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The ground-state properties of Hg isotopes are investigated by the deformed skyrme-Hartré@ Stk
model with new force parameters SKI®. G. Reinhard and H. Flocard, Nucl. Phys684, 467 (1995].
Calculations show that the deformed Skyrme-Hartree-Fock model with the above force parameters provides a
good description of the binding energies, radii, and deformation parameters of Hg isotopes. Six kinds of
configurations, which include a spherical shape, prolate one, oblate one, and three sets of triaxial shapes, are
considered in our calculations, and this almost exhausts all possibilities of deformations for nuclei. A detailed
discussion of the numerical results is given in this paf®8556-28189)02301-9

PACS numbd(s): 21.10.Dr, 21.30.Fe, 21.60.Jz

[. INTRODUCTION tradict experimental data for Hg isotopes. Therefore it is in-
teresting to investigate the ground-state properties of Hg iso-
As a result of the experimental development of radioactopes in detalil.
tive beams, a new field in nuclear physics has appeared re- The Skyrme-Hartree-FocdlSHF) model has proved to be
cently: studies on exotic nuclei far from stability. The quality a successful tool for a microscopical description of the
and quantity of experimental data on exotic nuclei have inground-state properties of nuclei. Bondteal.[10—12 have
creased greatly in the past few yefts-4]. This provides a adumbrated shape isomerism and concomitant superdefor-
good opportunity to test and develop various nuclear strucmation in the Hg isotopes using the SHF model with param-
ture models which have been proposed based on studies efer set SKM. They also studied the depopulation of the
nuclei near the stable line. It also gives us a chance to see t@perdeformation by the generator coordinate mefi@d-
merits and drawbacks of various mean-field models when we?2]. But it is pointed out recently that the traditional force
apply them to all nuclei in the periodic table. parameters in the Skyrme parametrizatisnch as SKM) is
Among many open problems in this new field, the varia-determined by fitting the ground-state properties of several
tion of nuclear shapes with neutron excess for an isotopauclei near the stable line and therefore they fail to reproduce
chain has attracted both theoretical and experimental attemhe observed isotope shifts in Sr and Pb elemgritslg. In
tion because it is directly related to the coupling betweerorder to solve the above problem in the SHF model, Reihard
deformation degrees of freedom and isospin degrees of fre@nd Flocard 18] have introduced isospin degrees of freedom
dom. The chain of Hg isotopes is a good example to invesin the spin-orbit term, i.e., to replace the normal spin-orbit
tigate the variation of shapes with neutron excesses becaupetential with a generalized spin-orbit potential. A new set of
there are rich data on this isotope ch@b+16. Previous the force parameters SKl4 has been proposed by a fit of the
studies[5—-16] show that there are shape coexistences irmground-state properties of nuclei near the stable line and far
many Hg isotopes and therefore their structures are morgom the stable ling18].
complicated than other nuclei. This will bring about a strin-  Recently, we have used the new parameter set SKl4 to
gent restriction on the validity of various force parameters incalculate the ground state properties of spherical nuclei such
mean-field models. Bengtssoet al. [5] have used the as Ni, Sn, and Pb isotop¢$9,2Q. It is found that the SKI4
Woods-Saxon potential and the modified harmonic oscillatohas succeeded in describing the above nuclei both near the
(Nillson) potential to calculate the properties ¥ %Hg in  stable line and far from the stable lifig9,20. The successes
the triaxial gamma plane. They found that an oblate grounaf the force SKl4 for spherical nuclei encourage us to apply
state appears fot’®~1¥Hg [5]. Otten[3] has predicted that this force to deformed nuclei. In this article, we will report
there may be triaxial shape in Hg isotopes. Patral. [6] theoretical results of Hg isotopes using the parameter set
and Yoshida and co-workefg,8] have calculated the prop- SKI4 where possible configurations of deformations such as
erties of Hg isotopes using a deformed relativistic mean-fieldriaxial deformations will be included. In our calculation, the
(RMF) model with parameter set NL1. They conclde-8] single-particle wave functions are expressed in a three-
that there are shape transitions from oblate ellipsoid to prodimensional Cartesian-mesh representation. One of the ad-
late ellipsoid at'’®Hg and from prolate ellipsoid to oblate vantages of the mesh representation is that we can treat the
ellipsoid at'®Hg. A superdeformed ground state’fffHg is  various shapes such as triaxial deformation and superdefor-
also reported in their papef6—8|. However, Heydeet al.  mation without preparing a specific basis for each shape
[9] have pointed out that some of the numerical results conf13,14. We have calculated the ground-state properties of
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FIG. 2. The absolute difference of the binding energy between

light C isotopes and found that they agree well with experi-theoretical results and experimental data for Hg isotopes.
ment datd 21]. Here we will report a large-scale calculation
on heavy Hg isotopes.

This paper is organized in the following way. Section Il is
a short description of the framework of the model and
method. In Sec. Ill, we give the numerical results and a
discussion. Section IV is a summary. wherelJ is the spin density and its definition can be found in

Refs.[19, 20. The spin-orbit potentiaW for the nucleus

FIG. 1. The binding energy per nucleon of Hg isotopes for five
cases.

