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The location of proton and neutron drip-lines and the characteristics of the neutron-deficient and the neutron-rich
isotopes Fe, Ni and Zn on the basis of Hartree-Fock method with Skyrme forces (Ska, SkM*, Sly4) taking into account
deformation was investigated. The calculations predict a big jump of deformation parameter up to § ~ 0.4 for Ni

isotopes in the neighborhood of N ~ 62. The manifestation of magic numbers for isotopes *®Ni, °6Ni ,

"8Nji and

also for the stable isotope in the respect to neutron emission '°Ni which is situated beyond the neutron drip-line is

discussed.

PACS: 21.60.Jz, 21.10.Dr

1. The structure of nuclei which are very far
from the valley of stability and the location of proton
and neutron drip-lines are one of the most impor-
tant tasks of nuclear physics. The nuclei with neu-
tron excess are region of great interest [1, 2, 3, 4, 5].
However the question about the existence of stability
islands of the nuclei with a very big neutron excess
is not studied enough up to now. In our previous
works [6, 7] we presented the results of our investi-
gations in search of very neutron-rich stable nuclei
which are far beyond neutron nuclear drip-lines on
the basis of Hartree-Fock (HF) method with Skyrme
forces accounting deformation (DHF). In particular,
for neutron-rich nuclei with 6 < Z < 16 in the neigh-
borhood of neutron nuclear drip-line it was predicted
the existence of a stability peninsula which rests on
the isotope 4°0.

A lot of attention has been given recently to the
study of the properties of the neutron-deficient and
the neutron-rich nuclei in the region of Fe and Ni
[8, 9]. Doubly magic neutron-deficient isotope *®Ni
[10] and doubly magic isotope "®Ni [11] have been
experimentally discovered lately.

In the present paper we theoretically investigated
the location of proton and neutron drip-lines for Fe,
Ni and Zn isotopes on the basis of HF method with
Skyrme forces accounting deformation.

2. Rather clear and complete description of HF
method one can find in [12]. In our calculations we
used the parameterisation of Skyrme forces Sly/ [13],
SkM* [14] and Ska [15]. Pairing effects were in-
cluded in the BCS approximation and only in the

space of bounded one-particle states with the pair-
ing constant G = (19.5/4)[1 £ 0.51(N — Z)/A] [16],
where the sign ”+” corresponds to the protons but
the sign ”-” corresponds to the neutrons. The jus-
tification of applicability of this approximation was
given in [6, 7].

We have used the iteration method to solve the
system of DHF equations which is described in de-
tails in [7, 17, 18]. In this method required one-
particle wave functions DHF are expanded in series
of complete set of eigenfunctions of axially deformed
harmonic oscillator with the frequencies w, and w,

The parameters of basis ¢ = w,/w, and [y =
[m(w2w, )3 /h]'/? have been chosen on each itera-
tion such that the total energy of nucleus E = (g, 5p)
was minimal. The optimization of ¢ and Gy [7, 18]
on each iteration is important for the calculations of
weakly bounded neutron-rich nuclei near the drip-
line. The densities of neutron distributions of such
systems have big root mean squares radii and can
have neutron halo [1, 2, 3, 4, 5]. That’s why it is
important to describe correctly the asymptotic be-
havior of wave functions for big r. In our calcula-
tions the decrease of optimal Gy with approaching to
neutron drip-line is always accompanied by increase
of the calculated root mean squares radii. Thus, in
our case, the asymptotic behavior of basis wave func-
tions changes depending on space spread density with
guaranteeing the highest value of nuclear binding en-
ergy.

3. Let’s go over the results of our calculations
comparing with the data which were obtained on the
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basis of Hartree-Fock-Bogoliubov (HFB) method by
the group of authors M. V. Stoitsov, J. Dobaczewski,
W. Nazarewicz et.al. in [19].

