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ABSTRACT,

A semimicroscopic model of the nucleus is presented in which
spin-isospin order is realized as zero-point oscillation of spin-up
protons and spin-down neutrons against spin-down protons and spin-up
neutrons. This phase is shown to be energetically favored by the
O.P.E. potential in ligth deformed oblate nuclei. The model is cha-
racterized by isospin admixtures in the ground state and enhanced M2

transition probabilities.
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1. - INTRODUCTION.

Several years ago it has been suggested(l) that the O, P.E. po-
tential should give rise to a spin-isospin ordered phase in nuclear
matter. Any spin-isospin order, however, requires some localiza-
tion of the nucleons. In a number of specific models(2) the localiza-
tion takes place only along one direction, the direction of spin quan-
tization, giving rise to a laminated structure where spin and/or iso-
spin alternate their orientation going from one layer to the next one.

The actual occurrence of this phase depends on the balance bet
ween the kinetic energy increase necessary in order to localize the
nucleons, the attraction coming from the O.P.E. potential and the
change in the short range interaction energy. This last effect is most
difficult to evaluate and makes uncertain the determination of the eri
tical density. It is therefore hard to establish theoretically whether
this ordered phase is actually present in nuclei,

We want to explore the possibility of a realization of spin-iso-
spin order in actual nuclei which does not reguire the localization of
the nucleons in layers. Being nuclei finite it is in fact gufficient: to
correlate nucleons with different spin-~isospin in appropriate way in
order to get a monvanishing contribution from the O.P,E, potential.
Such a correlation can be realized by allowing protons with spin-up
and neutrons with spin-down to oscillate with respect to protons with
spin-down and neutrons with spin-up. Spin-isospin order is thus ob-
tained in the zero-point motion.

In this model there is no kinetic energy increase with respect
to the disordered phase. The contribution of the O, P. E. potential,
however, will results attractive only for ligth deformed (oblate) nu-
clei. This reflects the fact that this spin-isospin order, unlike the
laminated structure, is specific of finite nuclei and cannot be extra-
polated to infinite nuclear matter.

The present model migth be relevant to the interpretation of
precursor phenomena(3) predicted in the framework of neutral pion
condensation(4). The laminated structure in nuclear matter is the

source for a macroscopic pion field(5), and therefore the onset of the
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spin-isospin ordered phase coincides with the onset of pion condensa
tion. Many authors, however, agree that the critical density for neu-
tral pion condensation is higher than the density of actual nuclei. They
have accordingly followed two lines : Either to create higher densities
in heavy ions collisions(6) or to look’ for precursor phenomena in nu-
clei, Some success has been obtained along the second line because it
seems that there is some evidence of precursor phenomena in ligth
nuclei. Precursor phenomena, however, are possible only in the vici
nity of a second order phase transition, while pion condensation requi
ring spatial order has the typical feature of a first order phase transi
tion, It is therefore tempting to relate precursor pheromena to the
pr'e»gxenf model. In both cases one deals only with spin-isospin order,
v;rifﬁbdt“s;p‘a-‘c‘iailsorder;.

We will not investigate here this aspect of our model. We will
confine ourselves to its presentation in Section 2, to the evaluation
of ﬁ;ei energy contribution by the O.P.E, potential to the ground state

in Section '3 and to the analysis of its e. m. properties in Section 4.

2. - THE MODEL,

Consistently with the procedure adopted in refs. (1, 2) we intro-

duce displaced creation operators

, g . -
(e = exp(- 2 & £B) ) e (d oF 2 (1)
where we labeled the spatial and spin-isospin quantum numbers of the
single particle (s.p.) states by a and A respectively. We will use
the labels h or p instead of a when we need to specify whether the
s.p. states are occupied or not. Ag regard to the other symbols ‘f)’

is the s. p. momentum, 3. a displacement parameter and s% the
"sign" of the displacement which specifies the spin-isospin order of
the phase a. The phase a=4 of ref,(2), for instance, is realized by
putting e}(fi) = T3 while the "sign" parameter determing the spin-

