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Compressed nuclei in relativistic Thomas-Fermi approximation

T. v. Chossy, P. Marshall, and W. Stocker
Sektion Physik, University of Munich, D-85745 Garching, Germany

~Received 1 April 1999; published 26 October 1999!

We approach the gross structure of compressed nuclei by scaling ground-state relativistic Thomas-Fermi
~RTF! densities as well as by performing RTF calculations with a density-dependent constraint as the equiva-
lent for an external pressure. For the NL1 parametrization of the nuclear effective Lagrangian the line ofb
stability as well as the proton drip lines are found to be bended to neutron-richer nuclei with increasing
compression. In addition we conclude from calculated critical (Z2/A)crit values that fission barriers are appre-
ciably reduced by the presence of an external pressure.@S0556-2813~99!04311-3#

PACS number~s!: 21.60.2n, 21.10.Dr, 21.65.1f, 24.75.1i
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I. INTRODUCTION

Direct information on nuclear compressional propert
near the ground state can be gained from small-amplit
monopole density vibrations of nuclei. This dynamical mo
requires an analysis using the microscopic random-phase
proximation in order to extract a reliable value for the sta
nuclear compression modulusK` ~see Ref.@1# and refer-
ences quoted therein!. On this basis recent precision data
the nuclear breathing mode led Youngbloodet al. @2# to an
estimate of the nuclear matter incompressibilityK` of 231
65 MeV.

From the intuitive picture of surface tension compress
the interior of a finite nucleus even ground-state propertie
nuclei are influenced by the nuclear matter incompressibi
Fits of effective interactions in Hartree-Fock~HF! or
Thomas-Fermi~TF! calculations, and of effective relativisti
mean-field~RMF! Lagrangians to mainly masses do, ho
ever, lead to incompressibilities different by a factor of
This might come from the fact that energies, being stati
ary, are not sensitive to changes of the ground-state dens

In a recent detailed study Patyket al. @3# compared the
quality of the description of masses and radii in various
proaches, such as the HF approach, the TF plus Strutin
integral method @4#, the RMF ~see, e.g.,@5#! and the
macroscopic-microscopic approaches@6#. What can be in-
ferred from Ref.@3# is that—independent of whether the a
proach is nonrelativistic or relativistic—mass fits can
made good on a high level, depending mostly on the exp
diture of the fits. However, then there remain deviations
the charge radii from experiment. From Table V in Ref.@3#
they seem to be less the more the incompressibilities
semble the value that was extracted in Ref.@2# from breath-
ing mode energies.

Furthermore, it was shown in Refs.@7# and @8# using TF
and relativistic Hartree approaches, respectively, that spe
surface properties play a key role in order to come to
unambiguous value ofK` which was found close to the
value of Ref.@2#.

Thus, a value forK` has been reached now that follow
uniquely from different nuclear properties and methods.
particular it is independent of the theoretical analysis: n
relativistic as well as relativistic mean-field approaches c
verge to the same value. This might to some degree b
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simple consequence of the fact that both procedures h
still some phenomenological aspects leading to an assim
tion of the final numerical results.

The present investigation aims at the treatment of
problem of the structure of nuclei which are compress
more than in small-amplitude breathing modes. Nuclei
high-energy heavy-ion reactions are expected to be c
pressed up to several times the saturation density. Also
astrophysics the structure of compressed nuclei is of inte
since highly compressed nuclei might occur in superno
explosions and in neutron stars@9#.

The theoretical analysis of heavy-ion collisions uses
netic equations~see, e.g., Refs.@10#!. The equation of state
relating nuclear pressure, density, and temperature enters
plicitly as the nuclear structure input. Large compressio
can no more be represented byK` alone. Moreover, mesonic
degrees, and eventually also quark-gluon aspects emerg
such a way that the standard nonrelativistic descriptions w
nuclear potentials might not be sufficient.