3.1. Ni isotopes. In our calculations for Ska
forces the separation energies of one proton .S, for
neutron-deficient Ni isotopes remain positive up to
48Nj including. The last isotope Ni stable in the
respect to one proton emission (proton-stable) cor-
responds to doubly magic neutron-deficient isotope
48Ni which has been experimentally discovered re-
cently [10]. This result differs from the data obtained
in [9] where proton instability of isotope **Ni was pre-
dicted, as the proton drip-line defined by means of
the condition for chemical potential A\,=0 does not
correspond to experimental data [10]. The proton
drip-line defined by means of the condition S, = 0
does not change if we use SkM* and Sly4 forces.
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Fig.1.  Separation energies of one mneutron S,

for Ni isotopes depending on A compared to the
experimental data [20] and to the values of neutron
chemical potentials X\, (Dobaczewski J.) [19] for
forces Ska, SkM* and Slyj. In figure 1b in the
vicinity of A = 110 additionally are shown the data
for the spherical HF+BCS calculations

Fig.1 shows the experimental [20] and calculated
separation energies of one neutron S, for different
variants of effective forces used in our calculations.
It is seen from figure 1a that the dependence S,, from
A for Ska forces has specific sharp bends connected
with filling of corresponded neutron subshells: spe-
cific sharp bend for 48Ni is caused by filling neutron

subshell vsy 5 , for ®Ni by v f7/5, for ®*Ni by vp; /5 ,
for "8Ni by vgq s2- The last isotope with positive value
of S, is the isotope '“6Ni. Isotope °®Ni any more is
not the stable isotope with respect to one-neutron
emission (neutron-unstable), but the isotope 1Ni
again becomes neutron-stable with .S,, =0.483 MeV.
Such increase of stability 11°Ni is connected with fill-
ing neutron subshell vhy; /5 . For 56N4i, ®Ni and "1ONi
increase of value S, is also observed. For these nuclei
the corresponding mentioned above neutron subshells
and proton subshell 7 f7/5 are completely filled. In
this case the increase of separation energies of neu-
tron and proton can be considered as manifestation
of magic numbers Z=28, N=20,28,40,50,82. In our
calculations it corresponds to zero value of the neu-
tron energy gap A, calculated for mentioned above

The results presented on figurelb for SkM* forces
qualitatively poorly differ from the results for forces
Ska, showing some stability with respect to a choice
of forces, and in particular of increase of stability with
respect to emission of neutrons at A=110 ( S,,=0.755
MeV). In contrast to forces Ska, the results obtained
for forces SkM* show specific sharp bend in depen-
dence S, on A which corresponds to N=32 and to
filling of a subshell vps/, , and also A,=0. Rein-
forcement of stability of nuclei at N=32 was noticed
earlier [6, 7] for the isotope 4°O , and also in work
[21]. At the same time for forces SkM* and N=40
the energy gap is A,, #0. Therefore, for isotopes Ni
manifestation of magic numbers N=32,40 is unstable
in relation to a choice of forces.

For forces Sly/ (Fig.1l, ¢) the neutron drip-line
corresponds to ?2Ni and some splash of stability is
observed for ?Ni , that corresponds to completely
filled subshell vg7/5. We shall note, that force Sly4
always give less bounded decisions and neutron drip-
line corresponds to smaller A in comparison with the
calculations for forces Ska and SkM*. For forces Sly/,
as well as for forces SkM*, in dependence S,, on A spe-
cific sharp bend corresponding to N=32 is observed.
Similarly to proton drip-line , the drip-line in the re-
spect to emission of one neutron, determined by a
condition A,=0, does not coincide with position of
drip-line determined of the condition S,, =0.

Discussing filling of subshells for of some isotopes
Ni, we used classification of states corresponding to
spherical symmetry of an average field. It is possible
if in addition to make calculations within the limits
of method HF [22] directly in coordinate space with
spherical symmetry of an average field (SHF). The
use of SHF is motivated as, in all the cases we con-
sidered, specific sharp bend of value .S,, corresponds
to the decisions obtained within the limits of DHF
which have spherical distribution of density.