-isospin order of the phase =6 is 8}56) = Og7T3.
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Out of the operators (1) we construct a Slater determinant

A9 = 1) o> (2)
hi

} 0> being the physical vacuum,

This state vector depends on the "intrinsic" s, p. variables as
well as on the "collective" displacement parameter (-i” Its normalized
expansion up to second order in ?1’ is

3 .
A9 20 L5 A 4Dy, 4
2 =1 1 i i -
(3)
S @ (@)
+ 2 d, A+ 2 d.d. A
i=1 * 1 ij
where
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Consistently with the traditional approach to the macroscopic descrip
[y . b g
tion of collective vibrations( "), we redefine d as collective variable
and assume a total wave function of the form
a)

(@) _ ‘ - (a) ‘
%‘(n) Q(n)(d) A (5)

-p
where <P(n)(d) can be considered indipendent of the phase o, The

expectation value of the nuclear Hamiltonian H with respect to the in



trinsic variables gives in the harmonic approximation, aside from a
constant
2 3
: (a) (a) 1
= b T e m— + -
Hq = <A |H bA,7> ‘, A 7 2

1

where it is emphasized that the restoring force constant is composed
of a term independent of the phase and almuch smallen part which de
pends on it. This collective Hamiltonian describes the relative oscil -
lation of two fluids, whose nature is specified by the kind of spin-iso-
spin order actually established in the ground state. We will confine

ourselves to nuclei with N =2, For these nuclei the reduced mass is

independent of the phase so that the only dependence of the Hamiltonian
(@)
i
cleus will therefore exhibit the spin-isospin correlation of the phase

(6) on the phase is through the term k The ground state of the nu-

G, for which k;{ao) is largest in magnitude and negative, If this hap-
pened for the phase 0y=4, then the zero point motion should result
from the relative oscillation of protons against neutrons, as in the
(o =6)
i
attractive term, then the ground state correlation should manifest as

Goldhaber-Teller model(8). If instead k came out to be the most
oscillation of spin-up protons and spin-down neutrons against spin-
down protons and spin-up neutrons. This is the case of interest to us
since VOPE favors this phase. Let us therefore suppose that the low
est energy is obtained for a4 =6. The ground and first excited states

of the system belonging to this phase are of the form

(6) -+ (6)

P~ Bppld) 4 L=0,1 (7)

where 11(6) is given by eq. (3) when we put s?= 037T3. The states
belonging to phases other than a =6 however cannot be represented by
vectors of the same form.

The A(a) 's in fact, although lineraly indipendent, are far from
being mutually orthogonal. Let us assume for sake of simplicity that
only one alternative phase is possible, say a=4, The Schmidt ortho-

gonalization procedure will give for the lowest states of such a phase



up to first order in 3
® 2 g @ g =0, -1, 1 8
You e,(d) =, wo=0, -1, (8)

are spherical components of the form:

£ n-1/z{( AD 4O dv‘.(A](/,? A8 -
Ol

oo e ]
v=0,-1, | (9)
- 4AET AP Al |A$,4)))]}
and the normalization constant has the expression:
1 4 6,21 , 12
n‘ul= Z EA(E)‘ - 8}‘) ‘<’]p}u‘a‘u’\hlt>‘ =
P (10)
- =-1-}3(1—0)‘(pl|6 lhx>12.
2 3 w
phi
If an harmonic oscillator s.p. basis is used, the zero order expres-
sion of z(4) is easily deri :
A y derived:
() -1/2 (4)  (6), _
B ¥ omy (47 - 470 - )
- ’ waweT
N, Ehl 7,(1- o,) <\p)\|r"ﬂh}v,’cpx Chl'/l
where
_ -1/2
NP" = [- 2 (1- 63)2' -(pl‘r‘u}h/’l»> l 2] (12)
- phi

This is the familiar form of the particle-hole states derived within the
schematic rnodel(g). The lowest state (8) must therefore be close in
energy to the first excited states (L =1) of the phase dominant in the

ground state,
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3. - Vopr CONTRIBUTION TO THE GROUND STATE,

