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ABSTRACT

It is shown that a o¢-v phase can be realized only in
deformed nuclei with broken isospin. The occurrence of
deformation is intuitively related to the laminated structure
in nuclear matter. ¢g-t correlations are considered in light
deformed nuclei at normal and high density. At normal
density such correlations give rise to M2'isovector collective
states whose properties depend on the oblate or prolate
nuclear shape and on the longitudinal (w.r. to the symmetry
axis) or transverse character of the mode. At high density
the signature of a o-7 phase in a specific model is discussed
and conjecturally related to anomalons.

1. Whya o-7 phase has a laminated structure in nuclear matter

The normal state of nuclear matter becomes unstable when the pion
propagator acquires a pole at zero energy. At this point it costs no energy to
produce pions and the pion field develops a nonvanishing vacuum expectation
value (Ref. 1) which obeys the equation

(ol 2 N _ I <

(PR u)<Py> = 5 0 <542 (1)
where S is the spin-isospin density operator S, =P, 6, . Detailed calculations
ey N . ik™ Tk ,
justify the minimal assumption »

bk < 53k> = 63 < 533> 2)

x, being the axis of spin quantization. The order parameter <SS 3> can be
e?(pre:sse:d in terms of the one-body density matrix Qg,¢, of nucleo%‘s of isospin
- 33 .
%, and spin ¢
3 3
{S,.0=2 o
33" 530, U373 9'5303 . (3)
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A nonvanishing € ¢, > implies one-dimensional ¢-7 density fluctuations.

If the phase transifion is of second order it is not necessary to know the
properties of the ordered phase. All one needs to know is at which density the
normal phase becomes unstable. At present most people accept tbxat the critical
density derived in this way is more than twice the normal density or that the
phase transition does not take place at all (Ref. 3).

If on the other hand the phase transition is of first order, its critical density
can only be established by comparing the energies of the ordered and disordered
phase between themselves.

Now the ordered phase can be realized in many ways and therefore one
needs a specific model to make such a comparison.

A number of models of the ordered phase has been invented independently of
pion condensation (Ref. ). These models were based on the observation that if
the OPEP were strong enough it could distort the structure of normal nuclear
matter in order to get a nonvashing expectation value in Hartree approximation

: 1 =T .2 < 2 2, :
<Vgedy =—2-/d rlj dr, < 533(?1), <533(1?2)> [VC+(2 z°- rJ_)VT] (%)

We see that also in this approach <S..> cannot be constant in space. because
otherwise the tensor contribution would average to zero. Such a contribution is
actually attractiv§ for tl}e laminated structure shown in Fig. 1 because in such a
configuration ¢ z“> <« ri>. In a variational calculation one finds that at the
critical density there.is a discontinuous jump from homogeneous nuclear matter
to one-dimensional crystallization (Fig. 2, the curve AB refers.to normal matter,
the curve CD to ¢~ matter), i.e. the onset of o-v density fluctuations is not
smooth. )
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This property, later fully exploited by Tamagaki and coworkers (Ref. 4),
qualifies the phase transition as a first order one. ‘

A realistic evaluation of the crytical density is much more difficult ina first
order phase transition, because one must compare the energy of the disordered
phase to that of the ordered one, and this latter requires complicated s.p.w.i., a
cylindrical Fermi surface and anisotropic and ¢-7 dependent short range
correlations (Ref. ).

The critical density might result different from that evaluated in the
framework of pion condensation with a procedure which is appropriate only to a
second order phase transition.

An example is provided by the liquid-vapor phase diagram, Fig. 3. The
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critical density at C is determined by comparing the free energy of liquid and
vapor. Actually the vapor (normal nuclear matter) can be made to follow the
curve AB beyond the critical point C by means of an adiabatic compression. The
resulting phase of supersaturated vapor {metastable normal nuclear matter) can
also be described theoretically by means of the RPA. The point B will appear as a
second order phase transition occurring at 0p> 0~. A RPA would completely
ignore the crossing at Q. It is perhaps worth noticirig that the order of the phase
transition is relevant ﬁt‘o phenomenology: i) If it is first order, and if the
experimental conditions in heavy ion collisions give rise to an adiabatic
compression, nuclear matter would remain in the normal metastable phase even
beyound the critical density; ii) if it is second order, below the critical density
there must be percursor phenomena (Ref.6) which could be observed in nuclei if
the critical density is not too higher than normal density. We will see that in
nuclei, due to their finite size, phenomena analogous to the precursor ones are
possible even if the phase transition is of first order in nuclear matter.

2, Why a -7 phase implies deformation in nuclei

We will consider only nuclei with N=Z and we will show that if a nucleus is
spherical or has a definite isospin, the order parameter vanishes.
The wavefunction of a spherical nucleus can be written

w= 2 | @, >|tL > |55y ¢ss 1L | oo )
z
‘ LL,
Since Sik does not act onl LLZ> s
, 1 e ) '
<wis, |v> =6, g T 5 < ds| B9 ds> =0 6)
"z

where we made use of the Wigner-Eckart theorem:

<55, {S, 15,5 = 0,,S, By(S)



In analogous way we can show that <'S, > =0 in a state of definite isospin. A o-7
phase can therefore be realized only iy deformed nucleus with broken isospin.
At normal density, in view of the high degree of isospin conservation, nuclei can
have at most very small o- v density fluctuations.

