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NEUTRON SKIN AND HALO IN MEDIUM AND HEAVY NUCLEI
WITHIN THE EXTENDED THOMAS - FERMI THEORY

The neutron skin and halo distributions in medium and heavy nuclei are calculated within the extended Thomas -
Fermi approximation. Calculations are carried out for the effective Skyrme-like forces using the direct variational

method. The analytical expression for the isovector shift of the rms radii Ar,

as a sum of skin- and halo-like terms is

obtained. The contribution of halo and skin terms to Ar, are found to be approximately equal.
Keywords: neutron skin, neutron halo, Thomas - Fermi theory, variational method, Skyrme forces.

Introduction

For the analysis of the experimental data the sim-
plest two-parameter Fermi (2pF) distribution of
normalized nucleon densities is often used

e
F,(r)=|1+exp " L1,

where R, is the half-density radius and a, is the

M)

diffuseness parameter of the distribution. Here g=n
is for neutron and q=p for proton distributions.

There are two opposite pictures in description of a
two-component finite Fermi system with 2pF. The
first one is the so-called "neutron skin-type" distri-
bution having the neutron half-density radius larger
than the proton half-density radius, R, >R_, and

p 1
equal diffuseness parameters a, =a, . The second

one is the "neutron halo-type" distribution having
R,=R, and a >a, A mixture of the neutron

“skin-type" and "halo-type" distributions having
R,>R, and a >a,. is also possible. It is found

that the experimental data can be reproduced by a
variety of these 2pF distributions with different va-
lues of R, —R, and a —a, [1]. In that sense there

is an ambiguity in theoretical description of the ex-
perimental data.

In the present paper we study this ambiguity
within the extended Thomas - Fermi approximation
(ETFA) based on the direct variational method. The
nucleon densities p,(r) are generated by the profile
functions which are obtained from the requirement
that the energy of the nucleus should be stationary
with respect to variations of these profiles. The pro-
file functions fulfill the leptodermous conditions and
take into account some asymmetry of the nucleon
distributions like in real nuclei.
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The model

In general, the total energy of a nucleus includes the
kinetic and potential energies and is given by [2 - 4]

Ei = [Ar 44 (1) + 6 (0 ], )

where the potential energy density, ¢, (r), includes
the NN-interaction, ¢, (r), the spin-orbit part of the
NN-interaction, ¢ (r), and the Coulomb energy
density, e.(r)

€p0t(r) = e (M) + 650 () + (1) - 3)

In the framework of ETFA, the kinetic energy
density is given by the sum of the neutron and proton
contributions [3]

€kin(r) = fkin,n(r) +€kin,p(r)1 (4)
where
213 1 (Vp) 1
g (1) = >m g(37f2)2/3 Py’ +ﬂ£—q+§vzpq :
q
®)

Here m is the bare nucleon mass. The semiclassical
consideration gives the value of the parameter n=1
in Eq. (5) [2, 3]. In the asymptotic limit r— oo, the
semiclassical particle density p, with n=1 falls

off to zero significantly faster than the one from the
guantum-mechanical calculation, where one has
n=4. We will use both values of the parameter n

to study the neutron halo and skin appearances and
their superposition in nuclei.

For the effective nucleon-nucleon interaction we
will use the Skyrme force [3]:

© S.V.Lukyanov, A. I. Sanzhur, 2016

Nel 5



S. V. LUKYANOQV, A. I. SANZHUR

fNN(r)—tEo[ %)(pﬁ +Pi)}+
5P (1 +;j(pﬁ+pi)}+
+%|:t1 1+ 2 J:|€kinp+

1 1 1
+Z{t2 (XZ +§j_t1(x " ZH(fk‘”v“p" +6ingPp)

~m (r)W2
4

so(r) =

Here t,, t, t,, t;, X, X, X, X3, v, W, are
the parameters of the Skyrme interaction and the
effective mass of a nucleon is

m

"= o)

where

2m1

B=77

[ (3t, +5t,) +t,x }

At the moment there are plenty of parameter sets
t, X, v and W, for different modifications of the
Skyrme interaction. They are adjusted using the
well-known properties of the nuclear matter and real
nuclei and denoted by letters as SI, SIII, SkM™ and so
on. Below we will use this kind of notifications. The
Coulomb energy density is taken in the well-known

form [4]
e2 [gj pé;rJIS(r).
T
(8)

The unknown values of p,can be evaluated from

pp(r) 3

(N =€, (N Id e

the condition of equilibrium. The corresponding
condition implies that the total energy E,, reachesa

minimum value for a given number of neutrons, N,
and protons, Z

N = [drp,(r), Z = [drp,(r). )