As a basis for our approach we use the RTF approxim
tion of the s-v-r model @5# with meson fields explicitly
mediating nucleon-nucleon interactions. This method imp
a tolerable numerical amount describing, however, o
gross structure of nuclei. The NL1 parametrization@11# of
the nuclear Lagrangian with its good representation of co
pression properties around saturation seems to be a g
starting point although it overestimates neutron-proton as
metry effects.

In a rigorous formalism the external pressure has to
simulated by a constraint depending on nuclear densitie
order to reflect the experimental conditions. In Refs.@12# the
surface structure of compressed semi-infinite nuclear ma
~SINM! was studied starting from schematic energy densi
as well as from a class of constraints equivalent to exte
pressures. Systematic calculations of finite nuclei on the
sis of constraints might become rather tedious. Therefore
first point out that the standard compression by scaling
density can be represented by a special constraint, and
concentrate some of our subsequent exploratory consi
ations using this scaling mode. For a class of bulk compr
sions proper mass tables are calculated. Then, for a g
nuclear compression, the line ofb stability can be extracted
from the calculated nuclei. Also the proton and neutron d
lines can be obtained. We found a tendency of the pro
©1999 The American Physical Society02-1
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drip lines to be shifted in the (N,Z) plane to neutron riche
nuclei when pressure is exerted on nuclei. Thus, stable nu
are expected to become firstb1 unstable under compressio
and beyond a critical compression a nucleus will eventu
decay under proton emission.

In addition, the critical ratio (Z2/A)crit for the onset of
fission instability is calculated as a function of compress
for several representative modes including the scaling mo
One expects from the reduction of the stabilizing surfa
tension and the increase of the Coulomb energy with co
pression that nuclei, stable in the ground state, might fiss
under compression, which from intuition seems somew
paradox.

II. THE RELATIVISTIC THOMAS-FERMI
APPROXIMATION „RTF…

A. Nuclear ground state

The RTF treatment of the ground state of finite nuclei
the basis of thes-v-r model is well established, see, e.g
@14,5#. Its basic ingredients will be discussed shortly in ord
to introduce notations and to have a basis to be referre
when the method is generalized for the description of co
pressed nuclei in the next subsection.

We start from the standard mean-field Lagrangian for
nonlinears-v-r model @5#:

LMFT5c̄F igm]m2gvg
0V02grg0t3b002e

~11t3!

2
A0

2~M2gsf0!Gc2
1

2
@~¹f0!21ms

2f0
2#2

1

3
bf0

3

2
1

4
cf0

41
1

2
@~¹V0!21mv

2V0
2#1

1

2
@~¹b00!

21mr
2b00

2 #

1
1

2
~¹A0!2. ~1!

Besides the meson fieldsf0 , V0, andb00, the photon field
A0 and its coupling to the proton current is taken into a
count.

The RTF densitiesrn , rp , andrs are given in terms of
the Fermi momenta of neutrons and protons,kFn

and kFp
,

respectively, by

r~r !5rp~r !1rn~r !5
1

3p2
@kFp

3 ~r !1kFn

3 ~r !#, ~2!

r3~r !5rp~r !2rn~r !5
1

3p2
@kFp

3 ~r !2kFn

3 ~r !#, ~3!

rs~r !5
2

~2p!3 (
a5p,n

E
k,kFa

(r )

M !~r !

e!~k,r !
d3k, ~4!

M !~r !5M2gsf0~r !, ~5!
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From there the RTF energy density can be written as

ERTF~r !5gvV0~r !r~r !1grb00~r !r3~r !1eA0~r !rp~r !

1
2

~2p!3 (
a5p,n

E
k,kFa

(r )
e!~k,r !d3k

2
1

2
@V08

2~r !1mv
2V0

2~r !#2
1

2
@b008

2~r !1mr
2b00

2 ~r !#

2
1

2
A08

2~r !1
1

2
@f08

2~r !1ms
2f0

2~r !#1
1

3
bf0

3~r !

1
1

4
cf0

4~r !. ~7!

