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One-proton halo in 2P and two-proton halo in 2’S
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Proton-drip-line nucle®P and?’S are studied in the nonlinear relativistic mean-field theory. Calculations
show that the mean-square radius of protons in the &tate is approximately 18—20 fmwhich is abnormally
large as compared with the mean-square radii of proton, neutron, and matter distributions, giving a strong
evidence for proton halos iA%P and?’S. This indicates that the size of proton halos is as large as that of
neutron halos although there exists the Coulomb barrier in proton-drip-line nuclei.

PACS numbds): 21.10.Gv, 21.60.Jz, 21.10.Dr, 27.30.

Neutron halos have been clearly studied both experimersal invariance if the binding energy, matter root-mean-square
tally and theoretically in recent yedis—11]. However, stud- (RMS) radii, and single particle spectrums are only con-
ies on proton halos are very rare. Although the proton sepacerned. Therefore in this paper we will calculate the ground-
ration energy in some light nuclei such %8 and 1/F is very  State properties of nuclé’Si, 2P, and*’S in the nonlinear
low, there is no clear evidence for proton halasi?,13. In RMF theory with time reversal invariance. Tanihatal.

order to understand why there is no proton halo in the abovk?2] Nave analyzed the stability of nuclei near the drip line
. . . 01 11 and concluded that all drip-line nuclei should be spherical.
nuclei we would like to review neutron halos iiLi, *'Be,

X ; Because the nonlinear RMF theory with », andp me-

and *“Be. Previous studies on neutron hal&-10 have  sons is a standard theory and detzZiIed derivatiopns can be
shown that the appearance of neutron halos in them is frofynd in Refs[15—24, here we briefly describe the frame-
two main factors, the low neutron separation energy and thg,ork of the theory. In the RMF approach we start from the
abnormal occupation of outside neutrons in th&,2state.  |ocal Lagrangian densitj15—24

The microscopic mechanism lies in the saturation to bind _ _

neutrons for neutron-drip-line nucl¢l0]. The newest ex-  Z=¥(iy*d,~M)¥—-g,0¥ -9, Vv 0, ¥

perimental resul{14] provides us with further support on

; _ . — Q. Wk AP + L gr —Im2g2—ig,od
these. It is reportefll4] that there is a one-neutron halo in 9, Wy p, TV +30"00,0=3M,0°~ 5020

19C due to the abnormal occupation of the last neutron in the —1gz0t— %qugﬂﬁ %miw”wﬂ— 1Ry

2s,), state and there is no neutron halo ifC due to the o

occupation of the last neutron in theld, state. A possible ><RZV+%mipa“Xpi—%FWFMV—e‘I’y"A“%(l—F)\P,
cause is that the centrifugal barrier in thes} state hindered )

the formation of neutron halos in a certain way. Therefore it
is reasonable to choose some proton-drip-line nuclei wittwith
both low proton separation energy and outer protons in the

2s,,, state as the candidates of proton halo nuclei. The stable Q= "= vk, )
nuclei 2°P and?’S are just nuclei satisfying the above con- RAKY— g, av_ gvoauy o gabe by cv 3)
ditions as the last one proton ffP and last two protons in P P 9o PP

2’S occupy the 8y, state according to the shell model. In Fav= ghAY— gV AH, (4
this paper we will perform the nonlinear relativistic mean-

field (RMF) calculation for them. where the meson fields are denoteddyw,, , andpi and