In general, one can use an arbitrary trial function as
nucleon distribution. In any case the variational
method with the effective nucleon-nucleon interac-
tion (6) reduces the nucleon distribution to that like
2pF (1). Following the direct variational method [5]

+%{3t1(1+%j—t2 (1+%H(Vp)z -
_%{%(xl +%j+t2 (xz +%)}[(Vpn)z +(Vpp)2]

(6)

where p=p, +p, is the total density of nucleons.
The spin-orbit part of the Skyrme force is written as

[pn(ZVpn +9p,) +p,(Vp, +2Vpp)z}- (7)

the trial function for p (r) is taken as a power of the
Fermi function

r-R -
pq(r)=po{1+exp( " qH : (10)

where Pogr R

v 8, and & are the variational pa-

rameters. The variational parameter ¢ takes into

account the asymmetry of the nucleon distributions
around the nuclear surface.

Numerical results

The nuclear rms radius for nucleons is defined as

jE:\/jdrrzpq(r)/jdr py(1).

The difference between the neutron and proton
root mean square radii gives the neutron-skin thick-

ness
2 2
Ar, = \r2 —Jr2.

From the definition of trial functions it is seen that
the value of Ar = can be described by the different

11)

(12)

radii R, (skin effect) and the different diffusenesses
a, (halo effect) of neutron and proton distributions,

see also [6]. Within the leptodermous approximation
a, /R, <1 one can separate the above contributions

and the value of Ar, is written as

Ar = AR + AR + O(A™?), (13)

where Arx™ and Ari* are caused by the skin and
halo effects, respectively. The corresponding values

6 ISSN 1818-331X NUCLEAR PHYSICS AND ATOMIC ENERGY 2016 Vol.17 No.1



NEUTRON SKIN AND HALO IN MEDIUM AND HEAVY NUCLEI

are given by (see Appendix A)

skin 3 7 2 a ’
Arnp z\/gAR {1+E[KO(§)_2K1(E:):I(E) -

_§<75Kg<a>—zo4l<o<am<é>+81'<2@>>(%)3}’

(14)
and

AR E A, {Ko@) ~7[KiE -2k ]2+

+%(75K3(a)—204xo(am(a)+81K2(a))[%j }

(15) |
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Fig. 1. The partial contribution to the isotopic shift of radii
Ar,, from the skin effect, Ars"/Ar_ (solid lines) and

np
the halo effect, Ar°/Ar_~ (dashed lines) versus the
parameter rn. The calculations have been performed with
SkM parametrization for nuclei 2°Sn and 2%6Pb.

This means that the halo component is negative
and reduces the difference between the neutron and
proton root mean square radii. In the region
1<m <2 one has more preferably proton halo effect

as reported in [1]. For the values of n~4-5, where
the tails of the densities are close to that obtained in

the quantum mechanical calculations, the halo and
skin components of Ar, are found to be approxi-

mately equal.
The sensitivity of the partial contributions

AR [Arand A /Ar, on the Skyrme force
parametrization is shown in Fig. 3. It is seen from

Fig. 3 that the calculated values change of about 20 %
for different parametrizations.

where we have introduced the notations:
R=(R,+R))/2, a=(a,+a,)/2, Ay=R —-R,,

and A, =a,—a,, and « (&) are the generalized

p )
Fermi integrals (see Appendix A).
In Fig. 1 the partial contributions to the neu-

tron-skin thickness from the skin effect, Ars" / Ar_,

np
and the halo effect, A= /Ar_,

see from Fig. 1 that the halo partial contribution
increases and the skin partial contribution decreases
with the increase of parameter rn. Close to the se-
miclassical approach region, 1<n<2, the partial
contributions from the halo effect are negative and
therefore the partial contributions from the skin effect
are greater than the unity. The reason for that is the
high value of the parameter & for the asymmetric
Fermi function (Fig. 2), so the densities fall off too
quickly in the outer surface.

are shown. One can

5 ——————7—

[

4 5
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Fig. 2. Parameter £ versus m. The calculations have been

performed for nuclei 2Sn and 2%Pb using SKM para-
metrization.

The dependence of Ar~—on the asymmetry pa-

rameter X together with the experimental data [7]
are shown in Fig. 4. As it is seen from the figure the
calculation with the "quantum mechanical” value
n=4 (solid curve), in general, agrees better with the

experimental data than for n=2 (dashed curve).

The obtained dependencies are approximately linear
for the considered values of isotopic asymmetry
parameter X.

In Fig. 5 the analogous calculations for tin iso-
topes together with the experimental data are shown
as a function of mass number. Similarly to the pre-
vious cases, the calculation with =4 describes the

experimental data better than the one with n=2.

