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The properties of even-even O, Ca, Ni, Zr, Sn, and Pb isotopes frorg-gtability line to the neutron drip
line are studied with the relativistic continuum Hartree-Bogoliubov theory, where both the spin-orbit interac-
tion and continuum are properly taken into account. The available experimental binding ergges!
two-neutron separation energi€s, are reproduced very well. The predicted neutron drip-line nuclei are,
respectively,’“Ca, 1°Ni, 4%r, 7Sn, and?%®%b. Based on the analysis of two-neutron separation energies,
single-particle energy levels, the orbital occupation, the contribution of continuum and nucleon density distri-
bution, giant halo phenomena due to pairing, correlation and the contribution from the continuum are sug-
gested to appear in Ca isotopes with-60 apart from Zr isotopes predicted earlier.
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The study of exotic nuclei far away from the line 8f  new regions of giant halos, particularly in relatively light
stability has attracted world wide attentiph2]. Unexpected nuclei so that the present and the planned facilities can reach
properties very different from that of normal nuclei have these nuclei. . _
been observed in light nuclei, such as, for instance, the neu- In this paper we report on the theoretical exploration of
tron halo in ILi [3]. They consist of a normal core sur- heutron halos and giant halos for proton magic isotopes close
rounded by a layer of low-density neutron matter, i.e., hald© the neutron drip line in the on-line mass region.
or skin. However, in all of the halos observed so far, one has _The detailed formalism and numerical techniques of the
only one or two particles outside of the normal core. RCHB theory can be found in Ref5], and references

Theoretically, it has been shown in R#] that the for- therein. In the relativistic mean field theory, one describes

mation of a neutron halo can be understood as the scatteririﬁe r}y(‘iljeonsfwnh the mam_ as D|r|ac sp|r|10r30 moving in
of Cooper pairs into the continuum containing low-lying e fields of mesons: a isoscalar-scalar meser), (an

resonances of small angular momentum based on the relati{@0Scalar-vector mesonw), an isovector-vector mesomX
istic continuum Hartree-BogoliuboRCHB) theory[5]. The ~ and the photord”, with the masses,,, m,,, andm, and
advantages of the RCHB theory include the following: Beingth€ coupling constans,, g,,, andg, . The field tensors for
relativistic it is able to take into account the proper isospintN€ VECtor mesons are given 8,,=d,,~d,, and by
dependence of the spin-orbit term and at the same time %{mllar expressions for the meson and the photon, i.e.,
reliable description of nuclei far away from th#stability _ .
line. In addition this theory provides a self-consistent treat-  £=¥(p—g,d—g,p7—36(1—13)A—g,0—m)i
ment of pairing correlations in the presence of the con-
tinuum. The halo phenomena can be understood in this self-
consistent picture as the scattering of particle pairs into the
continuum by the pairing force. Along this line a new
phenomenon—giant neutron halos—has been also predicted
in the Zr nuclei close to the neutron drip lifig]. They are  The nonlinear self-coupling terms,U, (o) =3mZo?
formed by two to six neutrons scattered as Cooper pairs-3g,o°+3gs0® for the o mesons, and U,(w)
mainly to the levels Bz, 2f;,, 3P0, and Xgp. =%miwﬂw”+%C3(wa”“)2 for the @ mesons, have been
Since its suggestion, the giant halo has attracted lots dhcluded as well.
interest from the experimental side. However, due to the From the above Lagrangian one can derive the relativistic
limit of the experimental facilities it has not been observedHartree-Bogoliubov(RHB) equations; for the details see
so far. Even for the new RIB factory under construction nowRef. [8]. In the pairing channel a density dependent two-
in RIKEN, the intensity of RIB is not strong enough to pro- body force of zero range has been used instead of the one-
duce these beams for the discovery of giant halos except faneson exchange interaction, just as that in Ref&].
the beginning of halos in Z7]. It will be very exciting and In order to describe the continuum and its coupling to the
challenging both theoretically and experimentally to explorebound states properly, the RHB equation must be solved in
coordinate space and extended to include the contribution of
the continuum, i.e., the RCHB theof$]. We restricted our
*Email address: mengj@pku.edu.cn study to the proton magic nuclei, so that we can impose the
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spherical symmetry. For zero range pairing forces the rela- SN A R R L R
tivistic Hartree BogoliuboHB) equations are a set of four 40 _(a)o
coupled differential equations for the HB Dirac spinbtér)
andV(r). 30 | X
The detailed formalism and numerical techniques can be 3 [ |
found in Ref.[5]. In the present calculations, we follow the Ezgo = L\
ki

c =]

v‘.YNi zr, oo Ni | ]

