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Coulomb energy differences in mirror nuclei revisited
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We calculate the Coulomb displacement energ@®ES of mirror nuclei using the recent parameter set
(NL3) in the relativistic mean-fieldRMF) model which includes self-coupling of the scalar meson. The results
obtained are compared with the available ones calculated in the nonrelativistic Skyrme-HartréS#HBck
approach that have the best fit to the experimental data. When adjusted to reproduce the charge root-mean-
squaregrms) radiusr . and the rms radii of the valence orbits, the results of the RMF model for the CDEs agree
with those of the SHF model within 1%. Our investigation also shows that, although the RMF with the NL3
parameter set reproduces the kink in the isotope variatiop ,ofhe values obtained for CDEs are too small to
account for the experimental values without the addition of the contribution due to long-range correlation
effects.
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Coulomb displacement energie€DEg of analogue ancies between Skyrme-Hartree-Fq&HF) predictions and
states (mirror nucle), AEc, provide a stringent test for experimental results for the charge root-mean-squiares)
nuclear models. Nolen and Schiffer pointed out for the firstradii r. associated with anomalous kinks in the mass depen-
time[1,2] that a calculation oA E within the framework of  dence ofr (fluctuation in the isotope sh)f{17,18. There-
the independent particle modehean-field approaghieads fore a consistent description a§E. and the anomalous
to disagreement with experimental values. Using a Woodskinks inr is achieved by including the LRC contributions to
Saxon potential well which reproduced the experimentathe mean-field results obtained within the SHF approach.
charge distribution, Nolen and SchifféXS) found AE: to In recent years, relativistic mean-fielRMF) [19] theory
be ~7% smaller than the experimental values. It was alsdhas been extremely successful in describing various facets of
pointed out that attempts to remove this discrepancyfiz. ~ nuclear structure properties. The RMF theory with a small
by adjusting the parameters of the potential well leads towumber of parameters is able to give a quantitative descrip-
surprisingly smaller values of the charge radii. This discreption of the ground-state properti€80—22 of spherical and
ancy between the experimental and theoretical evaluations ofeformed nuclei. Recently, a series of nonlinear RMF param-
AE( in mirror nuclei, referred to as the NS anomaly, haseter sets has been proposed in order to explain the finer de-
been the subject of many investigations in which varioudails of atomic nuclei. In particular, they have proved to be
correction terms, namely, the exchange term, vacuum polarery successful in reproducing the anomalous kink in the
ization, electromagnetic spin-orbit interaction, proton-isotope shift of Pb nucldi23] and the first ever microscopic
neutron mass difference, finite size effect of the proton, cendescription of the anomalous isotopic shift in Sr and Kr
ter of mass motion, Auerbach-Kahana-Weneg$aKW)  chains[24]. The anomalous charge radii of Cr isotopes that
effect (isospin impurity of the corg polarization of the core required invocation of LRC$zero-point oscillationsfor an
by the valence particle, and the Thomas-Ehrman effiaet  explanation in the nonrelativistic theofyl7] also finds a
difference between the neutron and proton wave functjons natural explanatioi25] in the RMF approach. Because of
were considerefil,3—10. It has been established that the netthese successes of the RMF theory, in the present communi-
contribution of all these correction terms is too small to ac-cation, we reexamine the problem of the Coulomb energy
count for the anomaly4,11]. The contribution of charge difference in mirror nuclei and calculate the CDEs within the
symmetry breakingCSB) interaction was foun4,11,13to  RMF theory using recent parameter sets that proved success-
be ~3% of AE., i.e., accounting for only half of the dis- ful in reproducing the anomalous kink . We also com-
crepancy between theory and experiment. pare our results with earlier calculations performed in the

It was first pointed out by Shlomo and Loy&3] that, nonrelativistic SHF formalisn}9,10] and in the RMF for-
contrary to earlier estimates, the effect of long-range corremalism[26].
lations (LRCs) on AE( is not negligible. Using the particle- ~ The Coulomb energy difference in mirror nuclei is given
vibration model and taking into account multipole excita- by
tions up toL=>5, significant contributions of~1-3 % to
AE_ were obtained. Therefore, to explain the NS anomaly, it
is necessary to go beyond the mean-field approximation and AEc=B(N+1,2)—-B(N,Z+1), (1)
include the contributions due to the LRC effects and the CSB
interaction; see also Refgl4—16. It is important to point
out that long-range ground-statendom phase approxima- where B(N,Z) is the binding energy for a nucleus with
tion (RPA)] correlation effects can account for the discrep-neutrons and protons. In this work the calculation is based
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on the self-consistent determination of the enelfy) of TABLE I. Comparison of the calculated values of charge radii
the core nucleus wit nucleons N=2Z) and then determin- (in fm) with the experimental data.
ing the energy difference