In a heavy nucleus the density fluctuations could be very similar to those of
nuclear matter as illustrated in Fig. 4a. In a small nucleus one can only
accomodate two layers (Fig. 4b) or one (Ref.7) (Fig. 4c). In this latter case the
fact that the g-7-density fluctuations must be small means that there can only
be a small excess of nucleons with 0375= 1 (03 773:=—].)-
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The analogy with nuclear matter suggests that oblate deformation should be
favoured-.in-light nuclei by the OPEP.

We will confine ourselves to light nuclei.

The study of a o-7 phase requires the evaluation of the energy in such a
phase as a function of the density, the deformation and other parameters. These
are the displacement in the two layers configuration and the 631:3=+1 (03 173:-1)
nucleon excess in the one layer configuration. ’

In the next section we will study the energy of the two layers configuration
at normal density for the experimental value of the deformation and small
displacement d.

At normal density the two layers configuration cannot be realized
statically, even with small g-v density fluctuations, because it breaks parity.
It can however occur dynamically, as zero-point ¢-7 oscillation. If the related o-
+ configuration energy is repulsive, it will give rise to a hardened coll@é‘give
state as predicted (Ref. &) by Ikeda et al. and recently found (Ref. 9) in “"°Pb.
Such prediction does not take into account the effect of deformation that we are
going to study. If such effect makes the ¢-7 correlations attractive, there will be
a softened collective state. The softening of such a state and the enhancement
of its amplitude correspond to the signature for precussor phenomena (Ref. 6).
Note however that strictly speaking it could not be interpreted as a precritical
phenomenon, because it would disappear in the limit of large volume.

The study of ¢-v correlations in light deformed nuclei at normal density
provides the first piece of information on -7 phases.

3  ¢-rtcorrelations in light deformed nuclei at normal density '

We will describe small -7 displacements by a collective model (Ref. 10).The



total nuclear w.f. is assumed to be

Pry vk = Doy () A(D), %)
where A(d) is a Slater determinant of displaced s.p.w.f.
-+ 1
y) =@ (2-230, )0, 2 , (8)
NN pMo,7, ~ 70 n.om 27373 373
P nem being h.o.w.£, in a cylindical basis and xg,,% spin-isospin w.f.
z'T -

The z-axis is taken parallel to the nuclear symmetry axis. If axis-3 of spin
space . is taken parallel to the symmetry axis, we will talk of longitudinal
polarization, if it is taken orthogonal we will talk of transverse polarization. In
analogous way we will talk of longitudinal and transverse oscillations.

The collective Hamiltonian is

2 ) k '
e B Ly (), | ©)
2M .

where M = i— Am. For small oscillations we can take a harmonic approximation to
w, - : .

Wd)¥ 5(C, +K,)dS + (Cp+ K Ty : (10)
C_ and C.. being the ¢-t independent restoring constants and K_ and Ky the
deépendent ones. These latter are determined by the equation

. L, 2 1. =2

<A@ | Vo[ A > SK, a2 Lr TR (11)
Vot is usually approximated by the regularized - and @-exchange potentials plus
a contact term which is assumed to account for short range and exchange
effects, whose strength is parametrized by the Landau-Migdal parameter g'.

Following the prescription of the unified theory of nuclear vibrations, the ¢ -
v independent restoring constants are determined by the equations

co =B 52 - =B el

CZ =g Mmoo, CT_ 7 mor, (12)
@_ and @.. being s.p.h.o. frequencies.

‘The numerical evaluation of K_ and K.. confirms, according to the analogy
between Figs: 1 and 4b that 1ongitu%ilnal pelarization is favored in oblate nuclei
for both longitudinal and transverse oscillations.

In prolate nuclei’ the contribution of the OPEP gets larger for transverse
polarization. Such-a'choice breaks axial syrnmetry in the excited states. We will
neglect such a small breaking.

The first collective excited states are characterized by the quantum number
K and-the M2 transition strength

5

' - V| | 2 2. 2
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for longitudinal polarization and
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for transverse polarization (assuming the axis of spin quantization parallel to the
x-axis). Note that neglecting the breaking of axial symmetry @, ~ @, ~ O

The collective model is consistent only when K is not neéligiﬁlle w.r. to C.
When it is not so, the corresponding level cannot be assumed to be collective and
will therefore be ignored. It will turn out that [ Kx‘ & [ Cc xl in prolate nuclei and
therefore we will put K =K. )

The anisotropic character of the response should be stressed. Longitudinal
excitations have magnetic quantum number K=0,1, while transverse excitations
have K=1,2. This is closely related to the o0-v response in nuclear matter (see
Alberico's talk in this Workshop) which has magnetic quantum numbers K=0 in the
longitudinal (w.r. momentum transfer) channel and K=1 in the transverse one.