£1s= fd3 [b4pVJ+ > bipgVigt, (4)

qe{p.n}

becomeg 18]
Il. MODEL AND METHOD
As the Skyrme-Hartree—Fock mode_l is a standard theory Wq(r)=b,V p(r)+b,V py(r). (5)
and all the formulations can be found in Rdf£9, 20, here
we only give a short description on the framework of the
SHF model with new force parameters SK3]. 24 — V71— 17—
The SHF equation is written as follows: I
VoUW VX ) | = 20 | ]
o " YA WeD(—D(TX0) | di=eds, YN _
1
D [ VLN
S 16t \ i
where @Z/Zma‘)(r) is the inverse mass)(r) is the poten- é - \
tial, andW(r) is the spin-orbit potential. A detailed descrip-
tion of the above terms can be found in RgfE9, 20. For
the normal Skyrme force, the neutron density dependence |s</J 12 | 7
linear for the inverse mass and spin-orbit potentjiagy: ]
- e EXP
I o SKI4
B2 p2 8r o NL1 .
m 2m+blp(f)+blpq( ), 2
4-J.I.-I..I.-I..I‘|I..
Wq(r)=ba[Vp(r)+Vpg(r)]. 3 170 176 182 188 194 200 206 212

A

Reinhard and Flocarfdl8] have introduced an additional co-  FiG, 3. Two-neutron separation energy of Hg isotopes. The
efficient b, in the spin-orbit term in a generalized Skyrme open circles are calculated values with SKI4. Experimental data are
functional: denoted by the solid circles.
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FIG. 4. The isotope shifts of Hg nuclei in DSHF and SSHF with

SKI4. The experimental isotope shifts for Hg isotop24] are also
shown for comparison.

The values of SKI4 ar¢18] t,= —1855.83,t,=473.829,
t,—1006.86,t3= 9703.61,X,=0.4051, X, = — 2.8891, X, =

—1.3252,x3=1.1452,b,=183.097,b;= — 180.351, andx
:Off\i'quadrupole moments are defined Hs

FP=(2x—y?=2%)"P, (6)

QpP=(2y?~ 223", @)

QrP=(22°—x*—y*)"", 8)

] 2(QF+QI+Q)"P
oP= 3 ,

/5 /5
gop: ypm <222_X2_y2>n,p: in Qg,p, (10)
/15 5
ngzpz - <X2_y2>n,p: _2477- (QQ,P_QS,P),

11

9

and the hexadecapole moments are calculated Bl

9
Q= E(3(x2+y2)2—2422(x2+y2)+824>”'p,
(12
np_ ﬂ 4 _ A _pA_ 2,2\n,p
Qo 327_r<3y X*—6z"—6x°z°)"P, (13
5
QiF=\ g, (¥ - 6x2y?+yf)nP. (14

The quadrupole deformation paramet@sand y, and the
hexadecupole deformation paramet@&s, y,, and 5, are
given by the expressions

np_ |22 v
B2 = Nazn pt 285 p»

(15
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a
y3P=arctanv2 22| (16)
Q20n,p
n P= \/a4n p+ b4n p+ C4n p’ (17)
c
yP=arctan P (18
b4n p
b2 _+c2
8yP=arcsi \/ P CAMR_ | (19)
@4n,p T Pan pT Canp
where
7 5
a4n’p: 1_2 a4m1p+ 6 a44nyp y (20)
5 7
Dan,p= 12 donp~ \ 5 Baanp (21)
C4n’p: _\/2a4m’p . (22)

The coefficientsa,g, a,,, a49, a4, anday, are solutions of
the coupled equationd 5]

2 5 5 5
8oon,p T 7 \[; (a20n,p_a22n,p)}l

ngpzzcn,pRé

(23
np 5 4 5
Q2’2 :2Cn’pR0 azm’p_ 7 ; azm’pazzn’p y (24)
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FIG. 5. The variation of nuclear radii with nucleon numbers,. (
is the rms radius of neutron density distributioms, is the rms
radius of proton density distributions, is the rms radius of matter
density distributions, and. is the rms radius of charge density
distributions)
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TABLE I. Binding energiesMeV) and quadrupole deformation parametggsandy, (in degreesobtained with the SK14. Experimental
binding energies are taken from RE23] and value labeled with # is the datum estimated from systematic trends. RMF-NL1 fé$ualts
listed for comparison.