[ o— Zr |

—o Sn| 4

Po | pp| |

procedures in Ref$5,9] and solve the RCHB equationsina «' “ m i

parameter set NL-SIHLO] is used, which aims at describing in 1
0

box with the sizeR=20 fm and a step size of 0.1 fm. The 10 |-
both the stable and exotic nuclei. The use of other parameter: 0 5 S )
SuCh aSTMl doeS not pr0V|de Very dlﬁerent resu[tSl]. IIII IIIIIIIIIIIIIIII IIII IIII L1l I L1 11 I Ll 11

n
N s ) ) o= 0 20 4 60 80 100 120 140 160
The contribution from continua is restricted within a cutoff N

energy E;,,~120 MeV. For fixed cut-off energy and for
fixed box radiusR the strengthV, of the pairing force is 6.0
determined by adjusting the corresponding pairing energy
—1TrA« to that of a RCHB calculation using the finite range
part of the Gogny forceD1S, as in Ref.[5]. For pgy in _
the pairing force we use the nuclear matter density = 4
0.152 fm 3, =
All the even-even Ca nuclei ranging from proton drip line

to neutron drip line, as well as other proton magic nuclei,
e.g., O, Ni[5], Zr [6], Sn[12], and Pb isotope chains are
studied with the RCHB code. The last bound neutron-rich 20
nucleus for Ca is predicted &4Ca, while in Ref.[13] and 0 20 40 60 80 100 120 140 160
Refs.[14,15, the drip-line nucleus is predicted &&Ca with N
the Hartree-Fock-Bogoliubov and Skyrme Hartree-Fock FIG. 1. (a) The two-neutron separation energigs in even Ca,
(HF) method, respectively. The Skyrme HF results véth| Ni, Zr, Sn, and Pb isotopes are plotted against the neutron number
andSkM* show that®® 7°Ca is bound due to the last bound N. Open symbols represent the values calculated from the RCHB
orbit 1ggy, [15]. In RCHB, as in the following, it is shown theory wi_th the NLSH parameter set while solid ones represent the
that these nuclei are bound due to different mechanisms. THEA(@ available(b) The root mean square neutron radiyior even
orbits 1ge;, and 3, are in the continuum. Without pairing Ca, Ni, Zr, Sn and Pb isotopes from RCHB calculation as a function

2 0-72 T ' of the neutron numbeN. The curve for ther N rule with r
the nu.c_le| Ca are u_nbound. After talgng mt_o acc_:ount —1.139 fm has been included to guide the eye.
the pairing, the contribution from the continuum is switched

77 . _
on, the?‘ we get'the bounff” *Ca. A.5. their two-neutron onrelativistic counterparts do not predict the correct neutron
separation energies are due to the pairing and are very sm tip line which is already known experimentally to be at

the giant halo phenomena develop in these nuclei. In addize

tion, the proton drip-line nuc_:leus ,is prfediqted to Bica, . Along theS;,, versusN curve for Ca isotopes, three strong
which has been discovered in radioactive ion beam experignks appear at the magic or submagic numbers20, 28

