0 -0.93  -1.19  1.18 .9k 0
16, 5.34  9.98 67 b9 3.91 0 -0.33  -1.39 65 .69 0
By 6.8 9.7k b L8733 0 -0.29  -1.13 .56 58 o
bye 277 2.08  1.39 1.02 2.01 . 0 02 -0.31 0.0 0.32 0
26y, 1.93 1.9 9T 0.60 .o o ~0.60  =0.58 62 0.55 0
2851 TDA 6.08  5.67 Ok 284 394 0 -0.51  -0.58 .60 49 0
2851 ,RPA 3.99 3.60 79 3.8 -3.16 1.51  -3.45  -3.72 .29 .36 3.01
¥ ‘3.h5 5.37- .12 2.69 - 2.56 0 -0.25  -0.81 b L6 0
3B 097 3.59 A8 1.79 0 331 0 ~0.20  -0.50  0.29 33 0.
40ca, .20 5.76 10 2.88 2.5 0 ~0.22  ~0.L7 .31 .3k 0
hOCa(HF) 3.93 5.72 .96  2.86 @ 2.68 0 -0.21  -0.46 .28 .33 0
Yoo 346 2.k 173 121 2.53 0 -0.32  -0.18 - 0.26 22 0
48 2.43 Ak 1.22 3.05’. 0 ~;o;25A_ .26 .23 0

(continued)
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Table 3 Continued.

wl w2 Bi Bé Al A2 3 Au A5 A6 T
20p; | 2.87 2.h40 1.4h 1.20 - 2.63 0 ~0.28 -0.2k 0.29 .23
22cr '2.19 272 1.10 1.36 2.0k 0 -0.13  -0.22  0.17 16
ShFe 1.63 2.7k 0.81 1.37 2.52 0 -0.13 -0.27 0.18 .19
56y 3.17 2.48  1.59 1.24  2.75 0 -0.30  -0.23  0.28 2k
68y 1.66  3.48  0.83 1.7k 1.65 0 -0.09  ~-0.43  0.17 .23
M2, —0.34 0.77 -0.17  0.39  2.k46 0 -0.15  -0.2k  0.19 .19
8Bgr 3.69 2.32  1.85 1.16  2.05 0 -0.21  -0.08  0.15 .12
907y 3.63 2.4 1.81 1.20 ~ 2.29 0 -0.21 -0.10 0.16 .13
;lqu '0.45 0.10  0.22  0.05 1.3k 0  -0.13 -0.10  0.13 .10
o5, o0.60  0.12  0.30  0.06 1.1 0 -0.15  -0.09  0.13 .10
1205, o}os 0.41 - 0.02  0.20  1.29 0 -0.09 ~ -0.11  0.09 11
134 1.76 2.60. 0.88 1.30 - 2.30 0 20.06  -0.12 0.09 .08
hoge - 517 277 1.09 1.30  1.81 ) 20.07  -0.12  0.09 .10
12y, 1.97 2.87 0.98- 1.43 1.9 0 -0.06  -0.12  0.08 .io
_1hh3m . 1.33 3.02 0.66  1.51 1.88 0 —0.65 -0.19 i 0.09 .12
j2O§Pb,RPA~gg1; - 2.63 -21,11  1.38 .-0.07 0.05 }o.;6,:._5Q.19 ©0.09 - 0.10 - 0.11
2284 ~0. Lk 0.2 ‘—0;22’__ 0.11  1.08 0 ~0.03 -0.09  0.06 .06 ‘
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Appendix 2. Potential Energy Surfaces for the Collective
o y _
) E Palrlng Degree of Freedom

We define the pairing distortion operator by

A= - %G jat | | (A.1)

so that its expectation value A coincides with the distortion (gap) parameter
employed in the definition of the pairing distorted (quasi-particle) average
field. Performing the boson expansion on the right hand side of (A.1) &nd

retaining only the collective bosons and only first-order terms, we get
. | v _ o
= - + . - N
N=-0a cl+a,c, - | (2.2)

where

_ G - s N |
1’/—Z v_ag.—/_ 312(3) . , | (A.3),}

n
A

It is te@ptihg to look at the consequences of aséuming that A is the

variable which describes the coilective pairing states in the same sense as .

the surface parameters axu_ @eseribes the co;lecﬁive,multipole particle;hole
excitations. Following the analogy we shall assume that (A.2) rather than