In order to ascertain whether the spin-isospin order of phase
a = 6 is present in the ground state or not we should compute the con-
tribution of the nucleon-nucleon interaction to the restoring force con

stant for each phase. To start with, we will confine ourselves to eva
(6)
i

charge for the phase a= 6 to be realized,

luate the contribution of Vopw to k in order to see if there is any
We assume spin quantization along the symmetry axis which we
take as the Z axis. We further assign to the index A the values 1,2,
3,4 for spin-up protons, spin-down protons, spin-up neutrons, spin-
down neutrons respectively.
The direct part of the expectation value of Vopp in the state
¢ A0 i,

(¢]

- (6) =®
{Vopr Vs = (% Wopg (d)B,) (13)
where :
(8) &, _ (6) 6), _ 1 - >
Wopg (d) = (470, Vopgd™) =5 2 7 /dr1drz
Ayhg 142
(14)
2 -
, “12 i - -~ ¥
r - 1 2
12
1 -1 -1 1
-1 1 1 -1
(Yzilz‘z) = "]l. 1 1 _1 k]
1 -1 1 ]
exp (- wr, )
o 12
VC(1'12) "V ury, ’
exp (- pr,,)
Vplryg) = vy, (14 1«3 v —=2 5 ) " =
H¥q9 (ur,)° D)



2

%c— mncz = 3,65 MeV , @=10.70 fm™ " (15)

<
il
wir

> x ‘
er(r’ d) - i @hﬂ.(r» d) g) A(I, ) 3
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"R T378Y -
QP]M) (r)

We disregard the exchange term according to the estimates of
refs. (1, 2) in nuclear matter,
In order to get a workable expression for the mean value (14) we

approximate the one body density by a gaussian of the form:

2 2 2

0¥, d=0) = 0 = o, exp(- TIL _ 2 (16)
Rl Fl"2

where R4 and R2 can be shown to be related to the deformation para

meter 0 and the nuclear radius R through:

e A TP A e e R S

After a lenghty but straightforward calculation we get from eq. (14) to

first order in ¢:

(VOPEJ> = %‘K(G){dz) = 3 LK(G) + 6K(6)J <d"> (18)
where :

f xxp2(x exp (=~ —-2.;- ‘u,RX-XZ),
0 V5

(19)
= K f dx x p,(x) exp (- — 2 pRx - xz) ,
A 4% s



r _— 2
_ V5 12 5. /8 A
X" 9T TRT¢ k=7 \/ 7 Vo 3 (20)
uR
2 2 3. 13
Po(x) = 1 -3x , p,x)=(z+—"75)-
3(UR) (21)
3V5uR "~ 3(uR) 3VEuR

It is easy to check that VOPE gives a repulsive contribution in spheri
cal ag well as prolate deformed nuclei. Only light deformed nuclei
with an oblate shape have a chance of getting an attractive contribu-
tion, This was confirmed by the quantitative estimates we made by

evaluating the integrals (19) numerically.

For A = 28 and 0= -0.4 we get KO

it

= -0,673 MeV/fmz , and

for A =12 and 0= -0.44 we get K6 = _3.909 MeV/fm?

In order to get the corresponding energy contributions we eva-

2
luated «d”> by assuming the fluids to be rigid bodies as in the Gold
haber-Teller model(g). Disregarding the small dependence on a the

expression for <d2> is then:

5/6 . 2

w2 r
2 2_!1)1/4(%0_ fm®  (22)

<d®y = 3(3 {;913)1/2@5'1 = 4,92 A7

@]

m being the nucleon mass and having assigned the value of 40 MeV to
the two nucleon separation potential v, and 2 fm to its range r, . We
then get for A=28 < Vopg > = - 100 keV and for A=12 < VOPE> =
= -1,21 MeV.

These values are obtained for the experimental density, R =
1.2 Al/ 3. If we double the density we get an attraction one order of
magnitude larger,

It is to be noted that unlike the laminated structure in nuclear

matter, the central part of the O. P, E. potential is always repulsive.
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The tensor part, being Ii’ne'ayr in the deformation parameters ¢, is at
tractive only for oblate nuclei., This attractive contribution prevails
over the central repulsive one for enough light nuclei.

