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Large-basis shell-model calculations fop-shell nuclei
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Results of large-basis shell-model calculations for nuclei With7 — 11 are presented. The effective inter-
actions used in the study were derived microscopically from the Reid93 potential and take into account the
Coulomb potential as well as the charge dependende=df partial waves. FOA=7, a () model space was
used, while for the rest of the studied nuclides, the calculations were performediifl anvbdel space. It is
demonstrated that the shell model combined with microscopic effective interactions derived from modern
nucleon-nucleon potentials is capable of providing good agreement with the experimental properties of the
ground state as well as with those of the low-lying excited std&3556-281®8)07806-§

PACS numbsgs): 21.60.Cs, 21.10.Dr, 21.10.Ky, 27.2

[. INTRODUCTION culations by the fact that we are using microscopically de-
rived effective interactions, contrary to phenomenological in-

Large-basis no-core shell-model calculations have reteractions employed in most other papgi8—17. The other
cently been performed1-11]. In these calculations all distinguishing factor is the use of large multiconfiguration
nucleons are active, which simplifies the effective interactionmodel spaces.
as no hole states are present. In the approach taken, the ef- The organization for the paper is as follows. First, in Sec.
fective interaction derived microscopically from modern |l we discuss the shell-model Hamiltonian with a bound
nucleon-nucleon potentials is determined for a system of tw&enter-of-mass and the method used to derive the starting-
nucleons only and subsequently used in the many-particlS”ergy"”depende”t effective mteracpon. Results of the cal-
calculations. To take into account a part of the many-bodf“latIons forA=7—_ 11 are presented in Sec. Il and conclud-
effects, a so-called multivalued effective interaction ap-'ng remarks are given in Sec. IV.
proach was introduced and applied in the no-core shell-
model calculation$8].

In the past, these calculations concentrated on thsh@ll
nuclei andA=>5,6 Op-shell nuclei. In addition’Li was stud- In the present paper we apply the approach discussed in
ied in a 42Q) model-space calculatiof8] and the obtained Refs.[9,11]. We start with the one- plus two-body Hamil-
wave-functions were employed for evaluating proton ancdonian for theA-nucleon system, i.e.,
electron scattering characteristich2]. Large-basis no-core

. . . A =2 A
shell-model calculations for heaviep&hell nuclei have not HO— E p_i+ Vo (F— )+ EAmﬂzﬁz )
been discussed until recently. In the most recent application, T & 2m < N(Fi=Tj 2 !
we applied the no-core shell-model approach to Akel0
nuclei in _order.to evaluatg theioisospin-mixing correction towhere m is the nucleon masst(Fi—Fj) the nucleon-
the Fermi matrix eIemgn% C— "B [11]. In t_he present pa- . cleon interaction, andAmO2R2 [ﬁz(l/A)EiA:lFi] is the
per we complement th!s study by presenting the results fof:enter-of-mass harmonic-oscillator potential. The latter po-
other light Cp-shell nuclld_e;s. In7pfirt7|cular, W? present CalCu'tential does not influence intrinsic properties of the many-
lations for theA=7 nuclei 'He, 'Li, ‘Be, and’B performed 1,4 qvstem. It provides, however, a mean field felt by each
in a 67{) model space, in which configurations up t0 anncjieon and allows us to work with a convenient harmonic-
energy of G () relative to the unperturbed ground-state con-yqcillator basis. The Hamiltonial), depending on the

figuration are included. Foh=8, results were obtained for 5rmonic-oscillator frequenc, may be cast into the form
8He, 8Li, ®Be, and®B in a 44Q) model space. Foh=9 we

Il. THE SHELL-MODEL HAMILTONIAN
AND EFFECTIVE INTERACTION

calculated properties ofHe, °Li, °Be, °B, and°C also in a ATp2 1

450 model space. As thé=10 nuclides *°C, B, and HO=> —'+—mQZFi2}

partly 1°Be, were discussed in Rdfl1], we now complete =il2m 2

the A=10 nuclei description by including results fdfHe, A mO2

10.j, and 1%Be. Finally, we give the results of ah4) calcu- + > V(=)= ——(Fi—1)2]. @)
lation for *'Li and !'Be. <] 72A :

Our study is distinguished from othepeshell-nuclei cal- The one-body term of the Hamiltonig®) is then rewritten

as a sum of the center-of-mass terh,=P2 /2Am

25 2 A = .
*On leave of absence from the Institute of Nuclear Physics, Acad=+ s AMQ?R?, P¢,,=3;2, p;, and a term depending only on
emy of Sciences of the Czech Republic, 250 6 Rear Prague, relative coordinates. Shell-model calculations are carried out
Czech Republic. in a model space defined by a projectr In the present
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work, we will always use a completdl#{) model space Usually, the effective interaction is approximated by a
which includes all the configurations up to an energy oftwo-body effective interaction determined from a two-
N#AQ relative to the unperturbed ground-state configurationnucleon system. In this study, we use the procedure, as de-
The complementary space to the model space is defined Iscribed in Ref[9]. To construct the effective interaction we
the projectorQ=1—P. In addition, from among the eigen- employ the Lee-Suzuki[18] similarity transformation
states of the Hamiltoniaf®), it is necessary to choose only method, which gives an interaction in the forRpVe4P,
those corresponding to the same center-of-mass energy. ThisP,VP,+ P,VQ,wP,, with w the transformation operator
can be achieved by projecting the center-of-mass eigenstatsatisfying w=Q,wP,. The projection operatorP,,Q,=1

