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Large-basis shell-model calculations forp-shell nuclei

P. Navrátil * and B. R. Barrett
Department of Physics, University of Arizona, Tucson, Arizona 85721

~Received 19 February 1998!

Results of large-basis shell-model calculations for nuclei withA57211 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 dependence ofT51 partial waves. ForA57, a 6\V model space was
used, while for the rest of the studied nuclides, the calculations were performed in a 4\V model 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 states.@S0556-2813~98!07806-6#

PACS number~s!: 21.60.Cs, 21.10.Dr, 21.10.Ky, 27.20.1n
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I. INTRODUCTION

Large-basis no-core shell-model calculations have
cently been performed@1–11#. In these calculations al
nucleons are active, which simplifies the effective interact
as no hole states are present. In the approach taken, th
fective interaction derived microscopically from mode
nucleon-nucleon potentials is determined for a system of
nucleons only and subsequently used in the many-par
calculations. To take into account a part of the many-bo
effects, a so-called multivalued effective interaction a
proach was introduced and applied in the no-core sh
model calculations@8#.

In the past, these calculations concentrated on the 0s-shell
nuclei andA55,6 0p-shell nuclei. In addition,7Li was stud-
ied in a 4\V model-space calculation@8# and the obtained
wave-functions were employed for evaluating proton a
electron scattering characteristics@12#. Large-basis no-core
shell-model calculations for heavier 0p-shell nuclei have not
been discussed until recently. In the most recent applicat
we applied the no-core shell-model approach to theA510
nuclei in order to evaluate the isospin-mixing correction
the Fermi matrix element10C→10B @11#. In the present pa-
per we complement this study by presenting the results
other light 0p-shell nuclides. In particular, we present calc
lations for theA57 nuclei 7He, 7Li, 7Be, and7B performed
in a 6\V model space, in which configurations up to
energy of 6\V relative to the unperturbed ground-state co
figuration are included. ForA58, results were obtained fo
8He, 8Li, 8Be, and8B in a 4\V model space. ForA59 we
calculated properties of9He, 9Li, 9Be, 9B, and 9C also in a
4\V model space. As theA510 nuclides 10C, 10B, and
partly 10Be, were discussed in Ref.@11#, we now complete
the A510 nuclei description by including results for10He,
10Li, and 10Be. Finally, we give the results of a 4\V calcu-
lation for 11Li and 11Be.

Our study is distinguished from other 0p-shell-nuclei cal-
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culations by the fact that we are using microscopically d
rived effective interactions, contrary to phenomenological
teractions employed in most other papers@13–17#. The other
distinguishing factor is the use of large multiconfigurati
model spaces.

The organization for the paper is as follows. First, in S
II we discuss the shell-model Hamiltonian with a bou
center-of-mass and the method used to derive the star
energy-independent effective interaction. Results of the
culations forA57211 are presented in Sec. III and conclu
ing remarks are given in Sec. IV.

II. THE SHELL-MODEL HAMILTONIAN
AND EFFECTIVE INTERACTION

In the present paper we apply the approach discusse
Refs. @9,11#. We start with the one- plus two-body Hami
tonian for theA-nucleon system, i.e.,

HV5(
i 51

A pW i
2

2m
1(

i , j

A

VN~rW i2rW j !1
1

2
AmV2RW 2, ~1!

where m is the nucleon mass,VN(rW i2rW j ) the nucleon-
nucleon interaction, and12 AmV2RW 2 @RW 5(1/A)( i 51

A rW i # is the
center-of-mass harmonic-oscillator potential. The latter
tential does not influence intrinsic properties of the man
body system. It provides, however, a mean field felt by ea
nucleon and allows us to work with a convenient harmon
oscillator basis. The Hamiltonian~1!, depending on the
harmonic-oscillator frequencyV, may be cast into the form

HV5(
i 51

A F pW i
2

2m
1

1

2
mV2rW i

2G
1(

i , j

A FVN~rW i2rW j !2
mV2

2A
~rW i2rW j !