Nucleus NL3 NL-SV2 RZ SGIl 2 Expt.?
A=&,—&,, (2 10 2.674 2.684 275 275 2.693
325 3.282 3.201 - - 3.263
where&, and&,, are the single-particle energies of the proton “%ca 3.469 3.438 3.48 3.47 3.478
and the neutron that have to be added to or removed from th&ca 3.471 3.456 3.48 - 3.479
core. The energy¥ (say, of a particle stateaccording to  56yj 3.709 3.716 _ _ 3.78
Koopman'’s theoremi27] satisfies the relation 907, 4.269 4.254 4.27 _ 4.270
208pp 5.513 5.513 5.53 - 5.504
E=E(A+1)—E(A). (3)
aReferencd 26)].
bReferencd 31].

Note thatA forms the major part oAE.. As a result of the
self-consistent calculation &(A), A includes the contribu-
tions of the AKW and the Thomas-Ehrman effe¢fy. A
number of small but significant contributions like the ex-
change term, vacuum polarization, electromagnetic spin-
orbit interaction, proton-neutron mass difference, finite size
effect of the proton, center of mass motion, and polarizatiorFor the NL3 parameter set, the last term in &.is absent.
of the core by the valence particle are to be added i@ The third component of isospiry equals—1 for protons and
order to compare it witlAE.. Suzukiet al. [10] included 1 for neutrons. Recourse to the variational principle followed
these correction terms to the SHF evaluatiomoivith the by the mean-field approximation treating the fields asim-
parameter set SGII. With the inclusion of the contributionspers results in the Dirac equation for the nucleon and Klein-
due to CSB interaction, they found that the theoretical valuesordon—type equations for the mesons and the ph(tea
are smaller than the experimental one-b%%. Marcoset al.  Ref.[21] for details.
[26] carried out RMF calculation i E., takingA from the The value of AEc is determined predominantly by the
SHF evaluation as a reference model for comparison withhms value of the charge distribution of the core and that of
predictions from the RMF theory. Their resufisith param-  the valence proton, in a particle or hole state. To facilitate the
eter set labeled Bainderestimate the SHF values consider-discussions, in Table | we present the calculated charge radii
ably, typically by ~5%. for a host of spherical nuclei over the periodic table and

We perform calculations with the NL3 parameter setcompare them with the experimental d8d,32. Since the
[25,28 that includes nonlinear self-coupling of themeson.  charge rms radius, of °®Ni is not known, we assess its
We have also repeated calculations with the NL-SV2 paramvalue using the experimental values BNi, >°Fe, and>Fe
eter sef29]; here the self-coupling of vector mesf80] is  [31]. We take r.(°®Ni) =r (3Ni) —[r.(°Fe)—r (**Fe)]
further included. It has been showR9] that vector self- =373 fm, assuming isotope shifts due to the twm,2neu-
coupling might be important for an accurate description oftrons in the Ni isotopes and in the Fe isotopes to be the same.
nuclear shell effects, particularly for nuclei near the drip line.The charge radii are reproduced to withir0.5% accuracy

We have carried out relativistic Hartree mean-field calcu-with the NL3 set and~1% accuracy with the NL-SV2 set.
lations for six pairs of mirror nuclei, with®0, “®Ca, and The R2 parameter set also explains the experimental data
*®Ni as the core. The Lagrangian density used to obtain thextremely well. The SHF calculation for the nuck0 and
RMF equations is given as 40Ca with the SGII parameter sgt0] also reproduces their

experimental charge radii reasonably.

CAn estimate; see text.

1 1 1
U(o)= Emiaz-i- §gza3+ Zg30'4. (5)

_ 1 _

L=(iy*d,—M) i+ 5!9”0(9”0— U(o)—g,¢ay TABLE Il. The RMF and Skyrme-Hartree-Fock results far
=&,— &, and the experimental Coulomb energy differenaés; in
mirror nuclei(MeV).