(A.1) defines Zx,thereby removing non-collective boson terms from it. If phe
pairing a&erage poteﬁtial is distorted.(A ? O);'the system will be characterized

by a single phase angle ¢ (Bo 69), so that we can define an intrinsic

coordinate system with a real deformation parameter



~Th— | UCRL-1883k

pr= e A

Quite generally the transformation of any operator to the intrinsic
system is given by the gauge angle ¢ and the particle addition number n

carried by the operator

proo omit g | | (A.5)
n ) n . ’

Introducing the pairing momentum operator'77’ satisfyiﬁg'
—t .
Ar=1 ., - (A.6)

we can express the boson operators by

+ 1 0 —
Cl = OL2 OL2 (A" 210L2/( )a
1 2 .
(A.T)
o
+ 2 + L Dt
c, = a2 ag Qx - 21&11( )
1 2
Using (A.7), (A.L4) and the corresponding
T = 10 - | . (A.8)

‘we can now express the collective boson Hamiltonian (2.15) and collective

part of (2.1L4) in the intrinsic coordinate system,

| Hintr. = T(A', T') + V(A') . | (A.9)
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Assuming for simplicity the TDA normal mode representation we may write the
potential energy
V) = p. t oA r oAt e, (A.10)
o 2" Th i

where

>
1 (A.11)
2 3 3. ) -
Py = 2+ a 2)5 {“A3°‘1°‘2 - Ayoiay ¥ A0, + AL,
1Y % _ :

Thé sign of p2 tells whether A=O is a minimum or a maximum. In order fo{
have a possible coexistence of separate potential valleys, higher than fourth
order terms will have to be included in V(A), which similarly woﬁld requiré
a more refined boson calculation than the one présented above.

 Typical examples of the potential energy surfaces (A.10) corresponding
to cases considered in sect. 4 are given in figs. 40 to L43. Besides.clearl&
- exhibiting the concepts of superfluidity and non~superfluidity we observe in »
fig.'h3 the second possibility'of coexistence meﬁtioned in sec£. 5, namely Wﬁefe
the aepth of the superfiuid minimum is so that the gfound state wiil be mainiy
confined here but the pair vibration is at a suffiéiently high energy to be 
less affected by the potential raise af A=0. This is thé reason why the péir
vibration can at all be expected to exist for non-magic isotopes. As soon as
one goes away from a nén;superfluid closed shellvhucleué, a BCS gap wili appear

and hence the ground state be superfluid. However, near to the closed shell_the
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depth of the superfluid V(A) minimum is so small that it is not felt
above some excitation energy.
An investigation of the intrinsic Hamiltonian (A.9) in the adiabatic

approximation is being made by Broglia and Kumar (Br 69).
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Figure Captions
1. Schematfc display of the hieraki of neutron pairing states. An

energy term linear in N-N_. has been added in order to make the ground

0

+2 équal.

state‘energiﬁs of NO—2 and N0

}
2. Schemat}c display of some distortions of the pure neutron pairing
| .

states._ a: Isospin structure. b: Coupling to "two-phonon" multipole

states. c: Coexistence of spherical (S) and deformed (D) states with

| .
indication’of strong two-nucleon transfer possibilities.
| .

3. Sharingiof t,p (figures to the left) and p,t (figures to the right)
strengths bepween pairing and multipole states in a fictitious closed

shell nucleus. (a) Pure pairing picture, (b) the multipole states does

not produce ground state correlations (TDA) and (c) ground state
‘ , i

correlations‘present (RPA). The same picture holds in a non-closed-shell
|
nucleus, except that the role of the pair vibration |pv ) is played

by a set of non-collective pairing stafes.

4. He-isotopes. The symbols used in this and the’fdllowing figures

are explained in sect. 4.

5. C-isotopes. Experimental 18O cross sections are from Ja 60..
6. DWBA differential cross sections for the reaction'lgc(t,p) at

Et = 11.0 MeV leading to the ground state and the 6.58 MeV level of 1 C.

The experimental points are from Mi 64 and the calculated ones used
G—coefficients for eq; (2.25) extracted from the boson wave~functi0né;
(Gy» Gy» Gy) = (—0.0387? -0.4501, 0.2528) for the ground state and
(0.0340, 0.2663, 0.3765) for the transition leading to the non-collective
pairing excitation predicted at 8.07 MeV. The proton optical model

parameters are from Pe 63.
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Fig. 7. O-isotopes. The labelled experiments are a (Ja 60), b (Ja 60a),
¢ (Mi 64) and 4 (Mo 65). |

Fig.\8.‘ Ne—isotopés. CalculationrbASéd on lSNé.

Fig. 9. Ne-isotopes. Calculation baséd Qn‘szé.

