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Recently observed charge radius anomaly in neon isotopes
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The recent isotopic shift measurements for the chain of neon isotopes have revealed a rich structural
information and very interesting anomalous behavior of the charge radii with neutron number. Here we study
the systematics of the charge radii of neon isotopes within the relativistic meariRigld) framework. The
pairing correlations are incorporated by simple constant gap approximation as well as self-consistently through
the Bogoliubov transforms employing in the pairing channel the finite range Gogny-D1S or the density
dependent zero range interaction. It is observed that the RMF in the axially deformed oscillator basis success-
fully explains the observed anomaly in the charge radii of neon isotopes.
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The recent isotopic shift measurements for neon isotopes [ \
. : e D A U U
[1] reveal anomalous behavior and rich structure. The mini- . =E (1)
mum charge radius is observed fdNe and it rises with the —-A* —hy+\ V/i V /i

addition or removal of neutrons froffNe. The maximum . . ) ) )

radius occurs a8Ne (1’Ne) for neutron rich(deficien) iso- Here,\ is the Lagrange multiplier, is the qu_a3|part|cle

topes. The neutron rich as well as deficient neon isotope€n€rgy, Ux and Vi are properly normalized four-

indicate a small odd-even staggering in charge radii. Furtheflimensional Dirac spinors, antip is the usual Dirac

there is a sudden drop and rise in the charge radius whilgl@miltonian[3]:

moving from ®Ne to ’Ne. Therefore, it is worthwhile to

investigate these observations theoretically. The relativistic hy =~ .a -V +B(M +g,0) +g,0° +g,m3p3 + e

mean field(RMF) has been successful in describing the ob-

served anomalous behavior in the isotopic shift measure- (2

ments for several nuclei in the mediuiiir, Sr, etc) and the .

heavy mass regior®b, Gd, etd. Therefore, it is interesting HereM is the nucleon mass angl ° pg, andA°® are the.

to check whether RMF will be able to describe this interestmeson and e.m. fields. These fields are to be determined

ing and unusual behavior for the neon isotopes. self-c9n5|stently from the Klein-Gordo(KG) _eq_uatlons
RMF describes the Dirac spinor nucleons interacting vid 3l; With sources(nuclear currents and densitjeisivolv-

the electromagneti¢e.m) and meson fields. The mesons iNg superspinor$U(V)] [3,4]. o

considered are the scalar sigif, vector omegdw), and The RHB equations have' two distinct parts: the 'self—

isovector vector rhdp). The corresponding Lagrangian con- consistent field(hp) that describes thg long range particle-

sists of free baryon and meson terms and the interactiohole correlations and the pairing field) that accounts for

terms. Many versions of such a Lagrangian are available. Wehe correlations in the particle-partici@p) channel. The

use the standard nonlineés,w,p) interaction Lagrangian nairing field A is expressed in terms of the matrix elements
de\(eloped for and qule!y used in t_he nu_clear structure _appllbf the two-body nuclear potentia® in the pp-channel and
cations[2,3]. The variational principle yields the equations e pairing tensor involving the superspingts,V). In the

of motion. In the mean field approximation, replacing the f th tant —A) b di land d

fields by their expectation values, one ends up with a set Otfaselo . (ta cons ?nf g‘?g(_ ) ?COT(.ES |agon|? an the-

coupled equations; namely, the Dirac equation with potenti ouples Into a set o lagonal matrices resuiting in the
CS-type expressions for the occupation probabilities. As a

terms involving meson and e.m. fields describing the nucleo ;
dynamics and a set of Klein-Gordon-type equations With:_esu“' t?he RHBteqtuatlor[Eq.(l)] reduce to the RMF equa-
sources involving nucleonic currents and densities, for metONs with constant gap.

sons and the photon. This set of equations, known as RMF Reliable and satisfactory derivation\#fP is not yet avail-
equations, is to be solved self-consistently. ' able in RMF(see Refs[3,5]). Therefore, in practical calcu-

The pairing correlations, essential for the description Oilatlons, It Is customary to adopt a_phenomenolog|cal_ ap-
open shell nuclei, can be incorporated either by simple BC§)roaCh while solving the RHB_ equations. Usually, the finite
prescription, or self-consistently through the Bogoliubovrange Gogny-D136,7) interaction,
transformations. The latter lead on to the relativistic Hartree
Bogoliubov(RHB) equations. The RHB equatiof3,4] read