SK14 NL1 Expt.
Es ,35 75 ,32 72 Eg Bp Es |:8p|
sph 1304.40
pro 1304.61 0.07 0.00 0.08 0.00
1704 obl 1305.59 0.10 60.00 0.10 60.00 12;;22 _0(')022
9 tril 1305.41 0.10 43.03 0.10 37.96 : .
tri2 1305.56 0.10 49.94 0.10 45.78
tri3 1305.37 0.09 35.11 0.09 28.17
sph 1325.90
pro 1326.33 0.08 0.00 0.09 0.00
17244 obl 1327.24 0.10 60.00 0.11 60.00 12222; _0(')037
9 tril 1327.11 0.10 41.81 0.11 37.33 : .
tri2 1327.19 0.10 49.20 0.10 46.78
tri3 1327.09 0.10 33.96 0.10 27.22
sph 1347.10
pro 1347.51 0.09 0.00 0.10 0.00
1744 obl 1348.42 0.11 60.00 0.11 60.00 12252 _06034
9 tril 1348.38 0.10 41.99 0.11 37.26 : . 134932
tri2 1348.38 0.11 49.72 0.11 45.86
tri3 1348.32 0.10 33.51 0.11 27.24
sph 1367.80
pro 1368.08 0.07 0.00 0.09 0.00 1382.82 0.28
17644 obl 1369.20 0.11 60.00 0.12 60.00 1384.05 —0.08
9 tril 1369.11 0.10 42.18 0.11 38.27 1369.76
tri2 1369.16 0.11 49.13 0.12 46.51
tri3 1368.99 0.10 35.10 0.10 29.69
sph 1388.10
pro 1388.00 0.07 0.00 0.07 0.00
1784 obl 1389.55 0.11 60.00 0.13 60.00 1283?3 _0'03115
9 tril 1389.36 0.10 44.34 0.11 41.64 : : 1390.43
tri2 1389.54 0.11 49.86 0.12 48.10
tri3 1389.08 0.09 37.12 0.10 33.03
sph 1407.60
pro 1407.55 0.06 0.00 0.07 0.00
1804 obl. 1409.53 0.12 60.00 0.14 60.00 ﬂgigg _0'0333
9 tril 1409.13 0.10 45.14 0.11 44.05 : : 1410 44
tri2 1409.45 0.12 50.80 0.13 50.78
tri3 1408.63 0.09 38.52 0.10 35.17
sph 1427.20
pro 1426.05 0.06 0.00 0.07 0.00
182 obl 1429.00 0.13 60.00 0.15 60.00 12222; _0(')3;'2
9 tril 1428.36 0.11 45.81 0.12 4481 : : 1430.67 0.17
tri2 1428.90 0.12 51.20 0.13 51.08
tri3 1427.30 0.10 36.40 0.11 32.57
sph 1445.20
pro 1444.21 0.06 0.00 0.07 0.00
184 obl 1447.75 0.13 60.00 0.16 60.00 ﬂggg; _0(')323
9 tril 1446.92 0.11 46.13 0.13 45.50 : : 144871 0.16
tri2 1447.51 0.12 52.10 0.13 51.87
tri3 1446.08 0.10 37.80 0.11 35.34
sph 1462.20
pro 1462.05 0.08 0.00 0.09 0.00
186 obl 1465.83 0.13 60.00 0.15 60.00 ii;ggg 70(')231
9 tril 1465.03 0.11 45.70 0.13 45.13 ) : 1467.13 0.24
tri2 1465.60 0.12 51.16 0.13 50.78
tri3 1464.14 0.10 36.85 0.11 34.03
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TABLE I. (Continued.
SK14 NL1 Expt.
Eg /32 75 ﬁg 72 Eg ,3p Eg |18p|
sph 1479.79
pro 1479.56 0.08 0.00 0.10 0.00
1984 obl 1483.47 0.13 60.00 0.14 60.00 iigg'gg 706257
9 tri1 1482.65 0.11 43.79 0.13 43.60 : : 1485805 0.14
tri2 1483.22 0.12 51.00 0.14 50.38
tri3 1481.71 0.10 35.65 0.12 32.42
sph 1496.50
pro 1496.67 0.08 0.00 0.10 0.00
19%Hg obl 1500.62 0.13 60.00 0.15 60.00 1282'58 _0(')2177
tril 1499.76 0.12 44.00 0.14 43.36 : : 150237  0.15
tri2 1500.42 0.12 50.36 0.14 50.77
tri3 1498.85 0.11 35.71 0.12 30.94
sph 1513.10
pro 1513.66 0.09 0.00 0.11 0.00
1924 obl 1517.34 0.12 60.00 0.14 60.00 ggi'gg _0(')2156
9 tril 1516.46 0.11 44.17 0.13 43.88 : : 151943  0.14
tri2 1517.11 0.12 50.64 0.14 50.43
tri3 1515.55 0.11 32.77 0.12 28.40
sph 1529.59
pro 1530.21 0.09 0.00 0.11 0.00
1944 obl 1533.51 0.12 60.00 0.14 60.00 igig% 7061124
9 tril 1532.67 0.11 43.14 0.13 44.20 : : 1535.50 0.13
tri2 1533.33 0.12 50.10 0.14 50.07
tri3 1531.66 0.10 31.45 0.12 25.80
sph 1545.27
pro 1545.50 0.08 0.00 0.09 0.00
1964 obl 1549.06 0.12 60.00 0.14 60.00 122221 —061114
9 tril 1548.60 0.10 43.47 0.11 41.86 : : 1551.23 0.12
tri2 1549.02 0.11 49.72 0.12 48.78
tri3 1548.00 0.10 35.91 0.11 33.57
sph 1561.57
pro 1561.24 0.08 0.00 0.08 0.00
198, obl 1563.88 0.11 60.00 0.12 60.00 igg;'ii _060182
9 tril 1564.07 0.10 43.73 0.11 40.62 : : 1566.50 0.11
tri2 1564.30 0.10 49.13 0.11 46.90
tri3 1563.52 0.09 36.54 0.10 34.19
sph 1576.60
pro 1576.86 0.07 0.00 0.07 0.00
200Hg obl 1578.27 0.10 60.00 0.11 60.00 iggg?g _O(')Ofo
tril 1579.17 0.09 43.66 0.10 41.39 : : 1581.20 0.10
tri2 1579.26 0.09 49.72 0.10 47.17
tri3 1579.00 0.09 36.82 0.09 34.69
sph 1594.58
pro 1593.92 0.03 0.00 0.02 0.00
2 obl 1594.21 0.05 60.00 0.05 60.00
*Ho tril 1593.93 0.03 37.66 0.03 38.76 1595.18
tri2 1594.25 0.05 49.35 0.05 50.32
tri3 1594.00 0.03 24.07 0.03 27.19
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TABLE I. (Continued).

SK14 NL1 Expt.
Eg ﬁg 75 ,32 72 Es Bp Eg |Bp|
sph 1610.24
pro 1609.96 0.01 0.00 0.01 0.00
20 obl 1610.06 0.01 60.00 0.01 60.00
*Ho tril 1610.07 0.02 34.44 0.02 36.54 1608.67
tri2 1610.05 0.02 43.52 0.02 44.61
tri3 1610.05 0.02 22.83 0.02 25.11
sph 1625.85
pro 1625.57 0.01 0.00 0.01 0.00
20 obl 1625.75 0.01 60.00 0.01 60.00
H tri1 1625.70 0.01 32.88 0.01 32.10 1621.06
tri2 1625.63 0.01 42.47 0.01 42.11
tri3 1625.62 0.01 21.72 0.01 21.26
sph 1630.30
pro 1630.20 0.02 0.00 0.02 0.00
208, obl 1630.56 0.02 60.00 0.02 60.00
g tri1 1630.52 0.02 45.07 0.03 44,51
tri2 1630.65 0.02 50.78 0.03 49.86
tri3 1630.50 0.02 30.51 0.03 33.68
sph 1635.05
pro 1635.31 0.03 0.00 0.04 0.00
210, obl 1635.39 0.02 60.00 0.03 60.00
9 tril 1635.40 0.02 36.67 0.03 36.71
tri2 1635.56 0.03 46.28 0.03 45.80
tri3 1635.45 0.03 19.83 0.04 19.62
3 [15 between the spherical SHF code and deformed SHF code is
Q4P=2C, ,Ry| auz pt =\ @mplamp|, (26)  less than 0.1% for a spherical nucleus suct?@8b. This