For prolate nuclei it is convenient to orientate the spins in the
plane perpendicular to the symmetry axis. In this way the tensor con-
tribution remains attractive but it is halved while the central contribu
tion becomes more repulsive., The neat contribution is always repul-
sive at experimental density, though becomes attractive at higher den

sities.

4, ~ GROUND STAT ,PROPFRTIE‘S AND E. M, TRANSITIONS

G en the small energv gain and the apprommatlons 1nherent to
the: model we: cannot draw the conclusion that llght defor med oblate

~nu»c~1e1 are ina’ sp1n-1-sosp1n ordered phase, The prevlous resulﬁs lea-

ve only open such a possibility, It is therefore useful to implement the
energy caleu]atlon with the @nalysis of other properties of the gtates
80 correlated Let us first of all mention that, in spite of ¢ ,pi‘n-iso-
spin correlatlons, the average value of the source of the pion field
vanishes. Nevertheless the ground state contzins small admixtures
of isospin components other than T = 0, ag required(lo) for la-
‘minated structure and pion condensation., We get in fact, disregard

ing deformation effects

<>, = (8,45, 10 g Ad) & SN (23)

N labeling the highest occupied mayor shell. This equation gives

{T?> ~1 for A=28 and A=12.

The features of such a state are further evidentiated by its e. m,
properties. The e. m. transition probabilities from the ground to the
first excited state of the same phase (a= 6) are given by:

(6 -6

B )(A;K=I=0—>K1[)= — | (D ,, ()M I, v= k)gb)

(24)
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where !

(6)

290 1) - (49, ya x) 49 (25)

; ol
Its expression to first order in d is

3
, l{6) P _ _.‘_j._. d P B . -
#PK) 2 5n B 4 3 ogny(9y Loy LK) ]9, ) (26)
1: 3

Tt is easy to show from this equation that the lowest nonvanishing mul

tipole operator is the magnetic quadrupole one. Its expression is

(8) o ~Aﬁ o) (kg &5
M e, k) ¥ 3 |32 CIK100K > (g ) (0 s (@27)

The corresponding transition probabilities are in Weisskop{ units

B(M2,K=0->K=0) & 2,19(1 +%§ é)Al/3

B(M2, K=0=Kl=1) ¥ 2.33(1 -% a)Al/3

More specifically for A =28, B(M2;K=0-+K=0)~ 5,98 w.u.,
B(M2; K=0-»1K1l =1) = 7,78 w.u., and for A=12, B(M2; K=0->K=0)v
~4, 51 w.u. , B(M2; K=0-»1lKl| =1) 5,87 w.u.

The model therefore predicts large M2 transition probabilities
to states of the same phase. Enhanced transition probabilities to sta-
tes belonging to phase other than @ = 6 are not excluded however. The
E1 transition probability to states (8) belonging to phase a = 4, for

instance, is determined by the matrix element

E® o mL,r)A) X

: ‘ | <p2 >\ 9
2 T (1-7)(1- g, )] ¢pPAlr, Ihi>
x ‘/E pha 3 ° ’ t
4’ 3 ) . 1 2
[E (1- 0‘3)"l<pllrﬁ,lhl>l2] /
phi, " -

which is essentially the expression determining the E1 giant resonant

transition probability within the schematic model.
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5. - CONCLUSIONS,

Summarizing the model predicts that a spin-isospin ordered pha
se induced by the O.P.E. potential may be energetically favored only
in ligth deformed oblate nuclei,

In order to confirm such a result one needs to evaluate the ener
gy contributions coming from all components of the nucleon-nucleon in
teraction and, perhaps, a refinement of the semimicroscopic model
developed. Even in the present form, however, the predictions concer
ning isospin admixtures in the ground state and enhancement of M2 tran
sition probabilities can be taken in our view as qualitatively significant,

The model can be entirely reformulated within the more elegant
microscopic framework of R.P.A,. This improvement is also desir-
able in connection with the possible relation between the specific spin-
isospin ordered considered and the precursor phenomena mentioned in

the Introduction.
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