ISSN 1818-331X SJIEPHA ®I3MKA TA EHEPIT'ETUKA 2016 T.17 Nel 7



S. V. LUKYANOQV, A. I. SANZHUR

Fig. 3. The partial contribution to the isotopic shift of radii
Ar,, from the skin effect, Ars"/Ar_ (solid lines) and

np
the halo effect, Ar°/Ar_~ (dashed lines) versus the

parameter n. The calculations have been performed for

1205 with the following Skyrme force parametrizations: 1 -
SHI; 2 - SKM; 3 - SLy230b.
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Fig. 5. Difference Ar,~between the rms radii of the neu-
tron and proton distributions as a function of A for Sn
isotopes. The solid and dashed lines are calculations with
n=4 and 2 for SKM force. The experimental data are

taken from Ref. [7].
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Fig. 4. Difference Ar,, between the rms radii of the neu-
tron and proton distributions as a function of
X =(N-2)/A. The solid and dashed lines are calcula-
tions with n=4 and 2 for SkKM parametrization of the

Skyrme force. The experimental data are taken from
Ref. [7].

The neutron-to-proton density ratio in the pe-
ripheral region with respect to the bulk value is de-
scribed by the peripheral halo factor [8]. Following
[7, 8] we will also use the theoretical estimation of the
halo factor as

f 12l zp”—(r)é 16
teor(r) pp(r) N ( )

In Fig. 6 we show the calculations of the theoret-
ical halo factor for two values of the parameter n
together with the experimental data [7]. As in the

previous figures the solid lines correspond to the
calculation with n=4 and dashed lines correspond

to n=2.

10—

r, fm

Fig. 6. The halo factor in *2*Sn and 2%8Pb as a function of the distance from the center of the nucleus calculated
using the Eq. (16). The values of the halo factor deduced from experiment are marked by crosses [7].
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The left panel is the case for tin isotope *2*Sn, and
the right panel is for 2°Pb. It is seen from Fig. 6 that
the calculation with n=4 describes the experi-

mental data better than the one with n=2.

It should be noted here that for all calculations for
nuclei with mass numbers A from 90 to 238 the

leptodermous parameter a/R does not exceed 0.1.

Conclusions

We have considered the neutron skin and halo ef-
fects for medium and heavy nuclei within the extended
Thomas - Fermi approximation using effective Skyr-
me-like forces and the direct variational method. The
nucleon densities p (r) and p,(r) are generated by
the profile functions which are obtained by the re-
quirement that the energy of the nucleus should be
stationary with respect to variations of these profiles.

Using the leptodermous properties of the profile
nucleon densities p (r) and p,(r), we have ob-

tained the analytical expression for the isovector shift
of the rms radii Ar,, as a superposition of the two

skin

terms. The first one, Ary , describes the neutronI

halo

skin-type™ distribution and the second one, Ar,

describes the neutron "halo-type" distribution.
Numerical calculations show that the partial con-
tributions to the neutron-skin thickness from the skin

effect, Ar™/Ar,, and the halo effect, Ar'™°/Ar,_,

depend on the parameter 7. With the increase of n
from 2 to n=4 the partial contributions to the neu-

tron-skin thickness from the skin effect decreases
from 100 % to about of 50 % and the halo component
increases from zero to about of 50 %.

The calculated isovector shift of the rms radii
Ar_and halo factor f@°(r) give satisfactory de-

np theor
scription for the corresponding experimental data at
n=4. In this case we have superposition of the

neutron skin and halo effects with approximately
equal contributions.

We would like to thank Prof. V. M. Kolomietz for
stimulating our interest to the subject of the article
and for useful discussions.

In this Appendix, we will consider the rms radius for nucleons as

where

1o = [drr"p(r).
0

jdr rFpg(r)
farp

Within the leptodermous approximation a, /R, <1 one has

I2,q = %{1"' 3K, (&)% +61¢,(§)

q

q

uq~%:{1+5Ko(a)%+20m(a)(;—:j +30K,(8)| =2 +20K3(a)(R—qj 51<4(<:)(R—‘*H

Appendix A

|4
I—’q, (A1)
(A2)
% 2 3 % 3 A3
R, +315,(8) R, (A3)

(A4)

where x;(&) are the generalized Fermi integrals derived in Ref. [5]

K, (&) = de X! [(1+ ) (-1 (1- @+ e**)*ﬁ)].