Let’s consider now the character of change for
separation energies of two neutrons S, depend-
ing on A for forces Ska, SkM* and Sly4 in HF
calculations and in comparison with HFB [19].
These results are shown on Fig.2. The sepa-
ration energies of two neutrons is determined as



Son(Z,N) = E(Z,N) — E(Z,N — 2), where E is full
binding energy of a nucleus. As it is seen in Fig.2,
the calculations on the basis of HF and the calcu-
lations HFB approximately with the same quality
describe available experimental data for separation
energies of two neutrons Ss,. As well as for S,
the results of calculations S5, for forces Ska and
SkM* show, that these forces provide greater stabil-
ity of nuclei in the respect to emission of two neu-
trons, than forces Sly4. The discussed specific sharp
bends in dependence S,, and Ss,, on A are observed
at the same N, and their position equally depends
on a choice of forces. We cannot calculate separa-
tion energy of two neutrons Sy, for ''°Ni since the
neighbouring isotopes are unstable. As it is seen in
Fig.2, the drip-line in the respect to separation of
two neutrons is located at smaller values N, than
drip-line in the respect to separation of one neutron.

T T T T T T T
45 | — Szn Exp a
—=— S, HF (Ska) 1
30L SZn HEB (S|y4)Dobaczewski_
s
(]
£
~ 15 g
N
[72]
(0] SR 3 | T i
1 1 1 1 1 1 L]
45 - b
—+—S, Exp ]
0k Sz,. HFB (SkM')Dobaczewski_
S —=—38, HF (SkM)
(]
£
15} .
N
[72] .
Ni
O b R Ry i
1 1 1 1 1 1 -
45 |- C
—— S, Exp
32" HFB (s|y4)Dobaczewski'
_30r —=—S, HF (Sly4) §
>
(]
£
~ 15| g
N
(/2] .
Ni
[0 D © i
[P R R | [P R |

80 90 100 110 120
A

40 50 60 70

Fig.2. The separation energies of two neutrons
Son for Ni isotopes depending on A compared to
the experimental data [20] and the data obtained in
HFB calculations (Dobaczewski J.) [19] for forces
Ska, SkM* and Sly/

It is rather unexpected that the results for calcu-
lations of Ss, by method HF and HFB completely

coincide if the calculations are made with the same
types of forces (see Fig.2, b and Fig.2, ¢). Such good
description of separation energies of two neutrons Sa,,
for the considered region of nuclei in comparison with
the method HFB in which pairing is made includ-
ing continuum, gives the basis, contrary to histori-
cally accepted opinion [2, 9], to use our version of
method HF4+BCS for research of properties of nu-
clei near the drip-line. As additional argument in
favour of it we can consider the results which we ob-
tained for the root mean square radii (r2 )*/? which

n,p
are presented in Fig.3, in comparison with data [19].
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Fig. 3. Neutron and proton ro0ot mean square

radit (T%7p>1/2 of Ni isotopes depending on A for
forces Ska, SkM* and the data obtained in HFB
calculations (Dobaczewski J.) [19] for forces SkM*

Just bad description (r2)/2 for isotopes Ni [2],
was in due time the basis for the statement about
non-applicability of the HF+BCS method for calcu-
lations of properties of extremely neutron-rich nuclei.
The wrong asymptotic behavior of basic wave func-
tions of harmonic oscillator [19] was considered as the
important reason of non-applicability HF+BCS for
the description of nuclei close to drip-line. We shall
note, that in pairing on the basis of BCS we take
into account in our calculations only the bounded
one-particle states and consequently influence of con-
tinuum explicitly is not considered, and asymptotic
behavior of basic wave functions is corrected by the
procedure of optimization of oscillator parameters ¢
and (3p on each iteration. As it is seen in Fig.3, b, the
agreement radii <7”,2L’p>1/ 2 with data given in [19] more
than good. As we explicitly do not consider influence
of continuum, it is possible to assume, that correct
asymptotic behavior of density for big value of radii



r has the defining value for the description of (r2 )!/2

. Data [19] for value radii (r2 ,)!/2 correspond to sta-
ble isotopes in respect to emission of two neutrons.
The dip in value radii (7“7214)1/2 is connected with the
spherical shape of M°Ni, and jump in value <T§>1/2
in the vicinity A=90 is connected with big jump in
value of deformation parameter 3, . In process of
increase of neutron excess the value of the (r2)/? ex-
ceeds the (rf))l/ 2 and approaching to drip-line, this
excess becomes very big. For extremely neutron-rich
isotopes Ni we can speak about presence of neutron
skin.