Fig. 10. Mg-isotopes. The 1abéliéd‘eXpéfiménté'aréfa (Ce 69), b (Co 67 at
E, = 20 MeV), ¢ (Co 67 at E_ = 5k MeV) and @ (Gr 67). In the middle
column guadrupole O+ states are denoted Q, otherwise the notation follows
fig. 1.

Fig. 11. Si-isotopes. The experimental labels are a (Ha 67), b (Ha 69) and

Vic (Ha 67a). |

Fig. 12. Comparison between calculated spectra and transfer cross sections
in Si-isotopes, obtained either from the TDA.repreégnfétion‘(eﬁployéd
in fig. 11) or from the RPA representation. .

Fig. 13. S-iscotopes.

Fig. 14. Ar-isotopes.

Fig.‘lSi. Ca—iéotopeSﬂ 'Calculétion based‘én uQCa;'"Key'to experimental
labels: a (Ce 68), b (Ba 6h);'¢ (Mi 6ha), a (wi 67), e (BJ 67),
f (Pe 68) and g (Da 67) and (Sm 69).’ fhe relative ground state intensities
labelled e are based on the full angular range 0° f‘180°, most of the otﬁers
are ratios at a fixed angle-of‘avérages of short angular raﬁges.

Fig.‘i6. Cpmparisén of exéerimenﬁal.Ca‘ground-$tate-¢hergieé minus either -

1/3

constant or A~ varying Coulomb energy with various calculated
energies.“fA term linear in N has been added to the calculated energies;:
so that either the energies of N=18 and N=22 become equal (cases labelled T)

or so that the energies of N=24 and N=26.coin§ide‘ﬁith the experimental

ones with‘cbnstaﬁt,Cculomb energy (cases labelled II).
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17. Ca-isotopes. Two calculations based on oCa, using different single

particle energies, cf. table 2 of appendix 1.

L8

18.  Ca-isotopes. Calculation based on Ca. For explanatioﬁ of labels

o)

on experimental cross sections see caption to fig. 15. The Ca(p,t)

experimental absolute intensity (0.31) is normalized to h8Ca(p,t), whereas

L hohk
e

th Ca(p,t) intensities labelled g are not normalized to any other. -

I
19. Ca-isotopes. Two calculations based on h8Ca., using different single

!
particle energies, cf. table 2 of appendix 1.

20. Ti-isotopes. Labelling: a (Ba 6L4) and b (Ri 6lha). States listed

in middle columns are built of certain basic quanta of which the one

denoted 2+'creates the lowest 2+ state in 5?Ti from the >0

! 48... ., | L6

2_ similarly and Ti 2+ state, whereas 21 creates the Ti 2+ state from

Ti ground state,

the h8Ti ground state. Finally (2+)§ is two quadfupole-bhonon 0+ states in
the N—isotofe.

2l. Cr-isotopes. Label a refers to Wh 67. The two-phonon quadrupolev
states are denoted Q_ (N=26), Q (28) ana Q+(30), the corfespohding o%

quanta 2_(N=é6) and 2+(30).

. 22, Fe—isotbpes. Labelling: a (Ca 64), b (Ce 66), c (Ce 67), a

(Ba 6ha) aﬁd e (Ri 6ha).
56

23. Ni-isotopes. Calculation based on ~ Ni. Labels: a (Ho 65),

b (Da 682), c (Ri 64a), d (Ga 69a), e (Da 69) and £ (Ba 6ha). The
ground state;ratios quoted by a and c are ratios of the second maxima.
At this particular angle they agree with the references.from whiéh ratiqs
of integratedrcross sections are quoted (b and'f, the latter integréted
over the interval 5° <QGCM-< 40°). The dashed lines in middle columns

are ground state energies from the same calculation which gives the left

columns, but with a different term proportional to N subtracted.
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Fig. 2. Ni-isotopes. Calculation based on-§8Ni. Lebeliing.follows fig. 23.
Fig. 25. Zn-isotopes. ‘Labels: a'(Ba 6ha), b (Mc 66), and ¢ (Ya 67). The
‘ground state cross eections 1abelled b are ratios of second maxima and

presumably not reliable.

Fig. 26. Sr-isotopes. The spin assignment,of the eicited:86Sr state is by':
ns. The state is not resolved from a nearbyfknown 2+ stete, but the
triton angular distribution is characteristio of mixed L = 0 and 2
transfer.