73
A°.

Vit ro)= X el 2w + B PT - HP— M,PP?)

as i=1,2
)
[factors w;, W, B;, H;, and M, (i=1,2) are parameters of
*Electronic address: yogy@phy.iitb.ac.in the interaction or the density dependent, effective two-
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body zero range interactid8], To ascertain the effect of deformation we have also solved

the RMF equations with the constant gap approximation in
the axially deformed oscillator basfthe label DEF denotes
these resuls The constant gapgndependent of the particle
level) are fixed so that the SPH pairing energy is almost

[V, is the interaction strength with cutoff energy about >aMme as the corresppndlng RHBb) pairing energy. The
300 MeV[8] andp, (=0.152 fni3[8]) is the nuclear matter same gaps are used in the DEF calculations. For/Add-
densityl are used for this purpose. In the latter case, the?le"_ the last odd nucleon does not have a partne_r to occupy
strengthV, is fixed so as to reproduce the pairing energy'ts time reversed_ state. As a result,_the mean field ground
[8] obtained from the finite range Gogny D1S interaction. State wave function does not have time reversal symmetry.
The explicit calculations requir@) parameters appearing For this purpose, we follow the well tested tagged Hartree-
in the Lagrangian andb) VPP or the experimental gap pa- Fock procedure, frequently used in the nonrelativistic calcu-
rametersA (along with a cutoff, Zw), as input information. lations.
Several sets of the parameters appearing in the Lagrangian We now present and discuss the results of our explicit
are available in the literaturg8,9-11. In the present work, numerical calculations for the chain of neon isotopes. The
we use one of the recent and the most successful Lagrangialifferences between the calculated binding energies and the
parameter set, NLE9]. corresponding experimental valugk?] are plotted in Fig.
The RMF/RHB calculations have been carried out, usingl(a).
different prescriptions. Explicitly, we use the following. Clearly, all the prescriptions for solving the RMF/RHB
(1) We use the oscillator basis for the solution(ef the  equations reproduce the experiment rather well. However,
RMF equations, with frozen gap approximati@orrespond- the inclusion of deformation brings the calculated binding
ing results are labeled by SRHand (b) the RHB equations energies closer to the experiment. There is a discrepancy of
using the finite range Gogny-D1S interactifresults are around 4 MeV in the case PNe. This could be due to the
marked as RHRob)]. possible quartet structure and/or due to the pairing.
(2) The RHB equations are also solved on a discretized The calculated quadrupole deformation parametg@hs
mesh in the coordinate space with a box size of 25 fm, usinglong with the corresponding Méller-NigMN) values[13]
the effective zero range density dependent two-body interaare shown in Fig. (). The DEF results and MN results are
tion [8] [these results are denoted by RKB]. very similar. The graph reveals that except ¥£5*Ne (cor-