2G . ~2!

The one-body term of the Hamiltonian~2! is then rewritten
as a sum of the center-of-mass termHcm

V 5PW cm
2 /2Am

1 1
2 AmV2RW 2, PW cm5( i 51

A
pW i , and a term depending only o

relative coordinates. Shell-model calculations are carried
in a model space defined by a projectorP. In the present

-
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3120 57P. NAVRÁTIL AND B. R. BARRETT
work, we will always use a completeN\V model space
which includes all the configurations up to an energy
N\V relative to the unperturbed ground-state configurati
The complementary space to the model space is define
the projectorQ512P. In addition, from among the eigen
states of the Hamiltonian~2!, it is necessary to choose on
those corresponding to the same center-of-mass energy.
can be achieved by projecting the center-of-mass eigens
with energies greater than32 \V upwards in the energy spec
trum. The shell-model Hamiltonian, used in the actual cal
lations, takes the form

HPb
V 5 (

i , j 51

A

PF ~pW i2pW j !
2

2Am
1

mV2

2A
~rW i2rW j !

2GP

1(
i , j

A

PFVN~rW i2rW j !2
mV2

2A
~rW i2rW j !

2G
eff

P

1bPS Hcm
V 2

3

2
\V D P, ~3!

whereb is a sufficiently large positive parameter. In Eq.~3!,
the notation@ #eff means that the quantity within the squa
brackets is the residual interaction to be used in the dete
nation of the effective interaction within the model spaceP
~see Ref.@9# for more details!.

The effective interaction introduced in Eq.~3! should, in
principle, exactly reproduce the full-space results in
model space for some subset of states. In practice, the e
tive interactions can never be calculated exactly, becaus
general, for anA-nucleon system anA-body effective inter-
action is required. Consequently, large model spaces are
sirable when only an approximate effective interaction
used. In that case, the calculation should be less affecte
any imprecision of the effective interaction. The same is t
for the evaluation of any observable characterized by an
erator. In the model space, renormalized effective opera
are also required. The larger the model space, the less re
malization is needed.
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Usually, the effective interaction is approximated by
two-body effective interaction determined from a tw
nucleon system. In this study, we use the procedure, as
scribed in Ref.@9#. To construct the effective interaction w
employ the Lee-Suzuki@18# similarity transformation
method, which gives an interaction in the formP2VeffP2
5P2VP21P2VQ2vP2, with v the transformation operato
satisfying v5Q2vP2. The projection operatorsP2 ,Q251
2P2 project on the two-nucleon model and complement
spaces, respectively. Note that we distinguish the tw
nucleon system projection operatorsP2 ,Q2 from the
A-nucleon system operatorsP,Q. Our calculations start with
exact solutions of the Hamiltonian

H2
V[H02

V 1V2
V5

pW 1
21pW 2

2

2m
1

1

2
mV2~rW 1

21rW 2
2!

1VN~rW12rW2!2
mV2

2A
~rW12rW2!2, ~4!

which is the shell-model Hamiltonian~2! applied to a two-
nucleon system. We construct the effective interaction
rectly from these solutions. Let us denote the two-nucle
harmonic-oscillator states, which form the model space,
uaP&, and those which belong to theQ-space asuaQ&. Then
theQ-space components of an eigenvectoruk& of the Hamil-
tonian~4! can be expressed as a combination of theP-space
components with the help of the operatorv,

^aQuk&5(
aP

^aQuvuaP&^aPuk&. ~5!