with energies greater thai () upwards in the energy spec- — P, project on the two-nucleon model and complementary
trum. The shell-model Hamiltonian, used in the actual calcuspaces, respectively. Note that we distinguish the two-
lations, takes the form nucleon system projection operatol8,,Q, from the
A-nucleon system operatoPs Q. Our calculations start with

HO ﬁ P (pi—pj))? mQO? Forelp exact solutions of the Hamiltonian
PE i<]=1 2A 2A (ri=r .
a_po o PP 1 oo o
A mo? . Hy=Hopt Vo' =—5 =+ 5mQ(r 1+13)
+ >, P|Vn(Fi—F})— (r—rp?| P m
by by by £ )2
3 +VN(r1_r2)_ﬁ(rl_r2) : (4)
+BP| HE - EﬁQ)P, )

which is the shell-model Hamiltonia(2) applied to a two-

whereg is a sufficiently large positive parameter. In E8), nucleon system. We construct the effective interaction di-
the notation| ].s means that the quantity within the square rectly from these solutions. Let us denote the two-nucleon
brackets is the residual interaction to be used in the determparmonic-oscillator states, which form the model space, as
nation of the effective interaction within the model sp&e |ap), and those which belong to ti@-space agaq). Then
(see Ref[9] for more details the Q-space components of an eigenvedtorof the Hamil-

The effective interaction introduced in E) should, in  tonian(4) can be expressed as a combination ofRrgpace
principle, exactly reproduce the full-space results in thecomponents with the help of the operator
model space for some subset of states. In practice, the effec-
tive interactions can never be calculated exactly, because, in _
general, for arA-nucleon system aA-body effective inter- (k) azp (aqlolap)(aplk). ®)
action is required. Consequently, large model spaces are de-
sirable when only an approximate effective interaction islf the dimension of the model spaceds, we may choose a
used. In that case, the calculation should be less affected kset/C of dr eigenvectors, typically the lowest states obtained
any imprecision of the effective interaction. The same is truén each channel, for which the relatigf) will be satisfied.
for the evaluation of any observable characterized by an opJnder the condition that thdp X dp matrix (ap|k) for |k)
erator. In the model space, renormalized effective operatore K is invertible, the operatas can be determined from Eq.
are also required. The larger the model space, the less rend6). Once the operatap is determined, the effective Hamil-

malization is needed. tonian can be constructed as follows:
<7P|H2eff|aP>:kz/C <7P|k>Ek<k|aP>+2 <7P|k>Ek<k|aQ><aQ|w|aP> . (6)
€ C(Q

This Hamiltonian, when diagonalized in a model-space basis, To at least partially take into account the many-body ef-
reproduces exactly the sktof dp eigenvalue€, . Note that  fects neglected when using only a two-body effective inter-
the effective Hamiltonian is, in general, quasi-Hermitian. Itaction, we employ the recently introduced, so-called, multi-
can be hermitized by a similarity transformation determinedvalued effective interaction approa¢8]. In that approach,

from the metric operatoP,(1+ w'w)P,. The Hermitian different effective interactions are used for different

Hamiltonian is then given bj19] harmonic-oscillator excitations of the spectators. The effec-
tive interactions then carry an additional index indicating the
ﬁzEﬁ:[p2(1+w’rw)p2]l/2|.|28ﬁ{ P(1+ o w)P,] 12 sum of the oscillator quanta for the spectatdtg,, defined
(7) by
Finally, the two-body effective interaction used in the Ngps= Nsum— No = Nepsmir= Neum— N, = Nepsmine -~ (8)

present calculations is determined from the two-nucleon ef-
fective Hamiltonian(7) asVeg=Hefi— Hf}z. where Ng,, and N/, are the total oscillator quanta in the
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initial and final many-body states, respectively, ahgdand  0p-shell nuclei, the choice d¥,,,=6 appears to be appro-
Ny are the total oscillator quanta in the initial and final two- pria‘[e_ However, it has been observed in the m,g] that
nucleon statefe) and|y), respectivelyNgpsminis the mini-  when the Lee-Suzuki procedure is combined with the
mal value of the spectator harmonic-oscillator quanta for ag-matrix calculation according to Ref[23] (which is
given system. For example, féy=7, Ngysmii= 1. Different  equivalent to the procedure we are ugiagd is applied to
sets of the effective interaction are determined for differentcalculate the two-body effective interaction, the resulting in-
model spaces characterizedMy,sand defined by projection teraction may be too strong. This is, in particular, true, when

operators the multivalued approach is used. The reason for this is
likely the fact that our effective interaction is computed for a