avoids inaccurately correcting the total energy as done in
Ref.[14]. The only expense for this is to prolong the com-
ans +3 /E a2 27) putation time(it takes 6 h of CPUtime to get one solution
44n.p 147 22| for one Hg nucleus and the total CPU time in our calculation
is about 800 h in the SGI workstation indiggl1
with The neutron pairing correlations have been calculated
with the force constantG,=g,/(11+N) with g,
_3< c _3N R —1A18 =13.5 MeV for neutrons ands,=g,/(11+Z) with g,
P A’ LU P 0 =16.5 MeV for protong13].
The mean field localizes the nucleus and thus breaks
At the beginning of the calculations, the code needs théranslational invariance which results in the center of mass of
input of deformations which are controlled by 1Q1 and IQ2.the whole nucleus oscillating in the mean field, but the spu-
We use six kinds of configurations as our inp(i81,IQ2):  rious excitation of the center of mass has to be eliminated. A
(0,0 is the spherical casésph, (1,0 is the prolate case simple and reliable treatment of the center-of-mass correc-
(pro), (0,1) is the oblate caséobl), (1,1) is the first triaxial ~ tion is[22]
case(tril), (1,2 is the second triaxial cag&i2), and(2,1) is

Q?lilp: 2Cn,pRg

Cc

2

the third triaxial casétri3). In the spherical cas@g,=0 and E :<Pc-m>
B4=0; in the prolate case,y,=0, y,=0, and &, em- 2Am’
=arccos(/7/12); in the oblate casey,= m/3, v,= /3, and
6,=m—arccos(/7/12); and in the triaxial case, <0 _ A
iy ’ T (P= S okl S Lous

Tajima et al. [14] have considered a correction for the . 5
error of the total binding energy due to the finite mesh size Vo (1= w) 01— wp) (Pl ds)2%
for the code in the three-dimensional Cartesian-mesh repre- (28)

sentation, but we use a very small mesh sze0.65 fm in
our calculation and thus the difference of the binding energwhereP. ,,=X;p; is the total momentum operator.
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TABLE II. The proton and neutron quadrupole mome@ts, Q,, andQ,, andQ, obtained with the SK14.
Proton (fnf) Neutron (frf)
Qx Qy Qz QO Qx Qy Qz QO
pro —94.62 —94.62 189.24 189.24 —122.98 —122.98 245.96 245.96
obl 124.25 —248.50 124.25 248.50 140.10  —280.20 140.10 124.25
g tril 48.84 —238.91 190.07 252.44 29.94 —268.21 238.27 293.95
tri2 82.75 —256.77 174.02 262.13 78.02 —289.81 211.79 299.92
tri3 13.11 —215.65 202.54 241.79 —19.32 —240.27 259.58 289.23
pro —108.12 —108.12 216.24 216.24  —145.83 —145.83 291.66 291.66
obl 135.09 —270.18 135.09 270.18 158.86 —317.72 158.86 317.72
172Hg tril 4531 —250.00 204.69 266.40 2455  —292.81 268.26 324.86
tri2 82.81 —268.31 185.50 274.79 79.80 —315.42 235.62 328.00
tri3 8.30 —224.87 216.57 255.00 —27.49 —261.39 288.88 318.88
pro —118.39 —118.39 236.78 236.78  —163.66 —163.66 327.32 327.32
obl 139.56 —279.12 139.56 279.12 170.30  —340.60 170.30 340.60
7%g tril 46.28 —250.52 204.24 266.60 29.04  —303.95 274.91 335.47
tri2 82.99 —272.65 189.66 279.52 82.79 —332.18 249.39 345.83
tri3 6.19 —235.94 229.75 268.94 —30.53 —284.35 314.88 347.31
pro —103.85 —103.85 207.70 207.70  —143.39 —143.39 286.78 286.78
obl 149.87 —299.74 149.87 299.74 189.40 —378.80 189.40 378.80
178Hg tril 49.28 —264.38 215.10 281.18 37.22 —331.72 294.50 363.47
tri2 86.85 —283.56 196.71 290.56 9270 —357.71 265.01 371.28
tri3 13.62 —229.60 215.98 257.62 —14.82 —283.55 298.37 336.30
pro —92.02 —92.02 184.04 184.04 —125.02 —125.02 250.04 250.04
obl 156.16 —312.32 156.16 312.32 204.26  —408.52 204.26 408.52
1784g tril 58.21 —257.34 199.13 269.89 59.85 —331.95 272.10 353.85
tri2 93.70 —294.78 201.08 301.23 109.75 —384.71 274.96 396.36
tri3 22.29 —225.00 202.71 247.94 513 —283.78 278.65 324.77
pro —86.61 —86.61 173.22 173.22 —118.45 —118.45 236.90 236.90
obl 166.51 —333.02 166.51 333.02 22572 —451.44 225.72 451.44
18%Hg tril 65.02 —272.59 207.57 284.75 79.01 —364.48 285.47 383.48
tri2 102.17 —306.79 204.62 312.44 13156  —415.15 283.59 424.33
tri3 27.08 —230.09 203.01 251.52 19.00 —298.60 279.60 334.37
pro —85.27 —85.27 170.54 170.54 —118.64 —118.64 237.28 237.28
obl 171.59 —343.18 171.59 343.18 241.35 —482.70 241.35 482.70
BHg tril 69.26 —291.71 222.45 304.83 92.30 —406.32 314.02 426.01
tri2 109.25 —322.21 212.96 327.72 151.03 —452.83 301.80 461.13
tri3 20.28 —245.99 225.71 273.09 1.33  —333.43 332.10 384.24
pro —90.03 —90.03 180.06 180.06 —131.44 —131.44 262.88 262.88
obl 175.44 —350.88 175.44 350.88 254.31 —508.62 254.31 508.62
1849 tril 72.94 —292.33 219.39 304.31 100.87 —421.66 320.79 440.36
tri2 111.31 —313.43 202.12 317.79 158.34  —455.12 296.78 462.09
tri3 27.07 —248.39 221.32 272.54 20.40 —34854 328.14 391.21
pro —113.93 —113.93 227.86 227.86  —174.22 —174.22 348.44 348.44
obl 174.38 —348.76 174.38 348.76 259.29 —518.58 259.29 518.58
188g tril 72.70 —294.98 222.28 307.36 101.75 —438.43 336.68 458.93
tri2 110.81 —327.95 217.14 333.64 160.71  —488.47 327.76 497.90
tri3 23.11 —256.92 233.81 284.26 11.42 —372.81 361.39 424,04