If the dimension of the model space isdP , we may choose a
setK of dP eigenvectors, typically the lowest states obtain
in each channel, for which the relation~5! will be satisfied.
Under the condition that thedP3dP matrix ^aPuk& for uk&
PK is invertible, the operatorv can be determined from Eq
~5!. Once the operatorv is determined, the effective Hamil
tonian can be constructed as follows:
^gPuH2effuaP&5 (
kPK

F ^gPuk&Ek^kuaP&1(
aQ

^gPuk&Ek^kuaQ&^aQuvuaP&G . ~6!
ef-
er-
lti-

nt
ec-
he

e

This Hamiltonian, when diagonalized in a model-space ba
reproduces exactly the setK of dP eigenvaluesEk . Note that
the effective Hamiltonian is, in general, quasi-Hermitian.
can be hermitized by a similarity transformation determin
from the metric operatorP2(11v†v)P2. The Hermitian
Hamiltonian is then given by@19#

H̄2eff5@P2~11v†v!P2#1/2H2eff@P2~11v†v!P2#21/2.
~7!

Finally, the two-body effective interaction used in th
present calculations is determined from the two-nucleon
fective Hamiltonian~7! asVeff5H̄2eff2H02

V .
s,

t
d

f-

To at least partially take into account the many-body
fects neglected when using only a two-body effective int
action, we employ the recently introduced, so-called, mu
valued effective interaction approach@8#. In that approach,
different effective interactions are used for differe
harmonic-oscillator excitations of the spectators. The eff
tive interactions then carry an additional index indicating t
sum of the oscillator quanta for the spectators,Nsps, defined
by

Nsps5Nsum2Na2Nspsmin5Nsum8 2Ng2Nspsmin, ~8!

where Nsum and Nsum8 are the total oscillator quanta in th



o-

r

en

ce
th
e

iv

d
93

tia

-
p

p,

lly
el
w
d
te
u

he

ac
ac
m

e
d
si
ly

d
el
r

ee
as

-

he

in-
en
is

a
ial.
in
ing
tely
ses

ed in

with
to
ns,
For

n

the

n-
u-

r
e
e
ters
in-
in-
cal-

re-
ing

n-

pa-
on.

teris-
of
n-
in-
the

nd

57 3121LARGE-BASIS SHELL-MODEL CALCULATIONS FORp- . . .
initial and final many-body states, respectively, andNa and
Ng are the total oscillator quanta in the initial and final tw
nucleon statesua& and ug&, respectively.Nspsmin is the mini-
mal value of the spectator harmonic-oscillator quanta fo
given system. For example, forA57, Nspsmin51. Different
sets of the effective interaction are determined for differ
model spaces characterized byNspsand defined by projection
operators

Q2~Nsps!5H 0 if N11N2<Nmax2Nsps,

1 otherwise;
~9a!

P2~Nsps!512Q2~Nsps!. ~9b!

In Eqs.~9!, Nmax characterizes the two-nucleon model spa
It is an input parameter chosen in relation to the size of
many-nucleon model space. This multivalued effectiv
interaction approach is superior to the traditional effect
interaction, as confirmed also in a model calculation@20#.

III. APPLICATION TO THE P-SHELL NUCLEI

We apply the formalism outlined in Sec. II for selecte
0p-shell nuclei. In the calculations we use the Reid
nucleon-nucleon potential@21# and consider the following
isospin-breaking contributions. First, the Reid93 poten
differs in the T51 channels for proton-neutron~pn! and
proton-proton~pp!, neutron-neutron~nn! systems, respec
tively. Second, we add the Coulomb potential to the
Reid93 potential. Consequently, using Eqs.~5!–~7!, we de-
rive different two-body effective interactions for the pn, p
and nn systems.

As we derive the effective interaction microscopica
from the nucleon-nucleon interaction, the number of fre
adjustable parameters in the calculation is limited. First,
have the choice of the model-space size in the shell-mo
diagonalization. That is, however, constrained by compu
capabilities. The largest model space we were able to
was the space allowing all 6\V excitations relative to the
unperturbed ground state forA57 nuclei and all 4\V exci-
tations relative to the unperturbed ground state forA.7 nu-
clei, respectively. The calculations were done in t
m-scheme using the many-fermion-dynamics code@22# ex-
tended to allow the use of different pn, pp, and nn inter
tions. We note that in this study the same effective inter
tion is used for each isobaric chain, and thus the sa
model-space size is employed for all the isobars of givenA.