1 , 1, — 1. e
— Q0+ smiete,— g,y e, b— ZR“ Ry

4 2
System NL3 NL-SV2 RZ SGI? AEc(expt.D)
1 — 1
22, > > 15+_15
+=mptp ,— g, ytp, Tih— ~ FA'F 0O-15N 3925 3876 3.667 3.808 3.536
2 Pm e o4 * YE1Q 3575 3525 3290 3.665 3.543
_ 39Ca* K 7.352 7.381 7.249  7.450 7.313
J— (1 7'3) 1
—eyyH A+ Zg4(wﬂw")2, (4)  #scfca 7.011  7.090 6.868 7.289 7.278
5Ni-Co  9.504 9.500 - — 9.422
S’cu®Ni  8.895  9.376 - — 9.499

which contains nucleon$y) with massM, o, o, and p
mesons, the electromagnetic field, and nonlinear self®Referencd?26].
interactions of ther field: PReferencd 35].
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TABLE Ill. Comparison of the calculated values of the rms radii an agreement withir-1% with the results obtained with the
(in fm) for the valence neutron orbitals with the experimental data.SG|| interaction; see Table II. The net contributidids10]
due to the exchange term, vacuum polarization, electromag-

Nucleus NL3 NL-Sv2 SGIF Expt.” netic spin-orbit interaction, proton-neutron mass difference,
150 2517 2814 2825 _ finite size effect of the proton, center of mass motion, and
179 3.482 3.408 3.275 3.36 polarization of the core by the valence particle decrease the
39Ca 3.689 3.718 3.606 _ calculated CDEs by about 0.45, 0.20, 0.40, and 0.30 MeV for
4ca 4.156 4.105 3.989 3.99 the A=15, 17, 39, and 41 mirror nuclei, respectively. Thus,
the discrepancy between the mean-fielHF or RMB re-

“Referencd 26]. sults for the CDEs and the corresponding experimental val-
"Reference$33,34). ues is reduced to about 3—5%. As pointed out earlier, this

remaining discrepancy can be accounted for by including the

In Table II, the values of the Coulomb energy differencecontriputions due to CSB interaction and LRC effeld8].
A=&,—¢&,, calculated in our model, are compared with 14 conclude, we have calculated the Coulomb energy dif-
those from the R2 set and also from the SGIl set; as eXfgrences in some pairs of mirror nuclei with recent nonlinear

plained earlier, the results from the latter set are taken to bﬁarameter setéNL3 and NL-SV2 in the relativistic mean-
gt?gr?c\j/virtifetrr}een;ez fozrar(;?nrg?:rnzg?.itlr;stzté;r?tclrl]eart ﬁ]“él';i(;ilr%ufjeld theory. These results are compared to nonrelativistic
. P  on A IOSkyrme—Hartree-Fock calculations with the SGII interaction
ancy with the SGII results is-5%. With the NL3 parameter and also with the earlier RMF resultR2). Compared to the
o : 0 .
set, the said discrepancy is reduced-18.5%. Thus one can calculations with the R2 parameter set, the present results are

find that there is an overall improvement by approximately 4n closer agreement with the SGII values. Inclusion of the

f/z\?i(t:éoih((): ﬁ]gggézeo?“;ﬁlﬁ g;imner:erjfe:/.egtg? ﬁqlse(;onﬂ(gﬁ_s thagelf-coupling of the vector meson improves the results fur-
upiing ther. When adjusted to reproduceand the rms radius of the
SV2 se}, except for the Cu-Ni pair, the results farare only ; !
marainally chanaed valence orbits, the RMF modélith the NL3 parameter set
ginaty ged. results for A agree with those of the SHF model within

Information on the valence neutron and proton wave func-Nl%. An agreement with experimental data is obtained by

tions can be deduced from the magnetic form factor Obtalnegdding the contributions due to the CSB interaction and LRC

in backward electron scattering. Since their extension has Stects. Our investigation also shows that although the RMF

Se”.“”a' role_ln the determlngtlon O.f the Coulpmb er]erg}{’theory with the NL3 parameter set reproduces the kink in the
their calculations and comparison with the available experi-

; L sotope variation ofr., the values obtained foA are too
mental data may throw more light on the intricate nature o .
small to account for the experimental values of the CDEs
the Coulomb energy anomaly. In Table Ill, results for the

radii of the valence neutron orbits are presented for the d\”thom the addition of the contribution due to the LRC

and Ca isotopes. With the NL3 parameter set, the rms radii O?ffects.

the valence neutron orbitals O and *'Ca are larger than J.N.D. thanks the Cyclotron Institute at Texas A&M Uni-
the experimental value83,34 by ~4%, leading to a de- versity for kind hospitality. S.S. thanks the variable Energy
crease ofA by ~2%. Therefore, increasing the values®f Cyclotron Centre, Calcutta for kind hospitality. This work
for the A=17 and 41 mirror nuclei obtained in the RMF was supported in part by the U.S. Department of Energy
calculation with the NL3 parameter set by2%, we obtain  under Grant No. DOE-FG03-93ER40773.

