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The possibility of the existence of superdense nuclei with various Z / A  ratios is demonstrated The 
equilibrium density and binding energy of abnormal nuclei are computed within the framework of simple 
models. It is shown that the accuracy of the theory at the present time is not sufficient to conclude 
definitely that there are such nuclei, but the possibility exists when reasonable nuclear constants are 
chosen. 
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1. The possibility, due to pion condensation, of the 
existence of superdense nuclei was first  discussed inc". 
Subsequently, this question was considered in greater 
detail inc2], where the possibility of the existence of 
neutron nuclei was also discussed. In the present com- 
munication, using the latest results in the theory of pion 
condensation, we carry out a more detailed analysis of 
the properties of abnormal nuclei. 

Nuclear matter, starting from some density, be- 
comes unstable against pion produdionc""lO1. This in- 
stability leads to a phase transition with the formation 
of a *-condensate. The appearance of the condensate 
leads to substantial softening of the equation of state, 
a s  a result of which the compressibility of the nuclear 
matter can become negative a t  densities close to the 
critical density ncC2'"'121. The energy gain connected 
with the condensate may turn out to be sufficient for the 
appearance of a new (abnormal) bound state of the finite 
nucleon system. 

Recently, there have been published model calcula- 
tions of the energy of the pion condensate for both 
weakc6' and s t r ~ n ~ ~ ~ " ~ ]  condensate fields. On the basis 
of these results, below we derive interpolation formu- 
las giving the energy of the condensate and the energy 
of the baryon subsystem for an arbitrary density and 
going over, for n = and n >> no, into the well-known ex- 
pressions. Conditions a r e  formulated for the stability 
of abnormal nuclei against particle evaporation, fission, 
and /3 decay. It is demonstrated that two stability re-  
gions a re  possible: in the region of small A with Z/A 
= $ (superdense nuclei) and in the region of large A with 
Z/A << 1 (neutron nuclei). The energy versus density 
curves for such nuclei have been constructed. For some 
values of the parameters of the theory, the appearance 
in these curves of minima corresponding to stable o r  
@-active superdense, o r  neutron, nuclei is possible. 
At the same time it will be shown that the accuracy of 
the available computations of the condensate energy, a s  
well a s  of the computations of the nucleon energy is not 
sufficient for unequivocal conclusions to be drawn about 
the possibility of the existence of abnormal nuclei. Pos- 
sible ways of detecting superdense and neutron nuclei 
a r e  discussed. 

2. The energy of a system of A baryons of charge Z 

and density n, measured from the nucleon-mass sum 
Zm, = mA, can be written in the form 

E (n, A, v )  =e (n,  v )  A+as (n,  v) A"l+a, ( n )  v2A";, (1) 

where v = Z/A, Z= Z, + Z, is the sum of the baryon and 
pion charges. The terms proportional to and 
a r e  respectively the surface and Coulomb energies. The 
volume energy per particle, ~ ( n ,  v), is a sum of two 
terms 

where cg(n, V) is the energy of the baryon subsystem, 
while &,(n, v) is the energy connected with the appear- 
ance of the pion condensate. We neglect in (1) the cor- 
rections from pairing and deformation, a s  well a s  the 
shell effects. 

The computation of the condensate energy in various 
models is the subject For our purposes, it is 
necessary to know the energy of both the weak ((n - nc)/ 
ncS 1) and the developed ((n - nc)/nc > 1) condensate. 

In the region of weakcondensate fields, it is possible 
to derive an analytic expression for &,(n, v) by taking the 
perturbation series in the amplitude of the condensate 
field to fourth orderc6': 

In Table I we present n, and /3 values computed within 
the framework of the model assumptions ofCto1 for vari- 

TABLE I. The parameters determining the 
condensate energy and the values of the co- 
efficients entering into the interpolation 
formula (8). 