The data for neutron and proton parameters of

quadrupole deformation (3, , are presented in Fig.4.
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Fig.4. Neutron and proton parameters of quadrupole
deformations of isotopes Ni depending on A for
forces Ska, SkM* and the data obtained in HFB
calculations (Dobaczewski J.) [19] for forces SkM*

For the isotopes Ni corresponding to magic numbers
mentioned above the parameters of deformation 3, ,
have zero value, and at N ~ 62 the value of pa-
rameter of deformation very rapidly increases up to
value 3 ~ 0.35 — 0.4, and 3, is more than 3,. We
also note, that 11°Ni has spherical form. Significant
increase of deformation near the drip-line is possible
not only for isotopes Ni. For example, in work [23]
on the basis of method HFB with forces Sly4 for
isotopes Zr near to neutron drip-line there is a very
big increase of parameter of quadrupole deformation
up to B, ~ 0.42 + 0.47, that coincides with the
experimental data.

3.2 Fe and Zn isotopes. The investigation of
nuclei with Z-2 and Z+2 with the respect to magic
nucleon with Z=28 is of certain interest. For isotopes
Fe and Zn all the calculations were made only with
forces Ska .

The last stable isotope in the respect to emission

of one proton, as well as in the calculations [19] is
isotope “Fe, that can be considered as manifestation
of magic number N=20.

For isotopes Zn the last stable isotope in the re-
spect to emission of one proton is isotope ®*Zn. It
does not coincide with the data of the work [19] for
forces Sly/ where last the stable isotope in the re-
spect to emission of one proton is the isotope ®8Zn if
the drip-line is defined by means of chemical potential
Ap-

The separation energies of one neutron .S, and
results of calculations A, [19] for forces Sly4 are pre-
sented in Fig.5. It is seen, that dependence S, on
A for isotopes Fe and Zn differs from similar de-
pendence for isotopes Ni. The shell effects which
are manifested in the form of specific sharp bend
for isotopes Ni are poorly expressed for isotopes Fe.
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Fig.5. Separation energies of one neutron S, for
isotopes Fe and Zn for forces Ska depending on A
compared to the experimental data [20] and values
of neutron chemical potentials (Dobaczewski J.) [19]
for forces Sly4

It can be partially explained if to admit, that there
is no reciprocal gain of proton and neutron magic
numbers for isotopes Fe. For isotopes Fe Z=26 is
two units less than the magic number 28 and proton
subshell 1f7/ is not filled. From A=90 up to A=98
the value S,, > 0, but the value of it is very small.
The last neutron-rich stable isotope is *®Fe and the
stable isotope '°2Fe has S,, = 0.146 MeV.

For isotopes Zn Z=30 is two units more than the
magic number 28 and the proton subshell 1f7/5 is
filled, and the next proton subshell 2ps3/, is half-
filled . The neutron-rich isotopes Zn are more sta-
ble than the isotopes Fe in the respect to emission of



one neutron. The last neutron-rich stable isotope is
11271 that corresponds to filling of a neutron subshell
vhiy/2 as in the stable isotope HONi, The separation
energy of one neutron for ''2Zn in DHF calculation
is S, = 0.87MeV.