Second, our effective interactions depend on the choic
the two-nucleon model space size. The two-nucleon mo
space size is related to the many-nucleon model-space
and, in principle, is determined by that size. Traditional
however, theQ250 space used to determine theG-matrix
does not, necessarily, coincide with the many-particle mo
space@23,24#. In our calculation, the two-nucleon mod
space is characterized by a restriction on the numbe
harmonic-oscillator quanta N1<Nmax, N2<Nmax, (N1
1N2)<Nmax. Here,Ni52ni1 l i is the harmonic-oscillator
quantum number for the nucleoni ,i 51,2. This type of re-
striction guarantees an orthogonal transformation betw
the two-particle states and the relative- and center-of-m
coordinate states. With regard to the 4\V calculation for the
a
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0p-shell nuclei, the choice ofNmax56 appears to be appro
priate. However, it has been observed in the past@4,7,9# that
when the Lee-Suzuki procedure is combined with t
G-matrix calculation according to Ref.@23# ~which is
equivalent to the procedure we are using! and is applied to
calculate the two-body effective interaction, the resulting
teraction may be too strong. This is, in particular, true, wh
the multivalued approach is used. The reason for this
likely the fact that our effective interaction is computed for
two-nucleon system bound in a harmonic-oscillator potent
Therefore, artificial binding from this potential is included
the effective interaction and the many-body effects com
from the large-basis space calculation do not comple
compensate for this spurious binding. This effect decrea
when the model-space size increases as is demonstrat
our earlier three-nucleon shell-model calculations@25#. Sev-
eral possible adjustments have been discussed to deal
this problem@4,9# in smaller model spaces and amount
introducing an extra parameter. In the present calculatio
we use two methods introduced in the previous papers.
the A510 4\V calculation presented in Ref.@11#, we pre-
ferred to treatNmax as a free parameter and useNmax58 for
the 4\V calculations. With this choice, which results in a
overall weaker interaction than that calculated withNmax
56, we obtain quite reasonable binding energies for all
studied nuclei. This approach is employed here for the 4\V
calculations for the nuclei withA.7. On the other hand, in
the case ofA57 for the 6\V space we follow Ref.@9# and
use the parameterkQ introduced there. While forkQ51 there
is no modification, the choice ofkQ,1 reduces the contri-
bution of theQ2-space part of the harmonic-oscillator pote
tial on the two-nucleon effective interaction. For this calc
lation, Nmax58 appropriate for the 6\V many-nucleon
space size is employed. In Ref.@9# we used this approach fo
the 6\V calculations forA55 and 6 nuclei as well as for th
8\V calculations forA53 and 4 nuclei. We note that we ar
studying ways in which to eliminate these extra parame
by means of renormalizations of the two-body effective
teractions utilizing knowledge of the three-body effective
teractions. The three-body effective interactions can be
culated following the approach introduced in Ref.@25#.

Finally, our results depend on the harmonic-oscillator f
quencyV. We have studied this dependence by perform
calculations for the values\V514, 15.5, and 17 MeV for
10C and 10B in Ref. @11#. Here we present the same depe
dence for10Li. For the other studied nuclei we choose\V in
the range 15–17 MeV. We keep the same value of\V for
each isobaric chain.

Let us note that our calculations do not violate the se
ration of the center-of-mass and the internal relative moti
In particular, a variation of the parameterb introduced in Eq.
~3! does not change the eigenenergies and other charac
tics of the physical states. This is so due to the utilization
a completeN\V many-nucleon model space and the tria
gular two-nucleon model space for deriving the effective
teraction as well as due to the procedure used to derive
effective interaction.