*The quantities n, and P were computed for neu- 
tron matter ( v =  0) for k = 3  without allowance for 
nucleon recoil. 
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ous isotopic compositions of the medium and for differ- 
ent values of the constant g-i, by whose introduction the 
nucleon correlations a r e  taken into account. ci3*3-51 

Calculations of the energy of a developed condensate 
in neutron matter a r e  contained incg1, where an approach 
was developed which enabled the authors to derive an 
analytic expression for the energy of a charged-pion 
condensate within the framework of a fairly realistic 
model, including S -  and P-wave n-N interaction, r-n 
interaction, the N'C (1236) resonance, and nucleon cor- 
relations. ['" Below we shall use the results of the pa- 
pers, C9*i01 but i n our case, in contrast tocgvio1, where an 
infinite system was considered, we should discard the 
electrical-neutrality condition. At high densities (in a 
strong condensate field), the baryon subsystem is sub- 
stantially reconstructed: for any v, instead of two pro- 
ton and neutron Fermi spheres, one Fermi sphere of 
baryon quasiparticles, which a r e  a superposition of six 
baryons-*++, N*', p, n, N*', N*--and which have the 
least energy, fills up. In the limiting-condensate-field 
model, which describes the system a t  high densities, 
the charge of the baryon subsystem is equal to A/2, 
while the energy per particle has the form (2), where 

is the sum of the kinetic and potential energies of the 
baryon quasiparticles, 

A =  mN* - mN= 294 MeV= 2.1. In these expressions tZ 
r c = m, = 1; F = 1.35 m, is the pion-decay constant. 

The n-N coupling constant f is related to the constant 
F and the axial constant g~ = 1.36 by the relation f =gA/ 
F. As comparison of the theory with experiment shows, 
the slight renorm'alization f- f '  = (0.8 - 1) f Ci31 occurs 
in ordinary nuclei. Below, for the calculation of the en- 
ergy of superdense and neutron nuclei, we shall use the 
value f '= 0.9 f. The quantity y, with the aid of which 
the contribution of the nucleon correlations is taken into 
account, is connected with the local amplitude, g-i, of . 

the spin-spin interactionci3] by the relation 

where po= 1.92 is the Fermi momentum in the nuclear 
matter at  the normal nuclear density q= 0.17 F - 3  
= 0.48. In the formula (5a) we have discarded the term 
~ ' / 4 n ,  since in the region of densities of interest to us 
it is virtually completely compensated by the second 
term of the expansion of the condensate energy in the 
parameter ~ / ~ , k ,  where k is the wave number of the 
condensate field. 

It was assumed in the derivation of the expression 
(5a) inc''' that, up to Clebsch-Gordan coefficients, the 
local amplitudes of the N-N, N-N'C, and N'C-N* interac- 
tions in a nucleon medium a r e  equal, but this assump- 
tion is theoretically unjustified. No direct experimental 

information about the N-N* and N*-N* interactions ex- 
is ts  at  present. Apparently, the localized N-N* inter- 
action is significantly weaker than the N-N interaction, 
a s  follows from experiments on pp - nN* scattering in- 
volving large momentum transfers. ti41 This should lead 
to an increase in the gain in condensate energy in com- 
parison with (5a). On the other hand, inc"] the suppres- 
sion of the nNN* vertex at  large pion momenta, which 
leads to a decrease in the condensate energy, C51 was not 
taken into account. In view of the fact that it is quite 
difficult to take these effects into account in the pres- 
ence of other unknown parameters, we shall use the ex- 
pressions (5a) and (5b) a s  reasonable estimates. 

Below we shall use in the entire density range of in- 
terest  to us  the single interpolation formula 

en ( n ,  v )  = - P ( n )  ( n - n C ) ' / 2 n .  (7) 

where 

p ( n )  =A+Bnr/n+C(nC/n) ' .  (7') 

The v-dependent coefficients A, B, and C a r e  chosen 
such that the values of @(n) for n= n, coincide with the 
results presented in the table (@ = @(nc)), while for n/nc - m the condensate energy &,(n, v) coincides together 
with a&,/an with the expressions (5). The values of A, 
B, and C for various cases a r e  given in the table. The 
formula (7) for the condensate energy allows us to man- 
age without tedious numerical computations. The bary- 
on energy cB(n, v) has been computed in numerous pa- 
pers on the theory of nuclear and neutron matter. There 
exist calculations for the two limiting cases: (1 - 2v) 
<< 1 and v << 1. As we shall see, it is precisely these 
cases that a r e  of greatest interest. 