PRC 59 DEFORMED SKYRME-HARTREE-FOCK CALCULATION @ . .. 179
TABLE II. (Continued.
Proton (fnf) Neutron (fnf)
Qx Qy Qz QO Qx Qy Qz QO
pro —121.67 —121.67 243.34 243.34 —193.36 —193.36 386.72 386.72
obl 176.05 —352.10 176.05 352.10 267.20 —534.40 267.20 534.40
83g tril 67.35 —305.59 238.24 321.12 9454  —465.77 371.23 492.40
tri2 109.26 —328.51 219.25 334.59 160.60  —501.00 340.40 511.65
tri3 17.38 —264.59 247.21 295.99 —1.53 —394.81 396.34 456.77
pro —120.12 -120.12 240.24 240.24 —197.44 —197.44 394.88 394.88
obl 172.11 —344.22 172.11 344.22 267.40 —534.80 267.40 534.80
190Hg tril 65.93 —306.36 240.43 322.50 9490 —478.24 383.34 506.41
tri2 108.33 —334.46 226.13 341.31 162.85 —520.36 357.51 532.36
tri3 13.10 —265.00 251.90 298.72 -13.81 —403.17 416.98 473.72
pro —131.59 —131.59 263.18 263.18 —222.24 —222.24 444.48 444.48
obl 165.73 —331.46 165.73 331.46 263.77 —527.54 263.77 527.54
192Hg tril 67.01 —306.38 239.37 322.14 101.75  —488.77 387.02 515.77
tri2 107.88 —327.32 219.44 333.60 167.73  —521.05 353.32 531.95
tri3 2.52 —269.82 267.30 310.12 —37.07 —415.12 452.19 502.11
pro —134.01 —134.01 268.02 268.02 —231.29 —231.29 462.58 462.58
obl 173.70 —347.40 173.70 347.40 279.06 —558.12 279.06 558.12
¥4g tril 66.51 —304.41 237.90 320.09 106.10  —494.90 388.80 521.12
tri2 105.22 —328.24 223.02 335.21 167.71  —531.03 363.32 542.90
tri3 —4.38 —260.97 265.35 303.91 —57.86 —400.49 458.35 499.21
pro —118.50 —118.50 237.00 237.00 —194.90 —194.90 389.80 389.80
obl 166.21 —332.42 166.21 332.42 271.16  —542.32 271.16 542.32
198Hg tril 59.85 —284.96 225.11 300.50 79.55  —448.88 369.33 479.05
tri2 96.81 —311.28 214.47 318.60 14055  —492.22 351.67 507.09
tri3 18.73 —254.27 235.54 283.41 9.84  —399.09 389.25 455.25
pro -114.72 -114.72 229.44 229.44 —189.07 —189.07 378.14 378.14
obl 156.31 —312.62 156.31 312.62 258.08 —516.16 258.08 516.16
19%g tril 55.32 —278.27 222.95 294.62 68.43  —437.65 369.22 470.85
tri2 89.94 —292.44 202.50 299.57 122.77  —459.51 336.74 475.82
tri3 21.06 —237.14 216.08 262.52 15.19  —374.68 359.49 424.15
pro —100.94 —100.94 201.88 201.88 —166.93 —166.93 333.86 333.86
obl 154.00 —308.00 154.00 308.00 254.93  —509.86 254.93 509.86
200Hg tril 55.85 —257.90 202.05 271.37 70.74  —405.93 335.19 433.69
tri2 84.99 —265.39 180.40 271.05 114.69  —416.45 301.76 430.23
tri3 22.12 —232.60 210.48 256.77 19.11  —369.33 350.22 415.87
pro —39.56 —39.56 79.12 79.12 —55.06 —55.06 110.12 110.12
obl 70.02 —140.04 70.02 140.04 113.76 ~ —227.52 113.76 227.52
202Hg tril 11.03 —83.20 72.17 90.37 18.49 —120.95 102.46 130.31
tri2 43.36 —133.07 89.71 135.73 7489  —219.77 144.88 223.45
tri3 —10.68 -75.11 85.79 93.51 —-8.36 —115.66 124.02 138.63
pro —18.66 —18.66 37.32 37.32 —25.59 —25.59 51.18 51.18
obl 20.83 —41.66 20.83 41.66 29.83 —59.66 29.83 59.66
204g tril 3.34 —41.98 38.64 46.66 7.37 -62.21 54.84 67.98
tri2 13.13 —55.20 42.07 57.68 21.19 —82.74 61.55 85.96
tri3 —-7.16 —43.35 50.51 54.66 -7.37 —65.81 73.18 80.59
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TABLE II. (Continued.