0 if Ng+No<Npax— Ngpss two-nucleon system bound in a harmonic-oscillator potential.
Q2(Ngpd = (98 Therefore, artificial binding from this potential is included in

1 otherwise; the effective interaction and the many-body effects coming

o from the large-basis space calculation do not completely
P2(Nspd =1~ Qz(Nspy.- (9b) compensate for this spurious binding. This effect decreases
In Egs.(9), Nmax Characterizes the two-nucleon model Space'\cl)vl:]regatrrlligrThor((jail-r?lﬁ)ggin&szﬁellE:;T:?)gz?iaﬁull;%%gogsg\rfted n
Itis an input parameter chosen in refation to the size of theeral ossible adjustments have been discussed fo deal with
many-nucleon model space. This multivalued effective- P J

interaction approach is superior to the traditional effectivej[hls problem([4,9] in smaller model spaces and amount to

interaction, as confirmed also in a model calcula{i2a]. introducing an extra parameter. I_n the pres_ent calculations,
we use two methods introduced in the previous papers. For

the A=10 44 calculation presented in Rdfl1], we pre-
IIil. APPLICATION TO THE ~ P-SHELL NUCLEI ferred to trealN ., as a free parameter and uSg,,=8 for
We apply the formalism outlined in Sec. Il for selected the 4a.Q) calculations. With this choice, which results in an

Op-shell nuclei. In the calculations we use the Reidgg0verall weaker interaction than that calculated whihay
nucleon-nucleon potentigl1] and consider the following — 8. We obtain quite reasonable binding energies for all the
isospin-breaking contributions. First, the Reid93 potentiaStudied nuclei. This approach is employed here for th€)4
differs in the T=1 channels for proton-neutropn) and calculations for the nuclei witth>7. On the other hand, in
proton-proton (pp), neutron-neutron(nn) systems, respec- the case oA=7 for the G space we follow Refl9] and
tively. Second, we add the Coulomb potential to the ppUSe the parametég, introduced there. While fdig=1 there
Reid93 potential. Consequently, using E@®~(7), we de- IS N0 modification, the choice d{,y<1 reduces the contri-
rive different two-body effective interactions for the pn, pp, Pution of theQ,-space part of the harmonic-oscillator poten-
and nn systems. tial on the two-nucleon effective interaction. For this calcu-
As we derive the effective interaction microscopically lation, Nma=8 appropriate for the #&( many-nucleon
from the nucleon-nucleon interaction, the number of freelySPace size is employed. In Rg8] we used this approach for
adjustable parameters in the calculation is limited. First, wéhe 6:Q calculations foA=>5 and 6 nuclei as well as for the
have the choice of the model-space size in the shell-modd}# (2 calculations forA=3 and 4 nuclei. We note that we are
diagonalization. That is, however, constrained by computeftudying ways in which to eliminate these extra parameters
capabilities. The largest model space we were able to ud@y means of renormalizations of the two-body effective in-
was the space allowing all7&) excitations relative to the teractions utilizing knowledge of the three-body effective in-
unperturbed ground state f&=7 nuclei and all £Q exci- teractions. The three-body effective interactions can be cal-
tations relative to the unperturbed ground stateAfor7 nu-  culated following the approach introduced in Ref5).
clei, respectively. The calculations were done in the Finally, our results depend on the harmonic-oscillator fre-
m-scheme using the many-fermion-dynamics cf22] ex- quencyQ. We have studied this dependence by performing
tended to allow the use of different pn, pp, and nn interac&alculations for the values()=14, 15.5, and 17 MeV for

tions. We note that in this study the same effective interac- C and ‘B in Ref.[11]. Here we present the same depen-
tion is used for each isobaric chain, and thus the saméence for'Li. For the other studied nuclei we choos® in
model-space size is employed for all the isobars of giéen the range 15-17 MeV. We keep the same valué @f for
Second, our effective interactions depend on the choice dgtach isobaric chain.
the two-nucleon model space size. The two-nucleon model Let us note that our calculations do not violate the sepa-
space size is related to the many_nuc|eon mode'_space Sizr@,tion of the center-of-mass and the internal relative motion.
and, in principle, is determined by that size. Traditionally, In particular, a variation of the paramejgiintroduced in Eq.
however, theQ,=0 space used to determine tBematrix (3) does not change the eigenenergies and other characteris-
does not, necessar”y, coincide with the many_partide modet]iCS of the phySicaI states. This is so due to the utilization of
space[23,24. In our calculation, the two-nucleon model & completeN7{) many-nucleon model space and the trian-
space is characterized by a restriction on the number djular two-nucleon model space for deriving the effective in-
harmonic-oscillator quanta Ny<N., Na<Nma, (N; teract!on as WeII'as due to the procedure used to derive the
+N,)<Npax. Here,N;=2n;+1; is the harmonic-oscillator €ffective interaction.
guantum number for the nuclean =1,2. This type of re-
striction guarantees an orthogonal transformation between
the two-particle states and the relative- and center-of-mass- In Figs. 1, 2, 3, and 4 we present the experimental and
coordinate states. With regard to th#@ calculation for the calculated excitation spectra éHe, ‘Li, 'Be, and’B, re-

A. A=7 nuclei
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Exp 61Q FIG. 3. The experimental and calculated excitation spectra of

) o "Be. The results corresponding to the model-space size#idl 6
. FIG. 1. The experimental and calculated excitation spectra ofg|ative to the unperturbed ground-state configuration are presented.
He. The results corresponding to the model-space sizefi®l 6 A harmonic-oscillator energy dfQ =17 MeV was used.
relative to the unperturbed ground-state configuration are presented.