Fig. 27. Zr-isotopes. Labels: a (Ba 69a), b (Ba 69b), ¢ (Be 68) d (Ba 6h)

. and e (Bl 69). Regarding the dlsagreements between the ground state
nransitions of the experiments b and c, which are rather close to eech
other in proton and triton energiee, a detailed discussion is given in
fig; 28, and'in the text. The ground state cross.sections labelled
c contain some corrections quoted by F1 69 The 1. 51 MeV level in 38z£,;'
is also observed by Ta 69, with 14% of the ground state 1nten51ty

Fig. 28. Angular distributions for Zr (p,t) experlments at EP = 38 MeV (Ba 69b),

at 31 MeV (Ba 69a) and Zr (t,p) experiments at E_ = 20 MeV (Be 68 and Bl 69).

4
The calculated curves are results of a DWBA 'calculation, using modified

form factors whose radial parts are harmonic oscillator wave functions .

(with v = A_l/3 fm) matched with Hankel.functions._ The optical model ..
parameters were the same in all cases, for protons V = 51.4' MeV, W = 2.59
MeV, W = T. 5 MeV, r = 1.17 fm, r' =1.31 fm,lrc l 2 fm, a. = O T3 fm

a' = 0.65 fm (Sa 67) and,for_tritons_v = 170.1 MeV, W = 19 MeV, r = 1. 15 fm,

1

r 1.52 fm, r_ = 1.4 fm, a = 0.74 fm, a' = 0.76 fm (Dr 69) A1l

calculated cross sections are in the absolute units;_they‘ere not
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normalized to the experimental ones and the stripping interaction was
the same in all cases. The structure factors were calculated with the
pairing wave functions corresponding to fig. 2T.

Fig. 29. Cd-isotopes.

Fig. 30. ©Sn-isotopes. The closed shell is ll6Sn. Labels: a (Ya 68),

|
b (Br 68c), ¢ (Ho 67), d@ (Be 68, the spin assignments in lghSn is from

other sources, the dashed lines indicate the first strong states involving'-

higher shells, not necessarily O+ levels) and e (Ba 65a).

" Fig. 31. Sn—isotopes. The closed shell is 20

116,118,

Sn. The ground state transition

122’l2h8n(tap) experiments are

ratios for the n(t,p) and.for the
normalized independently. For fufthérvéxplanation see the caption to
fig. 30.

Fig. 32. Occupation numbers Nj for the 12OSn ground state calculated with
the parameters of the boson calculation (bars), cf. fig. 30, compared to
the'filling parameters v? of the BCS ground state (curve).

Fig. 33. Te-isotopes.

Fig. 34. Ce-isotopes.

Fig. 35. Nd-isotopes. BSince the resolution in the (p,t) experiments was
poor, most of the angﬁlér distribution were not pure L = 0. For this
_leason the cross sections are very inaccurate.

Fig. 36. Sm-isotopes. Labels: a (Ma 66a), b (Is 67) and c (Ga.67). The
uncertainty in the lthm maés (Ga 67) is iﬁdicated by vertical lines.

Fig. 37. Pb-isotopes. Labels: a (Bj.6Ta, Bj 66a), b (Re 67), c and d

)

(Ho 67a and Br 67 at Ep = 20 and 22 MeV, respectively), e (F1 67)

206

. 208 '
and f (Ig 68). The ratio of Pb(t,p) to Pb(t,p) at E, = 20 MeV and

eCM = 30° is 0.25 (Ig 68). The angular distribution of the latter reaction is
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Fig.
Fig.
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to 0.0, estimated by assuming that the
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208

not yet available, but the Pb(t,p) cross section shows a 3rd maximum

around eCM = 50°, which has as large an intensity as the_309 maximum.

206 = 12 MeV),

Since this is not so in the earlier Pb(t,p) experiment‘(at Et
we think that a change in the QlOPb angular distribution has been caused
by the decreasé_in Q-value, and tentaﬁively increasg the ratio from 0.25

. . . . 206 . E g “]'. ) ,.‘ .
Pb(t,p) angular distribution is

the same at E, ='12’andv20 MeV. DWBA calculgtions‘shéﬁ‘ﬁhat the iétio of
totél cross sectioﬁs caﬁ be expecﬁéd to be twice the ratio taken at o

6 = 30° (2. max.). | | | |

38. U-isotopes. . _ K . o .

39. Excitétion energies.of'pair‘ﬁibrations at the most stable neutron
closed shell hucléi.“ The'oﬁé# trianélésﬂporrequﬁd té_T = Q,:l,uaﬁd 2

experimental O+ levels which mayvbe interpreted as split pair vibrgtions..,

Lo. Pqtepfial energy surface forlgong;
T . 01204
L1. Potential energy surface for “Sn.
42. Potential energy surfacé for tha.
136,

43. Potential erergy surface for Ce. . The parameférs are the-séme

as for the 1hoCefcélcuiﬁfiQn, '
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LEGAL NOTICE

This report. was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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