The specific RTF equations for a given nucleus withZ
protons,N neutrons, andA5N1Z nucleons are obtained
from the minimization of the energy taking care of fixe
neutron and proton numbers by introducing Lagrange mu
pliers mn andmp as the respective chemical potentials:

dS 4pE
0

`

@ERTF~r !2mnrn~r !2mprp~r !#r 2dr D 50. ~8!

The RTF equations are given by

S d2

dr2
1

2

r

d

dr
2m s

2D f0~r !52gsrs~r !1bf0
2~r !1cf0

3~r !,

~9!

S d2

dr2
1

2

r

d

dr
2m v

2 D V0~r !52gvr~r !, ~10!

S d2

dr2
1

2

r

d

dr
2mr

2D b00~r !52grr3~r !, ~11!

S d2

dr2
1

2

r

d

dr D A0~r !52erp~r !, ~12!

gvV0~r !1grb00~r !1eA0~r !1eFp

! ~r !5mp ~r<r pu
!,

~13!

gvV0~r !2grb00~r !1eFn

! ~r !5mn ~r<r nu
!, ~14!

eFn,p

! ~r ![AkFn,p

2 ~r !1M !2
~r !. ~15!

This set of coupled differential and algebraic equatio
has to be solved by an iterative procedure in a self-consis
way. The rigorous inclusion of the Coulomb field leads
specific numerical problems which we have overcome
computing a preliminary solution using Fourier-sine ser
for the meson fields as well as for the Coulomb potent
The classical turning pointsr nu

and r pu
are characterized by
2-2
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rn~r !50 ~r>r nu
!, rp~r !50 ~r>r pu

!. ~16!

The results following from this RTF approach and t
more sophisticated relativistic Hartree~RH! method@5# dis-
play characteristic differences. In Table I we compare b
methods using several standard parametrizations of the e
tive Lagrangian~see Table II!. We recover what has alread
been pointed out in earlier references@15#. As a consequence
of the large RTF surface energies, the RTF binding ener
are somewhat lower than those obtained in RH, whereas
RTF surface densities with their remarkable long shoul
and a subsequent rapid falloff lead to surface thicknesses
are too large compared with the RH values.

In a series of investigations@15# the RTF method has bee
extended~RETF! by semiclassical\ expansions as well a
by the Wigner-Kirkwood approach. In these RETF calcu
tions the surface thickness comes closer to the RH va
sometimes, however, even below it. The RETF energ
however, do not approximate the RH values appreciably
ter than the RTF values. Since for our purposes we hav
calculate several thousands of nuclei we preferred the R
method with its smaller numerical amount.

On the basis of the RTF equations~9!–~15! and the real-
istic NL1 parametrization we calculated nuclei in a lar
band around the line ofb stability in the (N,Z) plane of the
chart of nuclides. The results of these extensive ground-s
calculations are plotted in Fig. 1. The solid contour lin

TABLE I. RTF and RH values of binding energiesEb ~MeV!
and charge radiir c ~fm! of finite nuclei, calculated for several ef
fective Lagrangians. All values were obtained by calculations w
out center-of-mass correction and without pairing.

RTF RH
NL-Z NL1 NL-SH NL-Z NL1 NL-SH

40Ca Eb5332.3 327.2 324.4 336.4 333.5 331.5
r c53.55 3.54 3.44 3.50 3.50 3.45

90Zr Eb5775.8 770.0 765.4 778.4 777.9 775.1
r c54.41 4.39 4.30 4.27 4.26 4.24

208Pb Eb51619.5 1610.5 1609.6 1631.9 1634.2 1636
r c55.73 5.68 5.59 5.56 5.51 5.49

TABLE II. RMF parameter sets. Nucleon and meson masses
given in MeV.Ci

25gi
2(M /mi)

2, i 5s,v,r.

