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A NEW MECHANISM LEADING TO DENSITY ISOMERS*
J. Boguta

Nuclear Science Division, Lawrence Berkeley Laboratory
University of California, Berkeley, CA 94720

Abstract:

A new mechanism leading to density isomerism in nuclear matter is
proposed. The density isomer is produced by the excitation of baryonic
degrees of freedom. A self-consistent relativistic model that accounts
for known bulk properties of symmetric nuclear matter is explicitly
constructed, in which the density isomer occurs at about three times

normal density. Thermal excitations are considered.

*This work was supported by the Director, Office of Energy Research,
Division of Nuclear Physics of the Office of High Energy and Nuclear

Physics of the U.S. Department of Energy under Contract W-7405-ENG-48.
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Many people have conjectured about the possible existence of nuclear

1)

matter density isomers. The most recent proposal was that of Lee and
w1ck,2) who observed that a nonlinear scalar meson self-interaction model,
such as the chiral sigma model, can lead to an abnormal nuclear state. The
shortcoming of many of the above proposals was that they either did not
attempt to describe the nuclear matter equation of state at various densi-
ties or else, as in the case of the chiral sigma model, the description of

3)

the known properties of nuclear matter was incorrect. Since the exis-
tence of an isomer state is speculative, it is desirable to construct
models that at once contain an isomer state and also describe the known
nuclear matter properties in a consistent way. The obstacle for achieving
such a model was the bias that a density isomer state could be formed only
as a result of scalar meson excitations. Ih a phenomenological analysis
it was shown that the parametrization of the binding energy per particle
(-15.75 MeV), saturation density 0(0.16 baryons/fmS) and compressibility
K (=280 MeV) eliminates the scalar meson excitations as candidates for

4)

nuclear isomerism, The purpose of this work is to suggest a new
mechanism leading to density isomers. In a relativistic mean field model
of nuclear matter we include the delta resonance and show that if the delta
interaction is sufficiently attractive an isomer state results.

We assume that the nucleon wN and the delta WA interact with an
isoscalar scé1ar field o and isoscalar vector field wp. In symmetric
nuclear matter, the pion and rho meson contributions vanish in the mean
field approximation. The nucleon field wu is a four component wave

function corresponding to a spin 1/2 particle, while the delta wave

funption ]

5)

o oHe = 1,4 corresponds to the Rarita-Schwinger spin 3/2

particle. The simplest nonderivative coupling of baryons to meson

fields is given by the following Lagrangian.
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For symmetric (N = Z), translationally and rotationally invariant nuclear
matter, the resulting field equations are
2o + bo’ + Co° = ~geype(N) = ge oc(n) (3a)
S o o IsNPs SAPS
2w = g oy (N) + g o0 (A) (3b)
V = 9Py 9wAPy

where w js the fourth component of W) The source terms Pg and oy are
obtained by filling the nucleons and the deltas to the top of the corre-

sponding Fermi surfaces kF(N) and kF(A)° For zero temperature they are

given by
oy (N) = =5 k() (42)
3w
o (8) = 25 k() (4b)
3n
3 *
ps(N) =4 fd k3 m iN) (4C)
(2m) k2+m Z(N)
dk
os() = 16 | 2Ky (49)
(2m) k2+m
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The effective masses m*(A), m*(N) are

*
m (N) = my + gg\O (5a)
* s
m (8) = m, + gg,0 (5b)
and the corresponding Fermi energies are
*
FE(N) = gy + gRE(N) + m™2(N) (6a)
_ 2 *2
E(8) = g0 + k() + m 2(a) (6b)

The Fermi momentum of the deltas is determined by the requirement of
chemical stability. For zero temperature this means that

) (7a)
For nonzero temperatures the chemical potentials must be equal.

Wy = Hp (7b)

In this case the source terms are generalized to include the Fermi-Dirac

distributions
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The above expressions are for nucleons. The delta contribution is obtained
by increasing the degeneracy factor by four (corresponding to I = 3/2,

J = 3/2) and substituting the appropriate delta labels. The total baryon
density is given by

og = Py(N) + 0,(4) (9)

The energy density ¢ is given by

g 9 3 * —_
£ = -%)ﬁ DV(N)w + ~—(§)=é DV(A)w + 4[(:ﬂ‘;3"k2 +m 2(N) [nN(e) + nN(G)]

3 *
N 16~[}d ?3 K2+ m2(n) [n,(6) + 7,(8)] + U(0) (10)
2m

From the field equations Eq. (3a,3b,) we see that the relevant parameters
3 4

of the model are gSN/mS, gSA/mS’ b/gSN, c/gSN, ng/mV, gwA/mV. For zero

temperature, the density at which there will be a nonvanishing number of

deltas will be determined by the requirement of chemical stability, Eq.