A harmonic-oscillator energy 0fQ =17 MeV was used. rupole moments are typically smaller in absolute value in our
calculations. We used bare nucleon charges, so there is still

spectively. Their ground-state properties are summarized ifeed for E2 effective charges despite our large model-space
the first part of Table I. The calculations were performed inSize. By examining the calculated quadrupole matrix ele-
the 640 model space. A harmonic-oscillator frequency of ments, we can deduce that effective chargegfgf1.18
70 =17 MeV was used. As discussed earlier in this sectionandej;=0.18 are needed to obtain the experimental quad-
we employed the additional parametes, introduced in  rupole moment of’Li. We note that these effective charges
Ref.[9], and set its value t&o=0.8. Note that for'Li and  are significantly smaller than the standard effective charges,
"Be, the dimension in then-scheme reaches 663 527. It is el=1.5¢ andel;= 0.5, typically employed in @Q shell-
the largest dimension in the present study. We should memodel calculations.
tion that larger matrix dimensions have been used in other The Li calculation can be compared to the previously
shell-model studie$26], although our calculations include published 4 no-core calculation of Ref.8]. Apart from
more single-particle states. It should still be feasible to furthe larger model-space size in the present calculation, we
ther extend our no-core calculations to higher dimensionglso take into account more realistically the isospin breaking
than presented here. and derive the effective interaction in a different way. The
In general, good agreement with experiment is found foresults are not dramatically different. However, the present
both the ground-state characteristics as well as the low-lyingz Q) calculation provides a better overall agreement with the
excited states. We observe underbinding féte and 'B.  experiment.
Note that for an isospin invariant interaction these states Our results can also be compared to the recent Green'’s-
would be degenerate with tile= 3/2 isospin states ofLi or  function Monte Carld GFMC) and variational Monte Carlo
"Be. So this underbinding is equivalent to too much spreadVMC) calculationg27]. It should be noted that the GFMC
in the excitation spectrum. This is a common feature in thecalculations are qualitatively different. No effective interac-
no-core shell-model calculations, which diminishes as theion is used and the aim is to obtain the exact many-body
model-space size increases. Note in Figs. 2 and 3 the corresplutions. As the VMC is an upper bound variational calcu-
ordering of excited states in most cases. Also the magnetiation, it is more appropriate to compare the present shell-
moment of'Li is nicely reproduced. The radii and the quad-

°T B
121 77 ¢
11} Li - 4+ — 3p3p
0L 1 e —
gl e 5232
~ L
~ IS % s
% 7r 5212 ——— E
g8 6| N 2 1230
N Sfmpyp —
4 |-
3+ s
2 |-
L o 0 3/2°3/2 3232
oL iy - 3323 ——- - -
I B 6hQ Exp 6hQ

FIG. 2. The experimental and calculated excitation spectra of FIG. 4. The experimental and calculated excitation spectra of
“Li. The results corresponding to the model-space size 70006  ’B. The results corresponding to the model-space sizé:6f éela-
relative to the unperturbed ground-state configuration are presentetive to the unperturbed ground-state configuration are presented. A
A harmonic-oscillator energy dfQ)=17 MeV was used. harmonic-oscillator energy df{Q)=17 MeV was used.
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TABLE I. Experimental and calculated ground-state spins and parities; binding energies, in MeV; magnetic momgtsjiiadrupole
moments, ine fm?; and the point proton rms radii, in fm, of the nuclei studied. The results correspond té hdéo A=7 and 4. for
A=8 calculations, respectively. The harmonic-oscillator parameter was takerit bel 7 MeV for A=7 and 8, 16 MeV forA=9, 15.5
MeV for A=10, and 15 MeV forA= 11, respectively. The effective interaction used was derived from the Reid93 nucleon-nucleon potential.
The Coulomb interaction and isospin breakinglin 1 partial waves was taken into account. The same effective interaction was used for all
nuclei of a given isobaric chain characterizedAyBare nucleon charges were used in the calculations. The experimental values are taken
from Refs.[28—-32.