NL-Z @11# NL1 @11# NL-SH @17#

M (MeV) 938.90 938.00 939.00
ms (MeV) 488.67 492.25 526.059
mv (MeV) 780.00 795.36 783.00
mr (MeV) 763.00 763.00 763.00

Cs
2 373.2479 373.1760 347.533

Cv
2 241.4392 245.4580 240.997

Cr
2 35.6700 37.4175 29.0954

b 0.0027922 0.0024578 0.0012747
c -0.0039347 -0.0034334 -0.0013308
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connect nuclei with constant nucleon binding energyB/A.
The open squares around the calculated stability line re
sent stable nuclei.

B. Compressed nuclei

For uniform infinite symmetric nuclear matter~INM ! phe-
nomenological thermodynamics defines the~thermody-
namic! pressurepth at zero temperature by

pth5r2
d

dr S E~r!

r D , ~17!

wherer is the baryon density andE is the energy density
depending on the baryon density. Also, in the case of a fie
theoretical description of nuclear matter this expression
now with meson fields depending on source densitie
defines the~thermodynamic! pressure for a uniform system

Field theoretically, the energy densityE of a system must
be identified with the quantum-mechanical expectation va
of the T00 component of the energy momentum tensor~see,
e.g., @5#!. For a homogeneous and isotropic fluid at rest
diagonal elements of the expectation value of the stress
sor are equal, and the nondiagonal elements vanish. Thu
hydrodynamic scalar pressurephydr can be defined by

phydr[
1

3 (
i 51

3

^Tii &. ~18!

In the case of the RMF approximation the expectation va
of the stress tensor can be specified, and for uniform syst
the hydrodynamic pressurephydr turns out to be identica
with the thermodynamic pressurepth ~see, e.g.,@5#!. One
refers to thermodynamic consistency of the two press
definitions in the RMF case for uniform systems.

As first steps to finite systems we have studied in R
@16# semi-infinite isospin-symmetric nuclear matter~SINM!
as well as spherically symmetric nuclei treating them in
RTF approximation. Now, alocal RTF energy-momentum
tensorTmn and therefore alocal hydrodynamic pressurephydr
can be defined following a general procedure@16#. From the

-

re

FIG. 1. Chart of nuclides with line ofb stability and contour
lines for some values of the binding energy per nucleonB/A ex-
tracted from RTF ground-state calculations using the paramete
NL1. The open squares represent stable nuclei.
2-3
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local energy densityE a local ~thermodynamic! pressurepth
may be obtained by generalizing the definition~17!,

pth5r2
d

dr S E
r D , ~19!

with the variational derivative denoted byd. The two local
RTF pressures are no more equal in the surface region,
we gave arguments@16# that the hydrodynamic definition o
a local pressure via the stress tensor is the adequate o
order to describe compressional properties.

As the equivalent of external fields, that compress fin
nuclei, constraints depending on the nuclear density w
introduced in nonrelativistic approaches~see, e.g., Refs
@12#!. Analogously one can add to the RMF energy dens
external constraints constructed in such a way that they
flect the specific external influence that leads to nuclear c
pression. Compression effects can be produced by exte
baryonic as well as mesonic effects. Thus, the external c
straint could depend on the baryon field as well as on
meson fields, or even be of gravitational origin in astrophy
cal problems.

In a first approach we assume the constraintC to depend
only on the total baryon densityr5rn1rp . The constrained
energy densityECRTF of the nucleus is, therefore,

ECRTF5ERTF~x,x8,rp ,rn!1C~r!. ~20!

x denotes the set of the four fieldsf0 , V0 , b00, andA0 . x8
are their derivatives with respect to the radial distancer. In
the bulk part, where thermodynamic and hydrodynamic pr
sure are equal, the external pressurepext is

pext5r2
]

]r S C~r!

r D . ~21!

The variational principle, that the total energy including t
constraint part be stationary,

dS 4pE
0

`

@ERTF~r !1C~r!2mnCrn~r !2mpCrp~r !#r 2dr D 50,

~22!

then gives the CRTF equations for the constrained syste

S ]C~r!

]rp
D1gvV0~r !1grb00~r !