A. A57 nuclei

In Figs. 1, 2, 3, and 4 we present the experimental a
calculated excitation spectra of7He, 7Li, 7Be, and 7B, re-
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3122 57P. NAVRÁTIL AND B. R. BARRETT
spectively. Their ground-state properties are summarize
the first part of Table I. The calculations were performed
the 6\V model space. A harmonic-oscillator frequency
\V517 MeV was used. As discussed earlier in this secti
we employed the additional parameterkQ , introduced in
Ref. @9#, and set its value tokQ50.8. Note that for7Li and
7Be, the dimension in them-scheme reaches 663 527. It
the largest dimension in the present study. We should m
tion that larger matrix dimensions have been used in o
shell-model studies@26#, although our calculations includ
more single-particle states. It should still be feasible to f
ther extend our no-core calculations to higher dimensi
than presented here.

In general, good agreement with experiment is found
both the ground-state characteristics as well as the low-ly
excited states. We observe underbinding for7He and 7B.
Note that for an isospin invariant interaction these sta
would be degenerate with theT53/2 isospin states of7Li or
7Be. So this underbinding is equivalent to too much spre
in the excitation spectrum. This is a common feature in
no-core shell-model calculations, which diminishes as
model-space size increases. Note in Figs. 2 and 3 the co
ordering of excited states in most cases. Also the magn
moment of7Li is nicely reproduced. The radii and the qua

FIG. 2. The experimental and calculated excitation spectra
7Li. The results corresponding to the model-space size of 6\V
relative to the unperturbed ground-state configuration are prese
A harmonic-oscillator energy of\V517 MeV was used.

FIG. 1. The experimental and calculated excitation spectra
7He. The results corresponding to the model-space size of 6\V
relative to the unperturbed ground-state configuration are prese
A harmonic-oscillator energy of\V517 MeV was used.
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rupole moments are typically smaller in absolute value in
calculations. We used bare nucleon charges, so there is
need for E2 effective charges despite our large model-sp
size. By examining the calculated quadrupole matrix e
ments, we can deduce that effective charges ofeeff

p 51.18e
andeeff

n 50.18e are needed to obtain the experimental qua
rupole moment of7Li. We note that these effective charge
are significantly smaller than the standard effective charg
eeff

p 51.5e andeeff
n 50.5e, typically employed in 0\V shell-

model calculations.
The 7Li calculation can be compared to the previous

published 4\V no-core calculation of Ref.@8#. Apart from
the larger model-space size in the present calculation,
also take into account more realistically the isospin break
and derive the effective interaction in a different way. T
results are not dramatically different. However, the pres
6\V calculation provides a better overall agreement with
experiment.

Our results can also be compared to the recent Gree
function Monte Carlo~GFMC! and variational Monte Carlo
~VMC! calculations@27#. It should be noted that the GFMC
calculations are qualitatively different. No effective intera
tion is used and the aim is to obtain the exact many-bo
solutions. As the VMC is an upper bound variational calc
lation, it is more appropriate to compare the present sh

f

ed.

FIG. 3. The experimental and calculated excitation spectra
7Be. The results corresponding to the model-space size of 6\V
relative to the unperturbed ground-state configuration are prese
A harmonic-oscillator energy of\V517 MeV was used.

FIG. 4. The experimental and calculated excitation spectra
7B. The results corresponding to the model-space size of 6\V rela-
tive to the unperturbed ground-state configuration are presente
harmonic-oscillator energy of\V517 MeV was used.
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TABLE I. Experimental and calculated ground-state spins and parities; binding energies, in MeV; magnetic moments, inmN ; quadrupole
moments, ine fm2; and the point proton rms radii, in fm, of the nuclei studied. The results correspond to the 6\V for A57 and 4\V for
A>8 calculations, respectively. The harmonic-oscillator parameter was taken to be\V517 MeV for A57 and 8, 16 MeV forA59, 15.5
MeV for A510, and 15 MeV forA511, respectively. The effective interaction used was derived from the Reid93 nucleon-nucleon po
The Coulomb interaction and isospin breaking inT51 partial waves was taken into account. The same effective interaction was used
nuclei of a given isobaric chain characterized byA. Bare nucleon charges were used in the calculations. The experimental values are
from Refs.@28–32#.