Proton (fnf) Neutron (frf)
Qx Qy Qz QO Qx Qy Qz QO
pro -12.33 -12.33 24.66 24.66 -15.52 -15.52 31.04 31.04
obl 14.34 —28.68 14.34 28.68 16.97 -33.94 16.97 33.94
208Hg tril 1.53 —29.53 28.00 33.25 1.39 —36.87 35.48 41.80
tri2 9.63 —43.47 33.84 45.67 12.09 —55.86 43.77 58.78
tri3 -6.16 —32.42 38.58 41.45 —8.48 —42.34 50.82 54.45
pro —24.40 —24.40 48.80 48.80 —50.61 —50.61 101.22 101.22
obl 28.82 —57.64 28.82 57.64 58.15 —116.30 58.15 116.30
208g tril 15.49 —58.87 43.38 61.03 29.79 —118.04 88.25 122.77
tri2 25.76 —72.77 47.01 73.79 45.97 —135.83 89.86 138.18
tri3 0.03 —59.00 58.97 68.11 7.15 —118.33 111.18 132.70
pro —46.50 —46.50 93.00 93.00 —99.30 —99.30 198.60 198.60
obl 30.01 —60.02 30.01 60.02 67.57 -135.14 67.57 135.14
210Hg tril 6.92 —58.38 51.46 63.80 15.08 —130.03 114.95 142.24
tri2 20.88 —74.15 53.27 76.47 41.16 —151.41 110.25 156.57
tri3 —14.86 —61.06 75.92 80.47 —33.03 —130.68 163.71 173.14
Ill. RESULTS AND DISCUSSION grees of freedom have been included in the force SKI4.

ground-state properties of Hg isotopes. For a given nucleu gd n Fig. 3 v_vhere it has been defined as the difference of
the solution which corresponds to the maximum binding en- inding energ|e§2n(Z,N)=_B(Z,N)—B(Z_,N—2). The re-
ergy is the ground state of the nucleus. The numerical resul@UIts Of SKI4 agree well with the experimental values. Be-
on binding energies of Hg isotopes are been listed in Table gguse'of the shell effects, there is a dramatic decrease in
The RMF results with NL1 are also listed for comparison. In~ 19 in Fig. 3.
the table Expt. is the experimental data 23 or the estimated In Fig. 4, we plot the isotope shif¢(A) —r3(ref) for Hg
value (denoted as Jas the experimental values are unknownnuclei (%®Hg is chosen as a reference nucleus in the Hg
[23]. The sphericalsph, prolate(pro), oblate(obl) and tri-  chain. The empirical data obtained from atomic laser spec-
axial (tri1, tri2, and tri3 solutions are also listed in the table troscopy are also shown by the solid circ[@4]. The theo-
for comparison. In the meantime we plot the binding energyretical values from the deformed Skyrme-Hartree-Fock
per nucleon B/A) in Fig. 1. The binding energies calculated (DSHF) model and from the spherical Skyrme-Hartree-Fock
with the SKI4 agree well with experimental d48] and the  (SSHFP model are denoted by open circles and open squares
relative difference of the binding energy is at most 0.3%.in the figure, respectively. It is seen from the figure that the
The ground states which correspond to the maximum bindBSHF model with SKI4 is successful in reproducing the iso-
ing energy are oblate fdr®Hg—°®Hg, triaxial for 1°®Hg and  tope shift of Hg nuclei and the SSHF model has an obvious
20%4g, spherical foP°?Hg—?"®Hg, and triaxial for’°®Hg and  difference from the experimental data except for the spheri-
21%4g, respectively. It is well known that there is the shapecal nuclei?®Hg—-?"Hg. It indicates that there exists the de-
coexistence in Hg isotopes. Our calculation agrees with thiSormation in Hg isotopes when the neutron numibéris
It is seen from Table | that the energy minima of the oblatebelow the reference point. The DSHF model with SKI4 is
and triaxial solutions lie closer than that of the oblate andsuccessful in reproducing both the binding energy and the
prolate solutions. These indicate that the structures of Hguclear charge radius. As the isotope shifts in a chain of
isotopes are more complicated than the previous resulisotopes are the variation of proton distributions with neutron
which show that there is only a shape coexistence betweemumber, it is evident that the isotope shift depends on the
prolate ellipsoid and oblate ellipsoid. correlations between protons and neutrons. The force SKl4,
We plot in Fig. 2 the absolute difference of the binding which has the generalized spin-orbit term, treats the correla-
energies between theoretical results and experimental data.tibns between protons and neutrons correctly.
is obvious that the results of SKI4 are better than that of NL1 The calculated root-mean-square radii of the density dis-
and the absolute difference is less than 2 MeV except fotributions of protons, neutrons, matter, and changg (.,
208g (about 5 MeV. For nuclei far from the stable line, r,, andr., respectively in the DSHF model are plotted in
NL1 has a large errofabout 14 MeV, but the results of Fig. 5. The rms matter radius has been calculated by defining
SKl4 are excellent. It proves that the force SKI4 can givethe total radius as the average of proton and neutron radii in
reliable results for nuclei not only near the stable line butevery orbit weighted with occupation probabilities. The
also far from the stable line because the nucleon-nucleonharge radius is obtained from the charge density which is
correlations have been treated carefully and the isospin debtained from the charge form factor by the inverse Fourier-

We use the Skyrme parameter set SKI4 to calculate th% The two-neutron separation energy of Hg isotopes is plot-
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TABLE lIl. The proton and neutron hexadecupole mome®yjs, Q.,, andQy, and hexadecupole deformations paramegrsy, (in
degrees and d, (in degreepobtained with the SKI4 for three triaxial cases.