For v= $ we can, in the region of densities (n - q )  
<<no, express the volume part of the baryon energy in 
terms of the compressibility, K, of nuclear matter: 

where E~ = 15.7 MeV= 0.11. For K we use the expres- 
sion obtained in the theory of the Fermi liquidci3]: 

( fo  is the local amplitude of the scalar interaction be- 
tween nucleons). As a comparison of the theory with 
experiment shows, ci51 f0  = 0. 25 * 0. 1. For making esti- 
mates we shall take fo= 0.25, which corresponds to K 
= 40 MeV= 0. 29. At high densities (n>> q ) ,  a s  has al- 
ready been noted, the nucleon subsystem is substantially 
reconstructed: the baryon quasiparticles fill one Fermi 
sphere. The energy cB corresponding to this distribu- 
tion includes the kinetic energy and the interaction ener- 
gy of the baryon quasiparticles (see the formula (4)), 
which, at  high densities, is determined by baryon re- 
pulsion at  small distances. If we assume that this re- 
pulsion is the same for all the participating baryons, 
then the potential energy U(n) should, at  fairly high den- 
sities, coincide with the energy of neutron matter with- 
out allowance for  condensation (see, for example, ['"). 
Under this assumption, the volume part of the baryon 
energy can be written in the form of a simple interpola- 
tion formula: 
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The coefficients in this expression have been chosen 
such that, for x << 1, the expression goes over into (8), 
while for n= 7. 35no= 1.25 F - ~  the values of c,(n) and 
8cB/8n coincide with the results of the calculations for 
neutron matter. At high densities cB(n) is taken from 
the paper. 

For the baryon energy in the case when v << 1, a case 
which we shall need for the elucidation of the question 
of stability of neutron nuclei, we shall use in the entire 
density range the results of the calculations for neutron 
matter. [I6] 

No reliable surface-energy calculations for high den- 
sities exist at  present. For the coefficient a, in the for- 
mula (I), let us  use the estimate obtained under the as- 
sumption that the thickness of the surface layer coin- 
cides with the range of nuclear forces, i. e. ,  that it does 
not depend on the density. Then the surface energy is 
proportional to the energy per unit volume. We have 

For n= n.,, and v= $, this expression coincides with the 
corresponding term in the WeizsZicker formula. 

Under the assumption of uniform charge distribution, 
the factor ao(n), which determines the Coulomb energy, 
is equal in pion units to 

a,(n) = 5  10-S(nln,)". (11) 

3. Let us formulate the equilibrium conditions which 
should be satisfied by a finite particle system at zero 
pressure. 

1) Positive mass defect, 

-E>O. 

The condition for the nucleons to be bound particles is 
then automatically fulfilled, i. e. , the chemical poten- 
tials of the neutrons and protons a r e  negative: 

It is not difficult to verify that, for E > 0, the chemical 
potentials of the nucleons a re  positive, and, consequent- 
ly, the system is unstable against particle evaporation. 

2) 0-equilibrium (the electrons escape freely): 

3) Stability against fission, a s  determined by the 
well-known relation 

From (lo), ( l l) ,  and (15) we obtain 

Z2/A<50f ( n ,  v ) ,  (16) 

where f (n, v) = c (n, v ) / c  (no, a). For n= no, (16) goes over 
into the well-known criterion for stability of normal nu- 
clei against fission. 

Let us now assume that the condition (1) is fulfilled. 

FIG. 1. The regions of existence of abnormal nuclei. a) P -  
equilibrium curve, b) boundary of stability against fission. 
The heavy curve separates out the sections of the @-equilibrium 
curve that correspond to stable abnormal nuclei. I) Regions of 
f3' activity; II) regions of fl-activity that ends in the formation 
of a stable nucleus; 111) region of p-  activity that ends in fission. 