(AS)

Inserting Eqgs. (A3) and (A4) into the Eq. (A1) one gets

Jr = \f R {1 Ko(a)———( HEE 2K1(a))[ ]

(75Ko(a) 2041, (&), (&) +81K2(a))[R—qj } (A6)
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From Eq. (A6) the isovector shift of the rms radii Ar, reads

Ar, =7 = r? = \E {Rn R, +15,(8)(a, —ap)—g(xé(é)—zm@)(;—"—%}

p

1, & 3
+= (75K} (8) — 20416, (£)x, () + 81, (8) )| 5 — =& || (A7)
6 R, R,
One can rewrite last terms of Eq. (A7) using the relations
a2 a a+a ) a +a
S P~ T P (R -R )+2——L(a —a), A8
R, R, {Rn+RpJ( " ”) Rn+Rp(” ) (A8)
3 al a+a ) a+a )
a. n n
e =i | (R,—R,)+3 b1 (a,—a,). (A9)
R, R, R,+R, R,+R,
Finally, we have
3 7 ’ 1 ’
a +a a +a
Ar, = [=41+=(12(E) -2k TP | = (75Kk3(E) —204K,(E)K, (&) + 81k ——F | YR —R )+
=515 (<@ &))(Rn " Rp] 5 (75:©) o(E)K,(8) +81x,(9)) R IR (R-R,)
3 a,+a, 1 a +a ’
2 n+ p 3 n + p
+\E {m(é)—?(m(&)—le(&))& R +5(75K0<a)—2041<0(a>u<1(a)+81K2(a>)[Rn R (a,—a,). (A10)
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C. B. Jlyk’siHoB, A. 1. Canxyp
Tnemumym aoeprux docnioscens HAH Yrpainu, Kuig

HEWTPOHHI LIKIPA TA F'AJIO B CEPEJTHIX TA BAKKHX SIJIPAX
Y PAMKAX PO3HINPEHOI'O HABJIM’KEHHSA TOMACA - ®EPMI

VY pamkax posmupeHoro HabmmkeHHs Tomaca - @epMi po3paxoBaHO HEWTPOHHI PO3IOIIIN TUITY LIKIPH Ta rajio JJs
CepelHIX Ta BaXKKHX siiep. Po3paxyHKH MPOBOAMINCE i3 3aCTOCYBAHHSM NPSIMOT'0 BapialifHOro MeToIy JUist €(heKTHBHHUX
cnit Ckipma. OTpUMaHO aHAIITHYHI BUPA3HU JUIsL 130BEKTOPHOT'O 3CYBY CEpPE/IHbOKBAAPATHYHUX PaiiyciB Al y BUIIIAL

CYMH WIEHiB, 110 OTIMCYIOTh HEUTPOHHI IKipy Ta rajo. 3HaWICHO, M0 BKJIA I BiJ] WICHIB, SIKi OMMUCYIOTH IIKiPY Ta rajo, y
Ar,, npnGamn3HO piBHI.

Kniouosi crosa: HeliTpoHHA LIKipa, HEWTPOHHE rajo, Teopis Tomaca - depwmi, BapiauiliHuii Mmeron, cuiu Ckipma.

10 ISSN 1818-331X NUCLEAR PHYSICS AND ATOMIC ENERGY 2016 Vol.17 No.1



NEUTRON SKIN AND HALO IN MEDIUM AND HEAVY NUCLEI

C. B. Jlykbsinos, A. U. Cankyp
Hnemumym soepuvix uccnedosanuti HAH Yrpaunvl, Kueg

HENUTPOHHBIE KOJKA U IT'AJIO B CPEJTHUX U TAXKEJIBIX SIJPAX
B PAMKAX PACHIMPEHHOI'O IPUBJIN)KEHUSA TOMACA - PEPMHA

B pamkax pacmpenHoro npubmkenus: Tomaca - @epmu paccuuTaHbl HEHTPOHHBIE pacTipe/IeTICHUs THIIA KOKU U
rajo JJIs CpelHUX U TSDKENBIX siaep. PacueTs! MPOBOAMINCE ¢ UCMOJIB30BaHUEM MPSIMOTO BapHUAallMOHHOTO METOAA AJIS
s pextuBHBIX cri Ckupma. [ToiydeHo aHamUTHYeCKUe BBIPKEHHS IS K30BEKTOPHOTO CABHUIAa CPETHEKBAAPATHIECKIX
paanycoB Ar, B BHJC CyMMbI 4ICHOB, ONUCHIBAIOIINX HEHTPOHHBIC KOXKY M rano. HaiifeHo, 4To BKIazbl OT YICHOB,

OIIMCBIBAIOIINUX KOXY U raJio, B Ar_ TIpHOIHM3UTEIHHO PABHBL.
np

Kniouegvie crnosa: HeWTpoHHas KoXa, HEMTpOHHOE raio, Teopust Tomaca - depMu, BapHallMOHHBIH METOM, CHIIBI
Cxupma.
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