Isotope He Li Be B
A=7 Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt.
J™T 373 3y 3 371 371 371 371 373 3y 3

2 2 (2) 2 2 2 2 2 2 2 2 2 2 2 (2) 2
Eg 26.926 28.81) 39.270 39.245 37.632 37.600 22.466 24.72
o —1.166 +2.994 +3.256 —1.132 +2.921
Q +0.471 —-2.710 —4.00(6) —4.631 +4.338
\/<r2p> 1.692 2.045 2.2) 2.216 2.362) 2.472
Isotope 8He 8Li %Be B
A=8 Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt.
J™T 0*2 0*2 21 2*1 0*0 0"0 2*1 2*1
Eg 25.426 31.408 36.859 41.277 52.486 56.500 33.033 37.738
7 +1.419 +1.654 +1.240 1.036
Q +2.208 +3.115) +4.000 (+)6.8321)
\/<r2p) 1.684 1.763) 1.941 2.262) 2.071 2.188 2.45%)
Isotope He SLi °Be °B °c
A=9 Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt.
J™T 15 ? 3°3 373 371 371 371 371 373 373

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 (2 )2
Eg 23.048 30.26) 40.827 45.341 55.194 58.165 53.082 56.314 34.343 39.034
o +0.656 +2.940 3.439 —1.066 —1.178 +2.865 —0.981 1.391
Q —2.085 —2.74(10) +3.245 +5.294) +2.582 —2.591
\/<f2p> 1.740 1.946 2.1@) 2.063 2.341) 2.169 2.259 2.48)
Isotope OHe 100 10e 108 ¢
A=10 Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt.
J™T 0*2 ? 22 ? 2 01 01 370 3*0 01 01
Eg 22.653 30.347) 40.923 45.316 63.024 64.977 62.607 64.751 58.194 60.321
7 +3.105 +1.850 +1.801
Q —2.046 +5.643 +8.472
\/<r2p) 1.786 1.958 2.051 2.28) 2127 2.3012 2214 2.3B)
Isotope o Be
A=11 Calc. Expt. Calc. Expt.
J7T 375 375 1-3 i-3

2 2 2 2 2 2 2 2

Eg 43.686 45.68) 65.124 65.481
o +3.601 3.668 +0.802
Q —2.301 —3.12(45)
\/<r2p) 1.986 2.8811) 2.061

model calculations with the GFMC, which includes all the describe the NN scattering data more-or-less equally well, a
statistically sampled correlations in the system. Because thdifferent choice of potential should not cause significant dif-
GFMC calculations are much more involved than VMC, theyference in the obtained results. In addition, a real three-body
have not been carried out for all excited states. We shouléhteraction was included in the GFMC and VMC, unlike in
also mention that the GFMC and VMC calculations wereour calculations. Still, it is interesting to note some similari-
done with the Argonne V18 interaction. As both the Argonneties between our shell-model calculations and the VMC and
V18 interaction and the Reid93 interacti¢that we usel GFMC results forA=7. Our ’Li calculation shows correct
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FIG. 5. The experimental and calculated excitation spectra of F|G, 7. The experimental and calculated excitation spectra of
®He. The results corresponding to the model-space sizefi6i 4 8ge_The results corresponding to the model-space sizefiéi 4
relative to the unperturbed ground-state configuration are presenteghjative to the unperturbed ground-state configuration are presented.
A harmonic-oscillator energy of()=17 MeV was used. A harmonic-oscillator energy gfQ=17 MeV was used.

level ordering for the lowest five states, while the sixth and Like in the case of théA=7 nuclei, we obtain a good
seventh states are interchanged in comparison to the expedescription of the ground state properties as well as of the
ment. The same feature is found in the VMC calculation.low-lying excitation spectra. In particular, félBe we have
Also our higher excited states have energies typically to@xcellent agreement with the experiment for all positive-
large, similar to the VMC and GFMC. On the other hand, theparity states below the excitation energy of 20 MeV. We
excitation spectrum ofHe, obtained in our calculation, has note that theT=0,1, J=2",1",3" doublets show signifi-
energies about two times higher than those of the VMCgcant isospin mixing compared to other calculated states. In
although the level ordering is the same. In addition, in bothour calculations, the lower state always has Thel com-
approaches a larger decrease in the calculated binding engrenent dominant. We note that electromagnetic properties of
gies is observed for isobars with higher ground-state isospithe 16.6 and 16.9 MeV 2 doublet in 8Be were recently

than is observed experimentally. analyzed[33]. The doublet has almost equal admixtures of
T=0 andT=1 components. In Table Il we compare the
B. A=8 nuclei experimentally extracted isoscalar and isovector electromag-

In Fias. 5. 6. 7. and 8 we present the experimental an netic transition rates from the doublet with those obtained in
calculatged. e>’(cit’ati(’)n spectra 8%—|e 8i 8pe gnd 83 re. %ur shell-model calculation. Our results can also be com-
P ' ’ ' ared with other shell-model calculations as presented in

?’g%T;IYeJIYHeTQaigU?;ESEg-VS\/t(;a}‘tg per;)fg?rgf;igrae ritcj)zg]:”;ﬁg C'Eable Il of Ref.[33]. In those calculations, phenomenologi-
: P P al effective interactions of Ref$§13—15 were employed.

up to 4{) excitations relative to the unperturbed ground'Our calculation provides excellent agreement with experi-

state configuration. A harmonic-oscillator frequencyidd ment for the M1 properties and, unlike the other shell-model

=17 MeV was u_sed: As explamed earlier in this septlon, thecalculations used for the analysis, gives the positive sign of
two-body effective interaction was evaluated usiNg,,y

the isoscalar-isovector matrix element ratio in agreement

=8. We note that the same effective interaction was used fqp iy, experiment. Also, unlike the other shell-model calcula-
all the A=8 isobars.