1eA0~r !1eFp

! ~r !5mpC, ~r< r̃ up
!,

~23!

S ]C~r!

]rn
D1gvV0~r !2grb00~r !1eFn

! ~r !5mnC, ~r< r̃ un
!,

~24!

where

]C~r!

]rp
5

]C~r!

]rn
5

dC~r!

dr
. ~25!
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The explicit suffixC in the Lagrange multipliersm nC andmpC
points to the fact that they will depend on the constraint a
therefore be different from the ground-state case, E
~13!,~14!. The CRTF equations for the fields do not diffe
explicitly from the unconstrained case, Eqs.~9!–~12!, al-
though via the coupling of all equations the resulting fie
depend implicitly on the external pressure. The tilde in E
~23!,~24! indicates that the classical turning points also d
pend on the constraint.

In order to find an appropriate functional ansatz for t
constraint, we are guided by the pocket model for co
pressed SINM which was introduced in Ref.@12#. For a
simple, but realistic energy density it was found that with t
class of polynomial constraints

Cq,b„r~z!…5
K`

18

r2~z!

rc
Fr~z!

rc
~q22b2q2!22q22b12qG ,

~26!

the compressed density can be obtained analytically as

r~z!5
rc

11e(z/ac)
, ~27!

where

ac5a0qb5a0S rc

r0
D b

. ~28!

a0 is the ground-state value of the surface-diffuseness
rameter.q is the ratiorc /r0 of the SINM compressed bulk
density rc and the SINM saturation bulk densityr0. The
parameterb controls how the variation of the bulk density
coupled to the variation of the surface density. It was fou
in Ref. @12# that the compression mode withb51 leads to
the minimum of the surface tension. The local pressure
eraged over the surface region turned out to be smalles
this antiscaled mode. Thus, here the surface is, compare
other modes, relatively free, and tends to minimize the s
face tension. The surface region cannot be totally with
pressure since it is coupled to the compressed bulk par
SINM. The antiscaled modeb51, although lowest in sur-
face energy, is experimentally not distinguished from oth
modes. In heavy-ion collisions, e.g., the surface regions
the two colliding nuclei are not free, since compression j
starts in this region. The monopole nuclear breathing m
microscopically@1# as well as in a hydrodynamical approac
@13# is well described by a scaled density. This correspo
ing static mode withb521/3 was found in Ref.@12# to
have a surface tension even larger than for the mode w
b50 that is described by multiplying the density with
constant factor.

In finite nuclei there are compression effects even in
ground-state case (C50) caused by the surface tension a
the Coulomb interaction. The central value of the groun
state densityrg.s.(r ), therefore, differs from the SINM satu
ration valuer0. Due to this effect the central compressio
2-4
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ratio cannot be fixed in advance in compression calculati
for finite nuclei. Therefore, we adjust expression~26! in the
following way:

C k,b
RTF

„r~r !…5
K`

18

r2~r !

r~0! F r~r !

r~0!
~k22b2k2!22k22b12kG .

~29!

The parameterk now controls the magnitude of the centr
compression, withk51 corresponding to the ground sta
(C50). The parameterb specifies the surface compressio

For fixed values ofk andb the set of CRTF equations fo
compressed nuclei, i.e., Eqs.~9!–~12!, ~23!,~24!, and ~29!
must now be solved iteratively. In each iteration step
Lagrange multipliersmpC and m nC have to be adjusted in
such way that neutron and proton numbers are kept fix
The resulting compression ratio in the nuclear bulk,

q5q~k,b![
r~0;k,b!

rg.s.~0!
, ~30!

can be determined after self-consistency has been reach
The SINM limit of the set of CRTF equations is obtaine

by neglecting the curvature terms in Eqs.~9!–~11! and by
replacingr(0) by the SINM bulk densityrc in the constraint
~29!. Together with Eqs.~23!,~24! these equations have to b
solved for a given value ofk. The bulk densityrc is obtained
from the balance between the nuclear bulk pressure and
external pressurepext given by Eq.~21!.