The nonlinear relativistic mean-fiel(RMF) theory has their masses are denoted oy, m,,, andm,, respectively.
produced very reliable results of nuclei throughout the peri-The nucleon field and rest mass are denotedPband M.
odic table in past yearEl5-17. Furnstahl and Pricgl8] A, is the photon field which is responsible for the electro-
have investigated magnetic moments of some nuclei by thenagnetic interactiore?/4m=1/137. The effective strengths
RMF theory. Marcos, Van Giai, and SavushKih9] have of the coupling between the mesons and nucleons are, re-
given Coulomb displacement energies in mirror nuclei. Patrspectively,g,,, d,,, andg,. g, and gs are the nonlinear
[20] has carried out the calculation on light nuclei. Warrier coupling strengths of the- meson. The isospin Pauli matri-
and Gambhif21] have systematically calculated the single ces are written as®, 7> being the third component of®.
particle spectrum and spin-orbit splittings of oAdsystems  The third term in Eq(3) is the strength tensor of thefield
and analyzed the effect of time reversal breaking. They havevhich is usually present only in gauge theories. Sincepthe
concluded 21] that the RMF results with and without time field gives a small effect, it presumably has little conse-
reversal invariance are practically identical and people caguence for the calculations. In practice the above parameters
solve the RMF equations of oddl-systems with time rever- such as meson masses and coupling strengths are obtained
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TABLE |. The RMF results with NL-SH. TABLE Ill. The RMF results with NLZ.
ZSSi 26P 27S ZSSi ZGP 27S

B (MeV) 182.22 182.95 183.68 B (MeV) 180.99 183.27 185.72
R (fm) 2.88 2.98 3.06 R (fm) 2.93 3.01 3.07
R, (fm) 2.97 3.11 3.23 R, (fm) 3.03 3.15 3.24
R, (fm) 2.77 2.78 280 R, (fm) 2.80 2.81 2.81
RZ (2s,,) (fm?) 19.60 19.65  R? (2s,,)(fm?) 18.06 17.83
— (1519 (p) 42.76 42.04 41.38  —e(1sy,)(p) 42.63 42.46 43.18
—e(1pap)(p) 23.80 23.38 2298  —¢e(1ps)(p) 22.88 22.55 22.43
—e(1p1)(p) 18.24 17.49 16.78  —€e(1p1)(p) 17.03 16.12 15.10
—€e(1ds) (p) 6.23 6.08 5.93 — e(1ds) (p) 5.85 5.63 5.40
—€(2s19(p) 0.86 0.86 —e(2s1)(p) 2.40 2.69
— (1) (N) 53.57 54.36 55.20 —e(1Sy9)(N) 53.67 55.33 57.99
—e(1pgp)(n) 34.63 35.22 3580 —e(1psp)(n) 34.03 34.91 36.08
—e(1pyp) () 28.94 29.25 29.55 —e(1pyy)(n) 28.01 28.35 28.57
—e(1dgp) (n) 16.22 16.98 17.72  —e(1dg)(n) 16.12 17.00 17.93

through the fitting of the experimental observables which
includes nuclear matter properties and binding energies and
radii of a few selected spherical nuclgi5-24. We will

carry out numerical calculations with three sets of force pa-
rameters: NL-SH23], NL1 [16,24], and NLZ[24].

The numerical results of°Si, 2P, and?’S with NL-SH,

NL1, and NLZ are, respectively, listed in Tables I, Il, and IlI.

In the tablesB (MeV), Ry, (fm), R, (fm), andR, (fm) are
the binding energy, root-mean-squdRMS) radii of matter,

proton, and neutron distributions. In order to elucidate
whether there exist proton halos in the above nuclei we have

also listed the single particle energye (MeV), and the

mean-square radius of protons in thg;2 level R? (2s,,,)
(fm?). The experimental binding energies &%Si, 2°P, and

27s are, respectively, 187.00 MeV, 187.15 MeV, and 187.90
MeV [25,26]. It is seen from Table | that the difference of the

theoretical binding energy with NL-SH and experimental one
is approximately 4 MeV. The calculated binding energy is

only 3% off. The RMF theory with NL-SH shows th&fP

and 2’S are stable to proton emissions and this agrees with
the experimental fadi26,27. As we see the single particle

TABLE Il. The RMF results with NL1.