4r 8
8r 8 o B
, Li
1 i 3r
6F ®1 21
on*1
V§5’ 2+ 1 E 3*1
2 0*1 ar
S 4f g
N v &
Rzl 1 [ —_— 1*1
2l 31 —_— e
Ir- 1*1
o- vy ——— - 0O- 21 ———
! Exp 4%Q Exp 41Q

FIG. 6. The experimental and calculated excitation spectra of FIG. 8. The experimental and calculated excitation spectra of
8Li. The results corresponding to the model-space size 7004  ®B. The results corresponding to the model-space sizé: 6 fela-
relative to the unperturbed ground-state configuration are presentetive to the unperturbed ground-state configuration are presented. A
A harmonic-oscillator energy dfQ)=17 MeV was used. harmonic-oscillator energy df{Q)=17 MeV was used.
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TABLE Il. Experimental and calculated properties of transitions from the 16 Méwaublet in ®Be.
Reduced transition strengths are givereffim* for E2 and in,uﬁ for M1. The observable is defined as a
ratio of the isoscalar and the isovector M1 matrix elements. The mixing ré4i08,) are computed using the
E2 isoscalariisovectoj matrix element and the isovector M1 matrix element. Bare nucleon charges were
used in the calculations. The experimental values are taken fron{ F3f.

Final state Observable Calc. Expt.
27(3.0 MeV) B(M1, 1V) 0.086 0.0910.006
27(3.0 MeV) B(M1, 1S) 3x10°* (2£2)x10°*
2%(3.0 MeV) € +0.057 +0.06+0.02
2%(3.0 MeV) B(GT) 0.018 0.031

27(3.0 MeV) B(E2, V) 2x1074 (1=6)x10°3
27(3.0 MeV) B(E2,1S) 0.063 0.32:0.12
0%(0.0 MeV) B(E2, V) 0.024 0.0&-0.03 or 0.14-0.03
0%(0.0 MeV) B(E2,1S) 0.028 0.14-0.03 or 0.06-0.03
27(3.0 MeV) 51 +0.005 +0.01+0.03
27(3.0 MeV) 5o +0.099 +0.22+0.04

tions discussed, we obtained stronger isoscalar than isovectathere scattering to the continuum will play an important role
transition strength for the transition to the-Gtate. We note in the structure of higher-lying states. Because the harmonic-
that bare nucleon charges were employed in our calculationsscillator basis employed in our shell-model calculations has
and that the E2 transitions as well as the quadrupole mancorrect asymptotics for the single-particle wave-functions,
ments are typically underestimated. This indicates a need fawe would not expect our calculation to describe well the
effective E2 charges despite the large model space used. higher-lying states in weakly bound systems.
order to reproduce théLi and 8B quadrupole moments, we The magnetic moments obtained in our shell-model cal-
need average effective chargesef=1.3e andegy=0.3e  culations for theA=7 andA=8 nuclei are in some cases in
for this isobaric chain, with smaller values f8Li than for  a better agreement with the experiment than those obtained
8B, by the VMC. On the other hand, we obtain smaller quadru-
Some excited states of th&=8 nuclei have also been pole moments compared to both the experiment and the
calculated using the VMC approadB7]. Our calculation VMC. Also the rms proton radii are about 10% smaller than
gives similar results for the lowest'® and 4°0 states of those obtained in the VMC calculations.
8Be. On the other hand, we get higher excitation energies for
the 171 and 3"1 states offLi, and in particular for the 41 C. A=9 nuclei
state of 8Li as well as all the excited states 8He. The
largest difference between our results and the VMC results i
in the position of 0 states of®He and ®Li. In the VMC

The experimental and calculated negative-parity excita-
fion spectra of the’He, °Li, °Be, °B, and °C nuclei are
. . I S presented in Figs. 9, 10, 11, 12, and 13, respectively. Their
calculations th_elr excitation energy is S|gn|f|c_antly Iowerground state properties are shown in Table I. The calcula-
than that obtained in the shell-model calculations. As th‘%ions were performed in thefd) relative to the unperturbed
VMC gives an upper bound, the GFMC result would bey.,nq state configuration model space. We used a

. 8 .
lower still. The "He nucleus is a weakly bound system, p,monic-oscillator frequency dfQ =16 MeV. As for all

6- - 8 [ 9 3
“He . Li
51 3/2°5/2 . -
6+ "
4r 32312
N Nl
N r:' 5/2°312
N L
a2t ST am
ar .
1r —— 1232
1 |
o- - @ —— 1/2°5/2 O-3232 —— -
Exp 4%Q Exp 4%Q