Then from (I), (5), and (14) we find the equilibrium val- 
ue of v a t  high densities: 

It follows from (16) and (17) that there can be two stabil- 
ity regions: 

a) A <Ai = 200 f (n, Q) and v = 5 (superdense nuclei); 

b) A >A, = 2 X lo5 ( r ~ / % ) ~  f -3 (n, 0) and v = 50 (n/n0)2'3~2'3 
<< 1 (neutron nuclei). Such nuclei, in spite of the small 
Z/A ratio, have a charge that is large enough for the 
Coulomb energy to inhibit 0 decay and, a t  the same 
time, a Z~ /A ratio that is small enough for fission to be 
impossible. 

Nuclei with a Z/A ratio that is different from the 
equilibrium value will be 0-active. The regions of ex- 
istence of the stable and 0-active abnormal nuclei a r e  
shown in Fig. 1. Notice that in the region, I, of 0'- 
activity and in the region, 11, of 0-- activity, the evolu- 
tion of a nucleus terminates at  the stability line, where- 
a s  from the region 111 a nucleus reaches the fission 
curve. It can be seen from the expressions given that 
the quantities At and A2 essentially depend on the param - 
eters  of the model. 

Thus, if the bound-state condition, (12), for the sys- 
tem is fulfilled, then the formation of 0-active nuclei 
with small v is possible. From (5) and (3) follows the 
estimate for the P-decay energy at  the beginning of the 
cascade: 

Forn=5n., ,=2.4andv=O, ce=2.6=400MeV. Suchnu- 
clei acquire over a short period of time (lo'* - sec) 
a positive charge and go over either into superdense nu- 
clei with Z=A/2, or, in the case of sufficient dimen- 
sions, into stable nuclei with Z <<A. 

4. Let us now use the above-obtained interpolation 
formulas to verify the bound-state condition, (12), for 
the system. Let us note to begin with that at  high den- 
sities the total energy of the system is the difference 
between two large numbers-the energy of the baryon 
subsystem and the energy of the condensate-which to a 
large extent cancel each other. The computational ac- 
curacy of each of the terms is not high a t  present (at 
best they can be regarded a s  order-of-magnitude esti- 
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FIG. 2. The energy of nuclear matter (v = 4). The dashed 
curve was computed without allowance for condensation )the 
formula (9)). The curves a, 6, and c were computed respec- 
tively for y=0.45, 0.5, and 0.55. 

mates), and, therefore, the results  of the total-energy 
calculations for the system should be regarded only a s  
an illustration of the various possible cases. 

The results of the ~ ( n )  calculations for superdense nu- 
clei b=$) a r e  shown in Fig. 2. The curve a,  which 
was computed for y = 0.45, demonstrates the case when 
the binding energy of the superdense nuclei exceeds the 
binding energy of ordinary nuclei. If such a situation 
actually existed, ordinary nuclei would be metastable 
with respect to transitions into the superdense state. 
The minimum, corresponding to superdense nuclei, in 
the curve b, which was computed for y = 0.5, l ies above 
the minimum corresponding to ordinary nuclei. In this 
case superdense nuclei would be metastable. The curve 
c, which was computed for y = 0.55, corresponds to the 
case when no abnormal bound state exists a t  all. 

Let us  note another important circumstance. In com- 
puting the curves a-c in Fig. 2, we used for'the nuclear 
constants values for which n,> q,. It is possible that n, 
<no. Then the pion condensate exists in ordinary nu- 
clei, C31 and all  the quantities characterizing ordinary 
nuclei now contain contributions from the condensate. 
It is most probable that superdense nuclei do not exist 
in this case. 

The results of the energy calculation for neutron mat- 
ter  (v = 0) with allowance for the condensate a r e  pre- 
sented in Fig. 3. The dashed curve represents the en- 
ergy of neutron matter without allowance for  condensa- 
tion. [I6' The curves a and b were computed with the 
same nuclear-constant values a s  the corresponding 
curves in Fig. 2. Evidently, in this case  the energy 
gain on account of the r-condensation is insufficient for 
the formation of a bound state. The possibility of some 
change occurring in the constants a s  a result of a change 
in the isotopic composition of the medium is, however, 
not to be excluded. The curves c and d in Fig. 3, which 
were computed with f '= f = 1.0 and respectively with y 
= 0.4 and 0.45, illustrate the case of the appearance of 
a bound state in a system with a nearly zero  charge-to- 
mass ratio (neutron nuclei). It should be noted that such 
a change in the constants can significantly alter  the P- 
decay energy (18), a s  well a s  the pattern of stability re-  
gions. 