ZSSi 26P 27S

B (MeV) 180.34 182.44 184.60
R (fm) 2.93 3.01 3.08
R, (fm) 3.03 3.15 3.25
R, (fm) 2.80 2.81 2.82
R? (284 (fm?) 18.27 18.21
— (11,5 (p) 43.27 42.88 43.00
— e(1p3) (p) 23.12 22.71 22.43
— e(1p1) (P) 16.95 16.03 15.07
— €(1dg) (p) 5.85 5.61 5.37
— (2519 (p) 2.24 2.38
— (1515 (n) 54.55 56.03 58.06
— e(1pap)(n) 34.54 35.37 36.34
— e(1pyp)(n) 28.19 28.54 28.82
— €(1dg) (n) 16.38 17.27 18.17
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FIG. 1. The density distributions of proton, neutron, matter, and
halo proton of nuclei®®Si, 2P, and?’S in the RMF theory with
NL-SH force parameters. Solid, long-dashed, short-dashed, and dot-
ted curves are, respectively, the density distributions of proton, neu-
tron, matter, and halo proton.
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FIG. 2. Same as Fig. 1 but for NL1. FIG. 3. Same as Fig. 1 but for NLZ.

energy we find that protons in thesg, level are weakly results are reliable because the underestimation is common
bound and it is possible to appear as the proton halo. Thergor the above nuclei. The RMF theory with different force
fore we list_the mean-square radius of protons in theparameters shows thatP and?’sS are stable to proton emis-
2sy, state R® (2sy,) in the fifth row. Because sions and there exist proton halos #P and 2’S. So we
R?(2s,,,)~20 (fm?) is large as compared with the mean- consider the underestimation will have some influence on the
square radius of all protorR§~10 we conclude that there is total RMS radii and it will not have significant influence on
a one-proton halo irf®P and a two-proton halo iA’S. Itis  the proton halo. This means the conclusions on the one-
known from the previous studies on neutron halbs11  proton halo in?P and two-proton halos iR’S will be true.
that the mean-square radius of halo neutrons'lin and In Figs. 1-3, we have drawn the density distribution
14Be s also approximately 20 ffa This indicates that the (fm~3) of proton, neutron, matter, and halo proton?si,
size of proton halos is as large as that of neutron halos. 26p and?’S. In the figures, solid, long-dashed, short-dashed,
It is concluded from Tables Il and Ill that the RMF theory and dotted curves are, respectively, the density distributions
with force parameters NL1 and NLZ also predicts a one-of proton, neutron, matter, and halo proton. It is evident that
proton halo in2%P and a two-proton halo iR’S. The RMF  there are proton halos iffP and?’S as their density distri-
theory with NL1 and NLZ still underestimates the experi- bution of protons have a long tail. But we also notice that
mental binding energy with a few MeV for the above nuclei. 2°Si has a proton skin due to the weak binding of six protons
As we compare the RMF results in Tables I, I, and IlI to- in the 1ds, state.
gether we find the RMF results with different force param-  In conclusion, we have calculated the ground-state prop-
eters are very close for both binding energies and RMS radiierties of 2°Si, 2P, and?’S using the nonlinear RMF theory
This shows the RMF theory is very stable for nuclei near thewith NL-SH, NL1, and NLZ force parameters. It is shown
proton-drip line. The change in binding energies among théhat protons in the &, state in 2P and ?’S are weakly
three nuclei seems distinctly better with NL-SH than with bound and form proton halos. The size of proton halos in
NL1 and NLZ. Although the RMF theory underestimates thethem is as large as that of neutron halos near the neutron-drip
experimental binding energy by a few MeV, we consider itsline. If the proton halo is verified, it will lead to new phe-
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nomena in nuclear reactions because it is a charged halo. In One of us(Z. R) would like to thank Professors W. Mittig,
the future one can investigate the influence of the proton hald. Lewitowicz, P. Van Isacker, P. Halse, Jan S. Vaagen, and
on some new decay modes such3isdelayed proton emis- S. Kuyucak for discussions during his stay in GANIL.
sions or direct proton emissions in excited states in protonThanks to Drs. B. A. Li, G. Q. Li, and H. Q. Jin for the
halo nuclei. It is also possible to explore the proton halo bycommunications. This work was supported by a Grant
the Coulomb excitation, proton-scattering and electronfrom a fund from the China Education Committee and by the

scattering experiments. National Natural Science Foundation of China.
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