FIG. 9. The experimental and calculated excitation spectra of FIG. 10. The experimental and calculated excitation spectra of
®He. The results corresponding to the model-space sizef¢l 4 °Li. The results corresponding to the model-space size 7o) 4
relative to the unperturbed ground-state configuration are presenterklative to the unperturbed ground-state configuration are presented.
A harmonic-oscillator energy dfQ)=16 MeV was used. A harmonic-oscillator energy dfQ)=16 MeV was used.
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FIG. 11. The experimental and calculated excitation spectra of, FIG. 13. The experimental and calculated excitation spectra of
%Be. The results corresponding to the model-space sizefi6i 4 C. The results corresponding to the model-space sizé 6f dela-

relative to the unperturbed ground-state configuration are presentefive 0 the unperturbed ground-state configuration are presented. A
A harmonic-oscillator energy dfQ =16 MeV was used. harmonic-oscillator energy dgf()=16 MeV was used.

the nuclei withA=8, the two-body effective interaction was —198 Fermi transition. Those calculations were published in
evaluated usingN,,,,=8 with no additional free parameter. Ref.[11]. Here we complement the published results with
The same effective interaction was employed for all the the calculation for'°He and ‘°Li. We used the same effec-
=9 nuclei. tive interactions as in Ref11]. The calculations were per-

There are few experimental data available, in particulaformed in the 4 model space. In Fig. 14 we present the
for the °He, °Li, and °C nuclides. In addition, there are no dependence of thé%i spectra on the harmonic-oscillator
GFMC or VMC calculations, with which we can make a frequency fori{}=14, 15.5, and 17 MeV. Despite the recent
comparison. In general, we obtain a correct level ordering fon€W measurements dfLi properties[34], a controversy on
the lowest states. Also the known magnetic moments art€ spin-parity assignment of the ground state of this nucleus
reasonably reproduced. As in the case of other isobarifemains. Our calculation prefers 2 as the lowest positive-
chains, the calculated absolute values of the quadrupole méarity state for all the choices &f(). For# Q) =14 MeV, the
ments are smaller than the experimental ones. To reprodude ;2" doublet becomes almost degenerate, however. We
the °Li and °Be quadrupole moments, we would need aver-should note that, as discussed above for&He calculation,
age effective charges @f;=1.2% andel);=0.2% for this the shell-_model single-particle Wave-functio_ns have incorrect
isobaric chain, with smaller values fSL.i than for °Be. asymptotics. The shell-model approach is, therefore, not

Our predictions for the experimentally unknown magneticauite suitable for the description of weakly bound states or

moments, quadrupole moments, and point-proton rms radfiesonances. A similar dependence/dn fc_’r_loB was stud-
for ®He, °B, and °C are given in Table . ied in Ref.[11]. There we found a sensitivity of the ground

state toA (). Only for #Q) =17 MeV did we obtain the cor-
rect ground-state spin'®, while forAQ =14 and 15.5 MeV

D. A=10 nuclei :
the calculated ground state was(@. In Fig. 15 we present

We performed extensive calculations #r=10 nuclei in
order to evaluate the isospin-mixing correction of tHE 8r

107 ¢
9r 9 P Ll
B S 7/ V)
8r 6
»|Lop 51 T 29
6l 32112 % —_—
4 |
4 —
E 3+ 1*2
;‘ 4r — 1212
2._
5,
gl sz 7L i
—_ 0+2
1t ol I S PR 1+2
_ 22
otmip —m - Exp 7Q=17 155 14MeV

Exp 4%Q
FIG. 14. The dependence of the spectrd%i on the harmonic-

FIG. 12. The experimental and calculated excitation spectra obscillator energy fori()=14 MeV, 15.5 MeV, and 17 MeV, re-
9B. The results corresponding to the model-space sizéi6f 4ela- spectively. The results corresponding to the model-space size of
tive to the unperturbed ground-state configuration are presented. A% () relative to the unperturbed ground-state configuration are pre-
harmonic-oscillator energy df()=16 MeV was used. sented.
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o FIG. 15. The experimental and calculated excitation spectra of F|G. 16. The experimental and calculated excitation spectra of
Be. The results corresponding to the model-space sizeiét 4 11ge The results corresponding to the model-space sizei6i 4
relative to the unperturbed ground-state configuration are presentegbjative to the unperturbed negative-parity ground-state configura-
A harmonic-oscillator energy of()=15.5 MeV was used. tion are presented. A harmonic-oscillator energyh6f=15 MeV
was used. Note that the ground state of this nucleus has positive