THE CONCLUSION

The research made in the present work for the chains
of isotopes Fe, Ni and Zn on the basis of Hartree-Fock
method with Skyrme forces accounting deformation
allows to extract the following results:

1.

e for Ni isotopes the last stable isotope in the re-
spect to emission of one proton is doubly magic
isotope “8Ni that was proved experimentally
[10);

e beyond the neutron drip-line of nickel isotopes,
coinciding with '9Ni our calculations predict
the existence of neutron-rich isotope ''°Ni that
can be to considered as manifestation of magic
number N=82;

e in our calculations for isotopes Ni it was ob-
tained good agreement of Sy, and (r2 )/ with
the data of calculations based on the method
HFB that gives the basis for application of
the method HF+BCS for studying extremely
neutron-rich isotopes;

e for Ni isotopes approaching to drip-line and
at N=60 the value of deformation parameter
jumps up to 3, ~ 0.35 — 0.4 and the isotope
HONi has spherical form:;

e for isotopes Fe the last stable isotope in the re-
spect to emission of one proton is the isotope
46Fe | and for isotopes Zn- **Zn;

e for isotopes Zn last stable in the respect to emis-
sion of one neutron is '12Zn; it corresponds to
filling of neutron subshell vhy;/5 , as well as in
a stable isotope 1ONi .

e the obtained results show that the structure of
the drip-line can be rather complex and it is
connected with the manifestation of shell struc-
ture.
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CBONCTBA IIEIIOYEK M30TOIIOB Fe, Ni I Zn BBJIN3U I'PAHUIIHI
CTABNJIBHOCTHA

B.H. Tapacos, /I.B. Tapacos, K.A. I'pudnes, .K. I'pudres,
B.I'. Kapmasenxo, B. I'patinep, B.U. Kynpuxos

Ha ocnose merona Xaprpu-®oka ¢ cumamu Ckupma (Ska, SkM*, Sly4) upu yuere medbopmanyu uccie-
JIOBAHO TIOJIOYKEHHUE MMPOTOHHON M HEATPOHHON T'PaHUIBI CTAOMIBHOCTH W XapaKTEPUCTUKNA HEATPOHOIEDU-
ATHBIX U HeHTpOHOM3OLITOUHBIX n30TonoB Fe, Ni u Zn. Pacuersl mpencka3biBaioT, UTO Jjis U30TOnoB Ni
B okpectHOCTH N ~ 62 HabJroaercst GOJIBINON CKAYOK BeJMYUHBI mapamerpa jgedopmanuu jgo 0 ~ 0.4.
O6Cy»K/1aeTcs IPOSIBIICHIE MArMIecKuX duces1 ist nzoronos Hukesas “8Ni, °6Ni, 78Ni, a raxwke njs meifrpo-
HocTabumbHoro msorona ONi, KOTOpLI HAXOAUTCA 3a IIpemeaMi TPAHUIE! CTAOIIBHOCTH.

BJIACTUBOCTI JIAHITIOZ?KKIB ISOTOIIIB Fe, Ni I Zn ITOBJIN3Y I'PAHUIII
CTABILJIIbBHOCTI

B.M. Tapacos, /I.B. Tapacos, K.A. I'pidnes, /I.K. I'pidnes,
B.I'. Kapmasenxo, B. I'patinep, B.1. Kynpixos

Ha ocnosi merona Xaprpi-®Poka 3 cumamu Ckipma (Ska, SkM* Sly4) npu sBpaxysauni gedopmarii g0-
CJTiJT2KEHO TI0JIOYKEHHSI ITPOTOHHOT 1 HeTPOHHOT I'PAHUIN CTAOLIHHOCTI 1 XapaKTepUCTUKN HEUTPOHO eIl THIX
i metiTpononamumkoBux izoromnis Fe, Ni u Zn. Po3paxynku 3aB6at1aiors, 1o s i3oromiB Ni B okosti N ~ 62
CIIOCTEPIra€ThCs BEJIMKWIT CTPUOOK BeamduHu napamerpa gedopmariii 10 5 ~ 0.4. O6roBopoOThCs IIPOsIBA
Mariunux umcen i izoromis mikemo “8Ni, 9Ni, ®Ni, a maxox mas meiirponocrabinbroro izoromy 1ONi,
SAKWH 3HAXOIUTHCS 38 MEKaMU TPAHUI CTablIbHOCTI.