The values of Kz and K_.. have been evaluated for g'=0.33, 0.5, 0.7. While K
turns out to be alwiys positive for both oblate and prolate nuclei, K_ results
positive for prolate nuclei, but for the oblate ones K_»>0 for g'=0.7, 1& ~ 0 for
g'~ 0.5+0.6 and KZ< 0 for g'=0.33, We have therefore “the distinctive prédiction
that for g'~ 0.540.6 there should be two collective states in prolate nuclei and
only one in oblate nuclei as displayed in Fig. 5. This characterization seems far
from trivial because one would expect in general a splitting of M2 céllective
states in analogy with the El resonance. The predicted position and strength of
the collective levells;2 (ind.‘icatféi by their quantum numbers K™ are reported in
Figs. 6 and 7 for ~“C and ""Si for different values of g' as compared to the
experimental results (without quantuyg number),

The experimental M2 levels of ““Si are closely centered (Ref. 11) agoungl an
gpergy value of 14.5 MeV with an integrated strength S ¥ 400 p° fm“. In

C the M2 strength is practically all conce \tratfd (Ref.12.) in one signle level
at 19.3 MeV and has the value B(M2)1¥ 700 #° fm”. This value is not a result of a
direct measure but follows from a theoretical analysis of the data carried out
using R.P.A. with spherical s.p.w.f.s"

These experimental results are not in contradiction with our prediction for
g'v 0.5+0.6. .

Our schematic model cannot account for the detailed properties of the
nuclei considered here. Only a R.P.A. calculation in a deformed basis, which
includes the effect of the A isobar, the spin-orbit terms etc., would allow a
complete description. Such a microscopic c:alculatifg could possibly account for
the fragmentation of the M2 states observed in Si and would allow a more
realistic fit of the Landau-Migdal parameter g' for light deformed nuclei.

We would like to emphasize the importance of using a deformed rather than
a spherical basis. With a deformed basis one has to expect in general two
collective states, and it is not trivial to get only one. With a spherical basis, on
the other hand, one gets naturally a single collective level. Such a basis,
however, can hardly give a consistent description of the properties of deformed
nuclei. It cannot account, for instance, in a simple way for the possible splitting
of M2 resonances in prolate nuclel.

Let us relate the above analysis to ¢-7 phases. Let us assume that at some
fixed density the potential energy W has a secondary minimum at some ¢-7
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displacement d JRE depicted in Fig. 8. In this figure different possibilities arising
w

' FIG. 8

dz

according that <Vgg > is positive, null or negative for small displacements ate
also schematically reported. What we learn if our predictions are confirmed is
that the most favorable situation occurs for longitudinal displacements in oblate
nuclei, for which the 6-7 correlation energy vanishes. The vanishing of K_, arises
in such a case from the cancellation of a large attractive term due to the OPEP
and a large repulsive term due to short range effects. It is then conceivable that
at high momentum transfer the nuclear response be softnened and enhanced, as
in a precursor to pion condensation.

We finally observe that in the present two-fluid schemne it is possible to
consider for light deformed nuclei all kinds of 0-7 oscillations giving rise to the
pion-like excitations studied in relation to precursor phenomena. In particular a
M1 unidimensional 6 -7 breathing oscillation mode has been studied (Ref. 13)s

4  Signature of a g-v phase in light nuclei at large density

A realistic evaluation of W at high density is beyond the present theoretical
possibilities. For the one-layer configuration there are some preliminary
investigations of the role of short range correlations, (Ref. 1#) A-N mixing and
shell effects (Ref. 15) which will be presented in separate contributions,

Here we will only discuss the signature (Ref. %) of the static two layers
configuration which would result if there were an energy minimum at d_#£0.

If the potential energy W has a local minimum at density 0 c and separation
d_, and if such a minimum is not destroyed by the kinetic enérgy, there is a
metastable state in which the @3 75=1 nucleons oscillate w.r, to the 0, 7,=-1 ones
around the average separatior u:i . Such oscillation will generate a <Pynamical
choherent pion field according tothe equation

(] + m2) < B> = 5= B3 <Sy58 (15)
1f the oscillation has frequency

<S5(T1)> = <Sgy (7,0 '@t 6
(B, (70> = <Py (0> &7

and

[4-tm2 - )] <@y Bonacta, <5y 00> a7



Th? piq? outside the nucleus has therefore an effective Compton wavelength

WASmy - s which (combined with the displacement d ) will make the nuclear
cross section larger than the geometrical one. It is (fempting to relate this
signature to anomalous nuclei (Ref, 17).

A furhter characterization of such a metastable state can be obtained by

evaluating the number of pions emitted in its decay. This evaluation can be done
by means of the Bloch-Nordsiek theorem.
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