the spectrum of°Be obtained in the #Q model space with  parity. The energy of the calculatefl state is set equal to the
#Q=15.5 MeV. As discussed in Ref11], the excited 01  lowest experimental negative-parity state.
state, assumed to be dominated by7&X2 configuration, is
not obtained below 10 MeV in our calculation. It is likely ordering for the lowest positive-parity states. However, those
that our 4.2 model space is not large enough to give thestates were shifted with respect to the negative-parity states
right description of such a state. by 5.56 MeV, so that the calculated ground state has a nega-
In Table |, we present the experimental and calculatedive parity. It should be realized that the relative position of
ground-state properties of the=10 nuclei. Part of the re- the positive- and negative-parity states depends on the size of
sults overlap with those presented in Table | of R&l]. As  the respective model spaces. It is quite likely that7e()5
explained above, the calculaté®B 370 for#()=15.5 MeV  model-space calculation would result in a positive-parity
is the first-excited state, lying 0.17 MeV above the0l This ~ ground state.
is the only case in our study, where the incorrect ground- Our 42 model space is insufficient for reproducing the
state spin is obtained. The right level ordering is recoveredialo properties of thé'Li nucleus. This is seen, in particu-
for this nucleus, however, wheff) is increased to, e.g., 17 lar, in a smaller calculated point-proton rms radius as well as
MeV. The results presented in Table | were evaluated using@ smaller absolute value of the quadrupole moment com-
bare nucleon charges. In order to reproduce fiBexperi-  pared with the experiment. In order to reproduce ffiei
mental quadrupole moment, we need effective charges dgxperimental quadrupole moment, we need effective charges
e2y=1.2% andegy=0.2%. of eby=1.27 andej4=0.27e. On the other hand, we easily
From the binding energy results given in Table |, we canobtain the correct ground-state spin, a reasonable binding
deduce the energy splitting between isospin-analog states. Bnergy, as well as the magnetic moment.
most cases our calculated splitting is larger than the corre- We note that the rms point-proton radii obtained in our
sponding experimental splitting, though the difference doesalculations are smaller than the experimental ones with the
not exceed about 10%. Mainly the Coulomb energy is relargest discrepancies fé°*Li and ®B, e.g., nuclei far from
sponsible for the isospin-analog-state splitting. As our calcuthe stability. One should remark, however, that the experi-
lated proton radii are typically smaller than the experimentamental extraction of the rms radii is model dependent.
ones, we obtain stronger Coulomb splitting. We discussed
this point in Ref[11] and pointed out the importance of the IV. CONCLUSIONS
correct value of the proton radius in order to get the correct

isospin-analog-state splitting. We have performed large-basis no-core shell-model cal-

culations for selected @shell nuclei withA=7-11. We
used two-body effective interactions derived from the
Reid93 nucleon-nucleon potential with the isospin breaking

For A=11 nuclei we performed calculations only for the taken into account. We were able to reproduce most of the
M i and MBe. In the last part of Table | we show the characteristics of the ground states as well as the correct
ground-state properties of'Li and the lowest negative- ordering of the lowest excited states. As discussed in detail
parity state of''Be. In Fig. 16 we present the experimental in Sec. IIl, our no-core shell-model approach has only a very
and calculated negative-parity spectra’®e. The calcula- limited number of freely adjustable parameters, such as the
tions were performed in the#4) model space using () harmonic-oscillator frequency and the size of the model
=15 MeV. space. The calculations were performed in the()6 and

We note that the ground state biBe is a positive-parity 44 model spaces for thA=7 andA=8—11 nuclei, re-
state3". We also performed calculations for the positive spectively. Our results show that the multiconfiguration
parity states in the Q) model space. We got a correct level shell-model approach combined with the use of microscopic

E. A=11 nuclei
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effective interactions, is capable of a good qualitative anchowever, in the model-spaces of only a fé& above the
guantitative description of the@shell nuclei. unperturbed ground-state configuration, although it can be
It is feasible to extend the present@ calculations to greatly weakened. Our investigation of the three-nucleon
heavier (p-shell nuclei as well. For those nuclei, slightly shell-model calculation§25] supports this statement. Most
higherm-scheme dimensions than in the present calculationgikely, the three-body effective interaction should not be used
will have to be dealt with. The present results can be used foflirectly as an input into the shell-model calculation, but
calculating electromagnetic and weak properties and scattefather it should be utilized for renormalizing the two-body

ing characteristics as well as other applications, such as, e.gffective interactions. Work in this direction is underway.
'Be+p—28B nuclear vertex constant. With regard to the

effective-interaction theory, it is desirable to eliminate some
of the free parameters still present in the calculations by
using three-body effective interactions. In particular, we
should be able to eliminate the treatment of the two-nucleon We thank R. Wiringa for useful comments. One of us
model-space size parametey,,, as an adjustable parameter, (B.R.B) would like to thank Hans Weidenrtier and the

or alternatively the use of the paramekgy employed in our  Max-Planck-Institut fu Kernphysik, Heidelberg, and Peter
67 calculations, in this way. Also, the use of the three-von Brentano and the Institut fuKernphysik, Kdn, Ger-
body effective interaction should weaken the dependence omany, for their hospitality and partial support during the lat-
the harmonic-oscillator frequency. We are presently investiter stages of this work. This work was supported by the NSF
gating this aspect in four-nucleon shell-model calculationsGrant No. PHY96-05192. P.N. also acknowledges partial
A complete elimination of the dependence of the results orsupport from the grant of the Grant Agency of the Czech
the harmonic-oscillator frequency will hardly be achieved,Republic 202/96/1562.
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