In Fig. 2 the dependence of the central compression r
q, Eq. ~30!, on the parameterk is shown for several com
pression modesb for the nucleus40Ca. An approximate lin-
ear relation betweenq andk can be seen for all values ofb.
q nearly equalsk in the case ofb521.

FIG. 2. The central compression ratioq as function of the com-
pression parameterk and the surface modeb. The results were
obtained by CRTF compression calculations for the nucleus40Ca
using the parameter set NL1.
06430
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The influence of the compression modeb on the surface
region of finite nuclei is illustrated in Fig. 3. For severalN
5Z nuclei with Coulomb interaction switched off, the 9
–10 % surface thicknesst is displayed as a function of th
central compression ratioq. Experiments are expected t
compress the bulk as well as the surface region. Thus, r
istic constraints~29! seem to be those that lead to surfa
thicknessest decreasing with increasingq.

A further possible approach to compressed nuclei is
tained from directly distorting the ground-state density. W
make the following two-parametric ansatz for neutron a
proton densities:

rn,p~r ;q,b!5qrn,p
g.s.S r

qbD . ~31!

The compression ratioq, assumed to be equal for neutro
and proton densities, is given by

q5
rn,p~0!

rn,p
g.s.~0!

. ~32!

Recalculating neutron and proton numbers,

N54pE
0

`

rn~r ;q,b!r 2dr54pq(3b11)E
0

`

rn
g.s.~r 8!r 82dr8,

~33!

Z54pq(3b11)E
0

`

rp
g.s.~r 8!r 82dr8, ~34!

one sees that they are only conserved in the scaling cab
521/3. The compressed densities~31! are now set into the
field equations~9!–~12! as source terms, and then the set
RTF equations can be solved in a straightforward way. T

FIG. 3. 90–10 % surface thicknesst as function of the centra
compression ratioq for someN5Z-nuclei with Coulomb interac-
tion switched off. For comparison the results from symmetric SIN
calculations are shown, too.
2-5
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proper CRTF equations~23!,~24! could be used conversel
to determine the constraintC that is responsible for the sca
ing of nuclear densities.

C. Energies of compressed nuclei

The intrinsic pure nuclear energy of a compressed nuc
follows by integration after inserting the compressed den
ties and respective mesonic and electromagnetic fields
the expression~7! for the energy densityE RTF. We have
carried through calculations of many compressed nucle
the basis of the external constraint~29! with its two param-
etersk and b that allow us to compress the nuclear bu
accompanied by a special surface density change. As
amples for our CRTF results we present Figs. 4 and 5 wh
the energies per nucleon are plotted for several sur

FIG. 4. Energy per particle of the nucleus40Ca as function of
the central compression ratioq for several CRTF compressio
modesb. For comparison the scaling results~bold solid line! are
shown, too.

FIG. 5. Same as Fig. 4 for the nucleus208Pb.
06430
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modesb for the nuclei 40Ca and 208Pb. We used the NL1
parametrization of the effective Lagrangian. The energies
nucleon are plotted as function of the central compress
ratio q @see Eq.~30!#. In addition also the energies for th
case of scaled densities are given in both figures by s
continuous lines. They are reproduced quite well by
CRTF curves with parameterb'21 in the constraint~29!.

Due to the influence of Coulomb effects as well as due
compression from the surface tension, finite compressed
clei do not show the clearly arranged behavior of the surf
energy of SINM obtained in Ref.@12#. From Figs. 4 and 5
one can read off, e.g., that the compression mode lowes
energy is given byb50 in the case of compressed40Ca,
whereas for the large208Pb nucleus theb51 mode is fa-
vored energetically. This lowest mode corresponds to
antiscaled mode in the pocket model of Ref.@12# which
could be interpreted as the mode where the external c
straint leaves the surface as free as possible.