Proton Neutron
Q40 Q42 Q44 34 Ya 54 Q40 Q42 Q44 34 Y4 54
tril 308 -22 —297 0.012 25 66 1051 276 —71  0.010 -1 77
g tri2 278 41 —-241  0.012 24 52 687 362 28 0.008 —10 83
tri3 703  —141 -298  0.012 32 81 1332 104 -129  0.012 10 65
tril 420 —-44  —-290 0.012 32 59 975 258 —60  0.008 3 85
172Hg tri2 241 32 —229 0.013 27 48 652 364 40 0.007 -6 73
tri3 497 —140 —-296 0.011 39 67 1074 122 —-127  0.008 16 78
tril 227 -37 —282 0.012 36 48 711 286 —46  0.006 6 71
Y4 tri2 181 17 —-211  0.013 31 46 590 345 68  0.007 3 62
tri3 277 -71 —-280 0.011 44 48 738 237 —108  0.005 9 65
tril 132 53 —226  0.011 36 38 545 435 35 0.005 —13 47
178g tri2 147 73  —143 0.012 32 41 549 453 181 0.006 -7 54
tri3 —-18 —-40 —-275 0.011 58 32 298 286 —97  0.005 -5 19
tril 11 53 —203 0.011 38 33 353 442 84  0.005 —-25 36
U89  tri2 150 148 -61  0.011 28 38 552 595 332 0.005 —26 53
tri3 -134 298 —260 0.011 58 27 116 298 —67 0.006 —24 9
tril 108 108 —130 0.010 34 35 489 548 230 0.005 —31 46
18%Hg tri2 212 214 26 0.010 22 39 659 725 512 0.005 —38 67
tri3 -87 -27 —237 0.010 53 30 169 300 -24 0.005 -—19 14
tril 241 147 -66  0.010 31 40 710 630 365 0.005 —24 59
B2Hg  tri2 300 261 97  0.010 16 44 813 825 665 0.005-36 71
tri3 -33 -51 —220 0.011 63 32 163 178 10  0.007 89 22
tril 201 76 -88  0.011 38 41 631 508 311  0.005 6 45
1849 tri2 185 152 21 0.011 30 40 606 637 518 0.006 —8 47
tri3 53 —-47 -250 0.011 52 37 304 288 —-72  0.007 29 23
tril 119 -16 —151  0.012 48 41 449 330 167  0.009 36 37
B tri2 147 98 -25  0.013 38 40 476 505 389  0.010 21 36
tri3 42 -93 —-267 0.012 58 38 197 189 —117  0.009 62 24
tril 93 -77 —202 0.014 52 41 335 172 25  0.012 52 37
188y tri2 26 —-22 —134  0.015 45 39 211 243 135  0.014 43 35
tri3 -10 —-145 —-294 0.013 64 37 -3 68 —191  0.012 83 26
tril 20 —185 —277 0.016 57 42 176 —-63 —156  0.016 60 40
B¥Hg  tri2 -10 —101 -211  0.018 49 40 87 24 -84 0.018 49 38
tri3 -164 —230 -—-321  0.015 73 37  —412 126 —255 0.016 -—-78 29
tril -27 —282 —-333 0.018 59 43 80 —290 -—300 0.019 62 43
¥2Hg  tri2 —-110 —248 —349  0.020 52 41 -82 —-279 —-385 0.023 52 40
tri3 —-309 —-279 -—286 0.016 87 36 —-853 —304 —214 0.020 -61 33
tril -128 —344 371  0.019 62 43 —118 —-451 -394 0.021 66 42
949 tri2 -159 -309 —385 0.021 55 41  —191 451 -511 0.024 55 41
tri3 -714 -375 —-239 0019 -72 35 —1826 —607 —122 0.026 —47 39
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TABLE lll. (Continued).
Proton Neutron
Qo Qa2 Qua Ba Ya 04 Qa0 Qa2 Qua Ba Ya 64
tril -568 —503 —276  0.020 85 40 -—1349 —1049 —-122 0.025 -—-77 45
196Hg tri2 —465  —435 —313 0.020 70 39 —1129 —943 -278 0.025 86 41
tri3 -675 —-558 —160 0.019 -—-77 44 -1589 —1105 130 0.025 -60 51
tril -809 —-546 —201 0.020 -83 39 —2021 —1266 26 0.029 -65 47
g tri2 —-771 —-558 —277  0.022 86 38 —1916 —1320 —154 0.029 -76 44
tri3 —-1099 -685 —114 0.022 —-66 45 —2481 —1404 241  0.030 -53 52
tril —-1230 -603 —165 0.023 —-68 38 —2856 —1439 118 0.032 -56 47
200Hg tri2 -1089 —-687 —252 0.023 -—-82 39 —2598 —1612 —-59 0.032 -—66 46
tri3 —-1421 -618 —-57 0.023 -54 42 —-3182 —1387 362 0.033 -—-45 50
tril -265 —141 -78 0.004 -71 37 —470 —241 -212 0.005 -81 32
20Hg  tri2 —581  —472 —458  0.014 77 38 —1247 —-1028 —1109  0.020 73 37
tri3 —298 - 86 -20 0.004 -38 39 —528 —153 -96 0.005 —-45 33
tril -84 -36 -34 0001 -73 30 —-213 -61 -92 0002 -69 22
204g tri2 -78 —42 —46 0.002 86 30 —199 -76 -111 0.002 89 24
tri3 -89 -30 -22 0001 -52 32 -235 -57 -73 0002 -49 25
tril -10 10 -14 0.001 -—-47 22 —-98 13 -74 0001 -38 8
208g  tri2 -13 12 -11 0001 -51 15 -101 18 -66  0.001 —57 6
tri3 -1 9 -16 0001 -32 29 -83 12 -75 0.001 -—29 9
tril 343 271 141  0.005 -78 45 1032 897 435 0.011 -80 48
208g tri2 275 256 181 0.005 -89 45 814 854 580 0.010 -83 48
tri3 423 271 93  0.006 -65 47 1371 915 260 0.012 -64 49
tril 235 -7 -197  0.004 5 85 776 30 -661  0.008 1 85
g tri2 69 —-25 —204  0.003 12 58 213 17 —628  0.006 3 58
tri3 532 —-27 —126  0.005 7 61 1886 -65 —438  0.012 5 60