ments. The binding enerdy, calculated from the RCHB for  anq 40, respectively. However, there seems no kink at the
Ca isotopes reproduce the available data WHl. The dif-  gther magic numbeN=50, which suggests the disappear-
ference between the experimental and calculated binding eRmce of the neutron magic numbbi=50. Therefore the
ergies is less than 3 MeV. nucleus°Ca is no more a double-magic nucleus. This dis-
The two-neutron separation energy, is quite a sensitive  appearance of thel=50 magic number at the neutron drip
quantity to test a microscopic theory. Both the theoretical andine is due to the halo property of the neutron density with
the available experiment&,, for O, Ca, Ni, Zr, Sn, and Pb the spherical shape being kept, which is different from the
isotopes are presented in Fig. 1. The good agreement beisappearance of thed=20 magic number due to deforma-
tween experiment and calculation is clearly shown. For théion. Most recently a new magic numbdl=16 has been
light isotope as O, we find that the RCHB calculations pro-discovered in neutron drip-line light-nuclei regigh7]. All
vide the drip-line nucleus to b0, while experimentally it these suggest that the single-particle level energies and their
is known as?®0. It is known that in relativistic mean field, orders will vary violently in the near drip-line region, then
one parameter set is used to describe all nuclei in the nucleaesult in the change of the traditional magic numbers. We do
chart. This is very challenging. Particularly, as it is well not observe the so-called two-neutron drip-line double-magic
known, the mean field theory is difficult for light nuclei. emitter predicted in Ref13], i.e., "%Ca comes out witlA=0
Therefore we have NL1, NLSH, NL3, and TM1 for the and the calculate®,, value is negative;-236 keV.
heavy system and NL2 and TM2 for the light system. The Another remarkable appearance in Fig. 1 is that3he
oxygen isotopes lie just near the border line. It is not surprisvalues for exotic Ca isotopes are extremely close to zero in
ing that the NLSH, NL1, NL2, NL3, TM1, TM2 and the several isotopes, i.eS,,~2.06 MeV for 5%Ca, 1.24 MeV

(b)

5.0

(ry=1.139 fm)
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FIG. 2. The neutron single-particle levels in the canonical basis E [MeV]
with the mass numbeA for Ca isotopes. The Fermi surface is
shown as the dotted line. FIG. 3. The occupation probabilities in the canonical basis for

several Ca isotopes as a function of the single-particle energy. The
chemical potential is indicated by a vertical line. The numbéys

64 66 68,
for >'Ca, 0.76 MeV for*Ca, 0.53 MeV for**Ca, 0.21 MeV of neutrons in the continuum are also shown.

for %Ca, and 0.04 MeV for’?Ca. If one regard$’Ca as a
core, then the valence neutrons are filled in the weakly bound
levels and continuum above tHé=40 subshell for these way to the drip-line nucleus‘Ca and comes close to zero
nuclei, especially for’® 7Ca. This is very similar t&,, in ~ (<1s MeV) when A>60. As mentioned above, similar
Zr isotopes withN>82 [6]. However in the vicinity of the kinks appear in thé&,, case. These jumps correspond to the
drip line, S,, in Sn[12] decrease rather rapidly with the shell (or subshell closure. Meanwhile, another traditional
mass numbeA and that in Ni[5] are quite largg~2 MeV) magic numbeN =50, which is due to a big gap between the
with a sudden drop at the drip-line nucleus. All such resultslgg, orbit and its aboves-d shell, has disappeared here.
can be well understood with the single particle energy leveldherefore there is no kink @8l=50 in the\, curve due to
in the threshold region, as shown in REE2]. It should be the lowering of 3,,, and s, orbits.
noted that the behavior @&,, indicates the appearance of a  As the chemical potential approaches zero, the Ca iso-
“giant hald in Ca chains, just as that in Zr chaif§]. topes withA>60 are all weakly bound. This means that the
To illustrate the probable diant halg” the calculated additional neutrons occupy either weakly bound states or the
neutron radiir, from the RCHB calculation for even-even continuum. They supply very small binding energy. As the
nuclei in O, Ca, Ni, Zr, Sn, and Pb isotopes are plotted inFermi level is so close to zero, pairing correlations will scat-
Fig. 1. It is very interesting to see tha} follow the N¥®  ter the neutron pairs from bound states to continua. For Ca
systematics well for stable nuclei although their proton numdisotopes withA>60, the last neutrons filled in the continuum
ber is quite different. Near the drip line, abnormal behaviorsand weakly bound levels in the gross ordege}, 3si,
appear aN=40 in Ca isotopes and &=82 in Zr isotopes. 2ds, 2d35,, etc. Such orbits will take on an important role
The increase of , in exotic Ni and Sn nuclei is not as fast as as discussed below.
that in Ca and Zr. The nuclei at the abnormalincrease In Fig. 3 the occupation probabilities’ of neutron levels
correspond to those fd8,,. They give further support for near the Fermi surfacg.e., —20<E<10 MeV) in the ca-
the formation of agiant hala Compared with Zr isotopes, nonical basis are shown for several neutron-rich even Ca
the giant haloin Ca isotopes will be easy to access experi-isotopes. The chemical potential is indicated by a vertical
mentally. Of course there are also some abnormal changdise. For nuclei near th@-stability line, the chemical poten-
for the Ni and Sn isotopes near the neutron drip line, but theyial is about 7 MeV, and the occupation probability for the
are not as obvious as the Ca and Zr cases. continuum E>0) is nearly zero. As the neutron number
To understand the above results more clearly, we will segoes beyond the subshel=40, the Fermi surface will
the microscopic structure of the single-particle spectrum irmove to zero and the occupation of the continuum becomes
the canonical basis]. In Fig. 2, the neutron single-particle more and more important. Adding up the occupation prob-
levels in the canonical basis are shown for the even Ca isabilitiesv? for the levels withE>0, one can get the contri-
topes from the mass numbefs=34 to A=72. The shell bution of the continuunm,, [6]. They are approximately 2.2,
closure (N\=20,28) and subshell closur&l&40) are clearly 0.6, 1.1, 1.7, 1.9, and 2.7 féfCa, %Ca, ®Ca, %8Ca, °Ca,
seen as big gaps between levels. A dotted line in the figurand "“Ca, respectively.
represents the neutron chemical potenkial which jumps As a typical example, the neutron single-particle levels in
three times at the magic or submagic neutron number on it§%Ca in the canonical basis are given in Fig. 4. The length of
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197/2 (5.20) 2d5,, and 0.017 for §y;,,. There are about 0.86 neutrons in
10 / 2032600 the continuum. The statesd, has a rms radius 7.24 fm in
// 2dg/31 52-(170)24) comparison with the rms radii of the neighbor state$ fm)
— .