[1] J. A. Nolen and J. P. Schiffer, Annu. Rev. Nucl. St@, 471 [11] S. Shlomo, Phys. Let2B, 146 (1972.

(1969. [12] R. Machleidt and H. Muther, Phys. Rev.83, 034005(2001).
[2] J. A. Nolen and J. P. Schiffer, Phys. Le29B, 396 (1969. [13] S. Shlomo and W. G. Love, Phys. S26, 280 (1982.
[3] K. Okamoto, Phys. Lettll, 150(1964). [14] V. R. Shaginyan, Yad. FiZ39, 346(1984 [Sov. J. Nucl. Phys.
[4] S. Shlomo, Rep. Prog. Phy4l, 957 (1978, and references 39, 218(1984].

therein. [15] A. Bulgac and V. R. Shaginyan, Phys. Lett.4B9, 1 (1999.
[5] N. Auerbach, Phys. Re98, 274 (1983. [16] S. A. Fayans, Piss'ma Zh. KSp. Teor. Fiz.68, 161 (1998
[6] E. H. Auerbach, S. Kahana, and J. Weneser, Phys. Rev. Lett. [JETP Lett.68, 169(1998].

23, 1253(1969. [17] S. Shlomo, Phys. Lett. B09, 23 (1988.
[7] C. W. Wong, Nucl. PhysA151, 323(1970. [18] F. Baranco and R. A. Broglia, Phys. Lett51B, 90 (1985.
[8] J. Damgaard, C. K. Scott, and E. Osnes, Nucl. PAj}&4, 12 [19] B. D. Serot and J. D. Walecka, Adv. Nucl. Phys, 1 (1986.

(1969. [20] A. Bouyssy, S. Marcos, and P. Van Thien, Nucl. Ph4422,
[9] N. Van Giai, D. Vautherin, M. Veneroni, and D. M. Brink, 541(19849.

Phys. Lett.35B, 135(1972. [21] Y. K. Gambhir, P. Ring, and A. Thimet, Ann. Phy@\.Y.) 198
[10] T. Suzuki, H. Sagawa, and A. Arima, Nucl. Phys536, 141 132(1990.

(1992. [22] P. Ring, Prog. Part. Nucl. Phy37, 193(1996.

024305-3



AGRAWAL, SIL, SAMADDAR, DE, AND SHLOMO PHYSICAL REVIEW C64 024305

[23] M. M. Sharma, G. A. Lalazissis, and P. Ring, Phys. Lett. B[29] M. M. Sharma, A. R. Farhan, and S. Mythili, Phys. Rev6G

317, 9 (1993. 054306(2000.

[24] G. A. Lalazissis and M. M. Sharma, Nucl. Phys586, 201 [30] A. R. Bodmer, Nucl. PhysA526, 703 (199)).
(1995. [31] G. Frickeet al, At. Data Nucl. Data Table8§0, 177 (1995.

[25] G. A. Lalazissis, S. Raman, and P. Ring, At. Data Nucl. Data[32] H. de Vries, C. W. de Jagar, and C. de Vries, At. Data Nucl.
Tables71, 1 (1999. Data Tables36, 495 (1987).

[26] S. Marcos, N. Van Giai, and L. N. Savaskin, Nucl. Ph4849, [33] N. Kalantar-Nayestanaket al, Phys. Rev. Lett.60, 1707
143 (1992. (1988.

[27] T. Koopman, PhysicéAmsterdam 1, 104 (1934). [34] S. Platchkowet al, Phys. Rev. Lett61, 1465(1988.

[28] G. A. Lalazissis, J. Konig, and P. Ring, Phys. Re\5%; 540 [35] G. Audi, O. Bersillon, J. Blanchot, and A. H. Wapstra, Nucl.
(1997). Phys.A624, 1 (1997).

024305-4