(7a), and the field equations. For the values of the couplings gSA/mS’

gwA/mV, gSN/mS, ng/mV we consider in this work, the deltas will appear

only above normal nuclear density. In this case the properties of normal
. . 3

nuclear matter will be completely determined by gSN/mS, ng/mV° b/gSN,

4 . B - . 3
c/gSN. For a given CS = gSN/mS . My and CV = ng/mV My b/gSN and
c/ggN are determined so that nuclear matter saturates at a density of

1

p = O.’l625/fm3 (corresponding to a Fermi momentum of k. = 1.34 fm™ ') and a

F
binding energy per particle of -15.75 MeV. From the family of constants

CS, Cv we can choose those values of CS and CV that reproduce other

known properties of nuclear matter such as compressibility K =280 MeV and
the zero energy optical potential of about -50 MeV. The parameters are

then completely determined. They are CS = 15.8, CV = 12.5,

3 4

b/ggy = -1 x 107 and c/gqy = 2.87 x 107,
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The coupling constants s A and A must be determined by considering

6)

delta-nucleus interaction. Recently Danos and Williams, in an Indepen-
dent Particle Model, estimated&that the delta-nucleus effective potential
could be -150 MeV deep, as compared to -50 MeV for nucleon-nucleus poten-

e

tial. Others have estimated a much shallower potential (=-30 MeV).
the delta-nucleus potential is taken to be shallow, the onset of the deltas
in nuclear matter will just soften the equation of state.s) But if the
potential is in fact significantly stronger, as suggested by the Indepen-
dent Particle Model, it becomes very advantageous to have more deltas |
present, with a significant decrease of the energy per particle due to the
extra binding of the deltas. An isomer state can result. To be more

9)

specific, we take gwA = ng on the basis of the quark model”™’ and take
95 to be a free parameter. A range of values for 9g, Are chosen, with
the restriction that the isomer state should not 1ie lower in energy than
the normal ground state of matter.

In Fig. 1 we show the energy per particle for QSA/gSN = 1.4 as a
function of the baryon density for zero temperature. This corresponds to
a delta-nucleus potential well depth of -120 MeV. The energy per paftic]e
for the case when deltas are completely excluded (gSA = gup " 0) is
shown for comparison (the dot-dash curve). We see that the delta channel
will open at about twice nuclear density with a second minimum in the
energy per particle occurring slightly below three times normal nuclear
density. The depth of the first minimum is -15.75 MeV and the depth of
the second minimum is -11.0 MeV. By decreasing IsA slightly, we can
raise the depth of the second minimum. In Fig. 1 we also show the energy
per particle for gSA/gN = 1.35 corresponding to a well depth of -110 MeV.
In Fig. 2 we show the energy per baryon as a function of the density and
temperature for 95 /gSN = 1.4 and T =.0, 25 MeV, 50 MeV respectively. The

phase transition between the two nuclear matter states will be first order in
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complete analogy to liguid and vapor phase transition. The energy density
e(pB,T) is a single valued function of the baryon density. The structure of
e(pB,T) for the chiral sigma model is quite different. In that model, the
field equations imply that e(pB,T) must be a multivalued function of the

density.3)

There, the transition between various branches of e(pB,T) leads
not only to a rearrangement in density but also to a new arrangement of the
mesonic field (the abnorma1'Lee=w1ck solution).

A constant theme of nuclear physics has been the role of field theory in
understanding nuclear structure. A substantial amount of literature, starting
with the work of Schiff, Teller and Duerr,]o) has shown that a field
theoretic approach can be very successful in understanding essential nuclear
properties such as saturation, spin-orbit splitting, the energy dependence of
the optical potential, single particle levels in finite nuclei, and density
distributions. One hoped that a dramatic manifestation of mesonic effects
would be in the unusual properties of nuclear matter at high densities to be

) In this work we showed

realized in medium energy nuclear collisions.
that the interplay of mesons with baryons can be quite interesting in itself
without unusual mesonic excitations. Whether nuclear isomerism really happens
must await careful experimental investigation and a better understanding of
baryon resonance properties in nuclear matter. We have presented a schematic
but completely self-consistent model, in which the properties of an isomer
state in infinite and finite systems can be studied and the nuclear matter
equation of state is consistent with known bulk properties of normal matter.

The author acknow]edges useful conversations with J. Kapusta, H. Stocker,
and M. Gyulassy. |

This work was supported by the Director, Office of Energy Research,
Division of Nuclear Physics of the Office of High Energy and Nuclear Physics

of the U.S. Department of Energy under Contract W-7405-ENG-48,
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Figure Captions

1. Energy per baryon as a function of density at T = 0. The
dot-dash curve is for the case when no delta resonances are
included. The solid curve is for gSA/gSN = 1.4 and the
broken curve is for gSA/gSN = 1.35.

2. Ground state and thermal excitations of nuclear matter for
gSA/gSN = 1.4 and T = 0, 25 MeV and 50 MeV.
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T=50 MeV

Fig. 2
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