1
V(rl’rZ):Voﬁ(rl_rz)Z(l—(TlO'z)(l—p(r)> (4)

(0]
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responding to neutron numbers 8, 16, and 20, respec}jvelywith the corresponding values extracted from the measured
all the other neon isotopes are deformEd?Ne have strong isotopic shifts. The charge radius for the reference nucleus
prolate deformation. The shape transition is observed bg?°Ne) has been taken from Refl4]. The calculations do
tween?Ne and?/Ne. The higher neon isotopes have rela-reproduce the experiment. It is interesting to note that the
tively milder deformations. It turns out that except for RHB (c) underestimates the charge radii. The deformation
20-2224e, all the neon isotopes have very small or zero neueffects are found to be crucial in order to describe the experi-
tron pairing energies. This reflects that the deformation efment correctly.
fects are largely due to the protons. It is to be pointed out that some theoreti¢abth nonrel-
The RHB (c) and RHB (ob) results are almost identical ativistic and relativistig calculations are available for this
and further the SPH results are similar to that of Rt chain[15-18. All of these have some deficiencies. The re-
Therefore, we shall present and discuss the RidBand  sults of the nonrelativistic Hartree-FoelBCS calculations
DEF results only in what follows. using different types of Skyrme interactions reported in Refs.
The variation of single and two neutron separation ener{16,17, though qualitatively similar, do differ among them-
gies(S, andsS;,) is shown in Fig. 2, with the third component selves at several places. The relativistic RMBCS calcula-
of isospin T, intimately related to the neutron number tions have been reportgd5] for even-even neon isotopes
N [T,=(N-10)/2]. only. The author$15] use the Lagrangian parameter set NL3
It is seen from Fig. 2 that the odd-even staggeringijis  and employ the Mdller-Nix prescription for the pairing gaps
nicely reproduced by both RHE) and DEF. The inclusion [19]. The result§18] of the Skyrme Hartree-FoekBCS and
of deformation effects is clearly important for the correctthe RMF+BCS calculations for some neon isotopes have
description of separation energies. The two neutron separ&een quoted in Refl].
tion energies are also well reproduced. Differences do exist Here, we also use the Lagrangian parameter set NL3, but
between the theory and the corresponding experiment at fi the pairing gaps to be used in the deforn{BEF) calcu-
finer level. lations by reproducing the pairing energy obtained in RHB
The calculated isotopic shiff&r?), with respect to (ob) using Gogny-D1S interaction ipp channel. Though our
20Ne (T,)=0] values[RHB (c) and DEH along with the cor-  results qualitatively agree with those of earlier calculations
responding experimental resulty is presented in Fig.(3). [15], however there are appreciable differences at several
The DEF calculations are in excellent agreement with theplaces. For example, the calculated deformation parangeter
experiment. The experimental trend is beautifully repro-for 2®Ne listed in Ref[15] is much smaller as compared to
duced. In Fig. 8), we plot the calculated charge radii along that obtained in the Skyrme Hartree-FedRCS calculations
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1
Neon * g Covx,y) = m; (Xj _W(Yj -y, (6)
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the variance is given by
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g A= g o0 )
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900 The correlation coefficien€ turns out to be —-0.98 for
2 -1 0 1 2 3 4 5 6 DEF and -0.97 for RHEc), quantifying the above state-

T ment.
) The interaction cross sections for the neon isotopes as
FIG. 5. The calculatedRHB (c) and DER interaction cross projectiles incident ort’c target at 950\MeV energy[21]
sections for neon isotopes as projectiles incident4 target at have been measured. Here, we use the calcu[&REiB (c)
950_AMeV energy along with the experimental valugd] where and DER densities within the Glauber Modg22] to calcu-
available. late the total interaction cross section. The total interaction

[16,17. The deformation parametgt for 2Ne obtained in cross section according to the Glauber model is given by

the present work closely agrees with that of the nonrelativ- *

istic calculationg16,17 as well as with that of Moller and 0 =2m J bdb{1 - T(b)}, 9)

Nix [13]. Further, the RMR-BCS of Ref.[15] predict pro- 0

late shape fof*Ne, while all the restnonrelativistic as well whereb is the impact parameter anfib) is the transpar-

as the present calculationgield oblate solution, which is ency function. The calculation af(b) requires the neutron

consistent with that of Mdller and NikL3]. and proton densities of the target and the projectile along
Overall, the results of the present calculations are in bettewith the effective nucleon-nucleon cross sections. The

agreement with the experiment as compared to those afalculated(neutron and protonRHB (c) and DEF(renor-

RMF+BCS[15]. This indicates that proper choice of pairing malized projected.=0 componentdensities are used as

gaps is important, which is expected. projectile densities whereas the targétC) density is
The calculated nuclear skin thicknegg—r ) for the neon  taken from the earlier work23]. The calculated interac-

isotopes is plotted as a function ©f in Fig. 4@). For®Ne, tion cross sections are displayed in Fig. 5 along with the

the skin is nearly zero. For the neutron deficient nuclei, thecorresponding experimental valugxl]. Both the calcula-

skin is negative, whereas for the neutron rich nuclei, the skinions [RHB (c) and DEH reproduce the experimental

is positive as expected. The skin thickness bears nearly taend well. The DEF results are relatively in better agree-

linear relation with the isospin projectiof,. Next we plot  ment with the experiment.

the skin thickness as a function of differences between the It is found that the inclusion of deformation effects is

observed single neutron and proton separation ene(§ies crucial for the correct description of the binding energies and

—-$). Astrong negative correlation is evident. To quantify thealso for the observed anomalous isotopic shifts in neon iso-

correlation, we calculate the correlation coefficiérdefined  topes.
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