Bessel transform. We can see from Fig. 5 that the radii in{ii) There is no superdeformed ground state in our results and
crease smoothly with neutron number. The RMF-NL1 resultshus this avoids a dramatic change of radii. The oblate and
[6] show that the various radii have a dramatic increase driaxial configurations are almost degenerate for
A= 180 and oscillations below=188. The authors of Refs. "Hg—?°®Hg in our calculation. This is different from other
[6, 8] notice it but they do not give a satisfying explanation papers, which show that there are only axial deformations of
[6,8]. The previous nonrelativistic HFBCS calculations prolate and oblate ellipsoidgiii) SKI4 can reproduce the
seem to fail in reproducing the experimental trd@ll We  experimental data of the ground-state properties for nuclei
analyze why the radii have a smooth increase with neutrofiar from the stable line due to the modification of the spin-
number in our calculation. There are three cauggsFor  orbit term in effective forces.

1"94g—2%%g, the binding energies in oblate solutiofar The deformations of nuclei play a crucial role in the
triaxial solution are greater than those in prolate solutionsground state of nuclei. In Table Il, we show the numerical
(about 1-4 MeV and so there is no prolate ellipsoid for the results of the quadrupole momer, Q,, Q,, and Qg
ground state of these nuclei. The binding energies in triaxiawhich are defined in Eqg5)—(9). For the prolate cas&,
solutions are very close to oblate shape gadn the triaxial ~=Qy=—Q,/2 andQ,=Q,. For the oblate cas®,=Q,=
cases(see Table )l is close to 60°. Therefore there is no —Qy/2 anon=|Qy|. For triaxial cases, onl@,+Q,+Q,
dramatic change of nuclear shape in our results. This is dif=0. We can see from Table Il that there are smaller quad-
ferent from previous results which show that there is a shapeupole moments in prolate configurations than those in oblate
transition from oblate to prolate or from prolate to oblggé  configurations. The quadrupole moments in triaxial configu-
In our calculation, the SKI4 results show only a smoothrations are close to those in oblate configurations.
shape transition from oblate to triaxial at first, then to spheri-?*Hg—?®Hg are spherical nuclei because they have very
cal, and finally to triaxial shape. Because it is only a smoottsmall quadrupole moments.

shape transition, the radii have a similar smooth variation. The quadrupole deformation parametgts and y, are
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0.15 P T T T a shape transition in the ground-state of Hg isotopes: from
oblate to triaxial shape if%Hg, from triaxial to spherical
shape ir*%Hg, and from spherical to triaxial shape3tfHg.

Finally, we list the hexadecupole momefigy, Q4,, and
Q.4 and the hexadecupole deformation parametg}s,
B2P, andéy, P in Table Il for the triaxial cases. These quan-
tities may be useful for fusion cross sections. For the cases
tril and tri2,Q,4o has a sign change from positive to negative
near *®Hg. Because of the smaB, (8,<0.03 except for
198g and?°™Hg), we think that the hexadecupole deforma-
tions are not important for Hg isotopes.
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. . IV. CONCLUSION

In this paper, we use the deformed-Skyrme-Hartree-Fock
model with new Skyrme parameter set SKI4 to calculate the
ground-state properties of Hg isotopes. The numerical results
agree well with the experimental data. We summarize our
main results as follows(i) The new Skyrme parameter set
also listed in Table I. We also plot th@, and y, of Hg  SKI4, which has a generalized spin-orbit term, is successful
isotopes as a function of the mass number in Fig. 6. In thén reproducing the binding energies, isotope shifts, and radii
prolate casey=0°; in the oblate casey,=60°; and in the both for nuclei near the stable line and for exotic nuclei far
triaxial cases, 0% y,<60°. We compare our results with from the stable line(ii) The deformation parameter obtained
the RMF-NL1 results and find that NL1 reproduces a largedy SKl4 (8,) agrees well with the experimental values.
prolate deformationB, for "®*Hg—Hg. The SKI4 results There is the shape coexistence for the ground state of Hg
for B, agree well with the experimental values. The triaxialisotopes:*’®Hg—?*g are oblate shape or have a shape co-
solutions ofy, are close to 60° and this indicates that theexistence between oblate and triaxial sh&fi#ig—**Hg are
shape transition will be a smooth change. There are no spherical shape or have a shape coexistence among spherical,
perdeformed solutions in the ground state of these nuclei butiaxial, and oblate shape€®Hg and?!*Hg are triaxial shape
there are triaxial solutions fot%Hg, 2°Hg, 2°%Hg, and or of various shape coexistences. There is no superdeformed
21%g. For **g and?°Hg, Y5 is 49.13° and 49.72°, re- ground state for Hg isotopes in the DSHF calculation with
spectively. These values are close to oblate shafe-60°  SKl4. (iii.) The calculated radii from the force SKI4 show a
for the oblate cage For 2%g and 2%Hg, 85=0.03. It is smooth increase with neutron number and they agree well

with the experimental trend. This can be understood because

small and close to spherical shap@5&0 in the spherical . . ;
case. It is concluded from Table | that there exists a shapethe shape transition of I_-Ig isotopes is smodth) Because
ur large-scale calculations have almost exhausted all pos-

coexistence in the ground state of Hg isotopes. For. ; . . .
1704g—200Hg, there is the shape coexistence between the opiPle configurations of deformations, the conclusions are
late ellipsoid and triaxial shape but the binding energies ot/ €Y reliable.

oblate solutions are slightly larger than those of the triaxial

FIG. 6. The quadrupole deformation parametggs(left plot)
and v, (right plot) in the ground state of Hg isotopes as a function
of the mass number.
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