Thus, the analysis performed shows that the parame- 

t e r s  of abnormal nuclei essentially depend on the pion- 
nucleon and nucleon-nucleon coupling constants. Fur- 
thermore, the m ~ d e l [ ~ " ~ '  used by us allows us  to take 
account of only the energy connected with the condensate 
of only the charged pions, a condensate which has the 
simple spatial structure of a running wave. As shown 
in[3-5~ , a neutral-pion condensate should also appear in 

a nucleonic medium a t  a density close to n,. Further- 
more, the minimum energy of the system should corre- 
spond to a spatial structure for the condensate fields 
that is more complex than that of a running ~ a v e . [ ~ * ' ~ * ' ~ '  
All these effects lead to a gain in energy and a r e  addi- 
tional factors in favor of the existence of abnormal nu- 
clei. On the other hand, the choice of an equation of 
state that is more rigorous than the one used in the esti- 
mation of ee, a s  well a s  allowance for the suppression 
of the pinn-nucleon vertices in the case of large momen- 
tum transfers,  would lead to an increase in the total en- 
ergy of the system. It is impossible at present to take 
a l l  these effects into account with the required accuracy, 
and the primary conclusion that can be drawn on the ba- 
sis of our analysis is that the possibility of the existence 
of abnormal nuclei i s  theoretically not to be excluded. 
The definitive resolution of the question can be given 
only by an experiment. 

5. Let us  now make a few remarks concerning pos- 
sible experiments for the detection of abnormal nuclei. 

If by chance superdense nuclei exist, then it is not 
clear to which nuclei-the normal o r  the superdense- 
corresponds the higher binding energy. In principle, it 
is possible that the superdense nuclei have the higher 
binding energy. Therefore, the experimental delimita- 
tion of the probability of spontaneous transitions of nor- 
mal nuclei into the superdense state['g1 is of interest. 
Let us  note that so  far  the search for nuclei with anom- 
alously high binding energies has not yielded re-  
sults. 

Of interest is the search for stable o r  P-active abnor- 

FIG. 3. The energy of neutron matter (v = 0). The dashed 
curve was computed without allowance for condensation. ci61 

The curves a and b were computed with the same parameter 
values used to compute the corresponding curves in Fig. 2. 
The curves c and d ,  which were computed with f' =f = 1.0 for 
y= 0.4 and y= 0.45, correspond to the appearance of a bound 
state. 

657 Sov. Phys. JETP 45(4), Apr. 1977 Miydal et a/. 657 



ma1 nuclei of small dimensions (A = 100) in the fission 
products of ordinary nuclei. 

Possibly, superdense nuclei can be produced in colli- 
sions of heavy ions with energies of the order of sever- 
al hundred MeV per nucleon. The shock wave that ar ises  
in such a collision may then lead to substantial compac- 
tion of the nuclear matter. At a sufficiently high value 
of 0, the compressibility of the system becomes nega- 
tive even a t  n=n,. Therefore, it is  sufficient to com- 
press  the system to the density n, for the formation of 
the superdense phase to begin. Irrespective of whether 
o r  not stable superdense nuclei exist, pion condensation 
should have appreciable influence on the collision dy - 
namics. 

And, finally, a s  was noted back in 1971 int", it is to 
be hoped that abnormal nuclei will be detected in cosmic 
rays. The possibility of observing in cosmic rays sta- 
ble abnormal nuclei o r  their 0-active fragments with 
anomalous Z/A ,  produced in the interaction with the nu- 
clei of the atmosphere, should be taken into account 
when setting up, and when analyzing, experiments. 
Thus, for example, we cannot exclude the possibility 
that the unusual track that was originally ascribed to a 
magnetic monopolec231 is the track of an abnormal ("neu- 
tron") nucleus with Z =  lo2 and A -  lo4. 

Also of interest is the search for superdense nuclei 
of cosmic origin which have accumulated over cosmic 
intervals of time in the surface layers of the lunar soil 
and in meteorites. 
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