For a study of the energy behavior under small compr
sion one can expand the energyE/A per nucleon of a finite
nucleus around the ground-state central densityrg.s.(0):

S E

AD ~rc!5S E

AD @rg.s.~0!#1
1

18
KAS rc2rg.s.~0!

rg.s.~0!
D 2

1•••.

~35!

The finite nucleus incompressibility

KA[9F rc
2]2~E/A!

]rc
2 G

rc5rg.s.(0)

~36!

can be extracted numerically from the energy calculations
obviously depends on the compression mode given by
parameterb. From expression~35! those modes are seen
be energetically favored that also minimize the incompre
ibility KA . The values ofKA obtained for modelN5Z nu-
clei with the Coulomb interaction switched off are shown
Fig. 6. One recovers from Fig. 6 the complicated ene
behavior of compressed nuclei as a function of the m
numberA and the compression mode which was found a
from Figs. 4 and 5. The caseb522 ~open circles! with KA
larger than the INM valueK` ~solid square on the vertica
axis of Fig. 6! is traced back to a surface tension whi
increases with compression. This unexpected behavior
showed up in the pocket model for SINM matter of Re
@12#. For comparison the scaling case is also shown in Fig
One sees in particular how well theKA values in the limit of
large mass numbersA approach theK` value for the NL1
Lagrangian calculated independently.

D. Stability properties of compressed nuclei

One can now compare the energies of a series of c
pressed nuclei following from a given external constra
~29!, and from there obtain information on their stabili
properties under the respective compression. Instab
shows up by a final configuration—following, e.g., afterb
decay or particle evaporation or also after fission—tha
2-6
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lower in energy under the same external constraint. With
assumption the line ofb stability as well as the proton an
neutron drip lines are defined in a way analogous to
standard case of uncompressed nuclei in vacuo. Thus
line of b stability for nuclei compressed according to t
ratio q, Eq. ~30!, is given by

]B~A,I ;q,b!

]I U
A;q,b

50, ~37!

whereI denotes the relative neutron excess

I[
N2Z

N1Z
. ~38!

Also the drip lines are obtained from the elementary form
las well known from textbooks~see, e.g.,@18#!. We have
extracted the stability lines for several compression ratioq
from the energies calculated for scaled densities where
full self-consistency problem of the CRTF equations~23!
and ~24! can be avoided. In Fig. 7 we display the stabil
lines calculated forq parameters ranging from 1 up to 2. Th
lines are shifted in the (N,Z) plane towards nuclei with in-
creasing neutron excess. Therefore, nuclei are predicte
becomeb1 unstable under compression. The decay of a p
ton into a neutron obviously leads to a configuration m
stable by lowering the Coulomb energy of the original co

FIG. 6. Finite nucleus incompressibilityKA for N5Z nuclei,
with Coulomb interaction switched off, as a function ofA21/3 for
several surface compression modesb. The symbol on the vertica
axis represents the INM valueK` .
06430
is

e
he

-

he

to
-

e
-

pressed nucleus. The subsequent increase of energy b
effect of the neutron-proton asymmetry clearly helps to s
these decays.

The proton drip line as upper boundary and the stabi
line as lower boundary of a shadowed area in the (N,Z)
plane are displayed in Fig. 8 for several compression ratioq
up to q52. It can be deduced from this figure that nucl
originally stable under vanishing pressure, are getting i
b1 instability regions after compression, and eventually af
a critical compression they become proton unstable emit
a proton in order to reduce the Coulomb repulsive energy
contrast to the proton drip lines the neutron drip lines w
found to be shifted less under nuclear compression, and
the opposite direction.