0 R e e and the total neutrod.314 fm) due to the zero centrifugal
199/2 (5.03)-2p1/2 (5.19 . . X
:g(éji Tis2 ((4.53 barrier. Therefore the nucleon occupying the stagg,3will
o 000000 -2p32(508 contribute to the nuclear rms radius considerably. That is the

2
1f7/2 (4.3 ! | ¢ ]
—1d3/2 main reason why the neutron radii of exotic Ca isotopes

20 ] present the abnormal rapid increase in neutron number near
3 -30 i the drip line.
= In summary, the ground state properties of even-even O,
-y . Ca, Ni, Zr, Sn, and Pb isotopes frofstability to the neu-
66 tron drip-line have been investigated with the self-consistent
50 R 9433” 7] relativistic continuum Hartree-Bogoliubov theory. The bind-
60 =S T i ing energies, two-neutron separation ene®yy, and rms
radii are calculated and compared with the data available.
-70 = - Satisfactory agreement with the data available has been ob-
— é . "1 . é . é a— served. The predicted neutron drip-line nuclei are, respec-
¢ [l tively, "4Ca, 1%Ni, 14%zr, 17%Sn, and?®%b. It is interesting

to note that the drip line nucleus for Ca =54, notN
FIG. 4. The neutron single-particle levels in the canonical basis=50, due to the disappearance of tNe=50 magic shell.
in ®%Ca. The neutron potentiaf(r)+S(r) is represented by the Based on the analysis of two-neutron separation energies
solid curve and the Fermi surface is shown as a dashed line. Thg, , rms radii, single-particle levels spectra, the orbital oc-
occupation probabilities for the single-particle levels are propor-cupation, and the contribution of the continuum, giant halo
tional to their length. The root mean square radiysfor each orbit  phenomena are suggested to appear in Ca isotopesAwith
is shown in fertometers in the parentheses behind the corresponding g apart from Zr isotopes predicted earlier. This will be
labels. found relatively easily by experiment. Without pairing, the

i 60—7. ; .
each level is proportional to its occupation. The root mead!uclei ™ “Ca will be unbound as thegb,, and 3, are in
square radius ; in fentometers for each level is shown the continuum. After taking into account the pairing, the con-

in the parentheses behind the corresponding label. ThEibution frgonJYtzrcl:e continuum is switched on, and then we get
root mean square radiusr,; is defined as rp the bou_nd a. As thelr_two—neutron separation energies

=(fpn|jr2d7')/(fpn|jd7')- The nuclear mean field potential &€ mainly due to the pairing a.nd they are very small, the
V(r)+S(r) is shown by the solid curve. The Fermi surface 9/2nt halo phenomena develop in these nuclei.
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