E. Fission of compressed nuclei

In the picture based on the liquid drop model and on m
formulas the height of the potential energy barrier for t
fission process depends on the interplay between nuclear
face energy and Coulomb energy. Both are influenced
compression. Thus, also the fission process must depen
compression. The ratio of the changes of the Coulomb
the surface energy for a quadrupole deformation defines
fissility parameter

FIG. 7. Lines ofb stability of compressed nuclei for sever
values of the central compression ratioq. The stability lines were
extracted from RTF scaling calculations for the parameter set N

FIG. 8. Regions between the proton drip line~upper boundary!
and line ofb stability ~lower boundary! of compressed nuclei for
several values of the central compression ratioq.
2-7
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x5
Z2/A

~Z2/A!crit

, ~Z2/A!crit[
40psr c

3

3e2
, ~39!

wherer c is the nuclear radius parameter following from t
bulk nuclear density, ands is the nuclear surface tension
For a critical value ofZ2/A corresponding tox51 the
spherical shape becomes unstable with respect to quadru
deformations, indicating the onset of spontaneous fiss
For nuclei in vacuo this critical value is around (Z2/A)crit
550.

Now, if nuclei are compressed the parameterr c as well as
s in expression~39! change. The change ofs does not only
depend on the bulk compression ratioq but also on the sur-
face compression mode. The dependence of the surface
sion on the compression has been calculated in Refs.@12#

FIG. 9. The critical value (Z2/A)crit and the surface tensions as
functions of the compression ratioq obtained from SINM scaling as
well as CRTF calculations using the parameter set NL1.
.

t

06430
ole
n.

en-

using nonrelativistic descriptions of the plane surface
SINM. The CRTF results resemble qualitatively the nonr
ativistic case. In particular the stationarity of the surface t
sion at saturation density, irrespective of the surface mod
reproduced corroborating again a theorem found by My
and Swiatecki in Ref.@19#. In the following quantitative in-
vestigations we use the results obtained fors in the scaling
mode and also for the CRTF modesb50 and b51 ~see
upper part of Fig. 9!. For these modes the surface tension
maximum at saturation density, and is therefore reduced w
increasing compression. With these results ons we evaluate
(Z2/A) crit Eq. ~39!. In Fig. 9~lower part! we have plotted the
critical ratio (Z2/A)crit as a function of the compression rat
q. The vanishing of the surface tension is reflected in a v
ishing of this ratio at aboutq51.6. One concludes from th
behavior of (Z2/A)crit that compression makes the nucle
unstable with respect to fission. The stabilizing surface t
sion is reduced and the destabilizing Coulomb energy is
creased. Both effects reduce the fission barrier with incre
ing compression which at first sight might seem to
somewhat of a paradox.

III. OUTLOOK

We have introduced into the standard RTF procedur
constraint that is able to describe an external pressure exe
on nuclei. From the calculated energies of compressed nu
conclusions were drawn about the stability properties of
clei under pressure.

Nuclear shell effects cannot be taken into account by
CRTF approach. Therefore, it is a challenge to use the
method with constraint in order to study shell effects in n
clei under compression. In particular the change of ma
numbers is of interest. One could get, e.g., some ins
whether special exotic nuclei—becoming magic und
compression—might be produced in a reaction.

Further questions related to compressed nuclei that
quire, however, approaches with more subnucleonic deg
of freedom concern the onset of mesonic and even qu
gluonic condensation.
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~1991!; M. Centelles, X. Viñas, M. Barranco, S. Marcos, an
06430
.

R. J. Lombard, Nucl. Phys.A537, 486 ~1992!; M. Centelles,
X. Viñas, M. Barranco, and P. Schuck, Ann. Phys.~N.Y.! 221,
165 ~1993!; C. Speicher, E. Engel, and R. M. Dreizler, Nuc
Phys.A562, 569 ~1993!; D. Von-Eiff, S. Haddad, and M. K.
Weigel, Phys. Rev. C50, 1244~1994!.

@16# T. v. Chossy and W. Stocker, Phys. Rev. C54, 731 ~1996!.
@17# M. M. Sharma, M. A. Nagarajan, and P. Ring, Phys. Lett.

312, 377 ~1993!.
@18# J. M. Pearson,Nuclear Physics: Energy and Matter~Hilger,

Bristol, 1986!.
@19# W. D. Myers and W. J. Swiatecki, Ann. Phys.~N.Y.! 55, 395

~1969!.
2-9