Isotope 7He 7Li 7Be 7B
A57 Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt.

JpT 3
2

2 3
2 ( 3

2 )
2 3

2
3
2

2 1
2

3
2

2 1
2

3
2

2 1
2

3
2

2 1
2

3
2

2 3
2 ( 3

2 )
2 3

2

EB 26.926 28.82~3! 39.270 39.245 37.632 37.600 22.466 24.72
m 21.166 12.994 13.256 21.132 12.921
Q 10.471 22.710 24.00(6) 24.631 14.338
A^r p

2& 1.692 2.045 2.27~2! 2.216 2.36~2! 2.472

Isotope 8He 8Li 8Be 8B
A58 Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt.

JpT 012 012 211 211 010 010 211 211
EB 25.426 31.408 36.859 41.277 52.486 56.500 33.033 37.738
m 11.419 11.654 11.240 1.036
Q 12.208 13.11~5! 14.000 ~1!6.83~21!

A^r p
2& 1.684 1.76~3! 1.941 2.26~2! 2.071 2.188 2.45~5!

Isotope 9He 9Li 9Be 9B 9C
A59 Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt.

JpT 1
2

2 5
2

? 3
2

2 3
2

3
2

2 3
2

3
2

2 1
2

3
2

2 1
2

3
2

2 1
2

3
2

2 1
2

3
2

2 3
2 ( 3

2
2
) 3

2

EB 23.048 30.26~6! 40.827 45.341 55.194 58.165 53.082 56.314 34.343 39.0
m 10.656 12.940 3.439 21.066 21.178 12.865 20.981 1.391
Q 22.085 22.74(10) 13.245 15.29~4! 12.582 22.591
A^r p

2& 1.740 1.946 2.18~2! 2.063 2.34~1! 2.169 2.259 2.48~3!

Isotope 10He 10Li 10Be 10B 10C
A510 Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc. Expt.

JpT 012 ? 212 ? 2 011 011 310 310 011 011
EB 22.653 30.34~7! 40.923 45.316 63.024 64.977 62.607 64.751 58.194 60.3
m 13.105 11.850 11.801
Q 22.046 15.643 18.472
A^r p

2& 1.786 1.958 2.051 2.24~8! 2.127 2.30~12! 2.214 2.31~3!

Isotope 11Li 11Be
A511 Calc. Expt. Calc. Expt.

JpT 3
2

2 5
2

3
2

2 5
2

1
2

2 3
2

1
2

2 3
2

EB 43.686 45.64~3! 65.124 65.481
m 13.601 3.668 10.802
Q 22.301 23.12(45)
A^r p

2& 1.986 2.88~11! 2.061
e
t

ey
u
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t

model calculations with the GFMC, which includes all th
statistically sampled correlations in the system. Because
GFMC calculations are much more involved than VMC, th
have not been carried out for all excited states. We sho
also mention that the GFMC and VMC calculations we
done with the Argonne V18 interaction. As both the Argon
V18 interaction and the Reid93 interaction~that we used!
he

ld

describe the NN scattering data more-or-less equally we
different choice of potential should not cause significant d
ference in the obtained results. In addition, a real three-b
interaction was included in the GFMC and VMC, unlike
our calculations. Still, it is interesting to note some simila
ties between our shell-model calculations and the VMC a
GFMC results forA57. Our 7Li calculation shows correc
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level ordering for the lowest five states, while the sixth a
seventh states are interchanged in comparison to the ex
ment. The same feature is found in the VMC calculatio
Also our higher excited states have energies typically
large, similar to the VMC and GFMC. On the other hand, t
excitation spectrum of7He, obtained in our calculation, ha
energies about two times higher than those of the VM
although the level ordering is the same. In addition, in b
approaches a larger decrease in the calculated binding e
gies is observed for isobars with higher ground-state isos
than is observed experimentally.

B. A58 nuclei

In Figs. 5, 6, 7, and 8 we present the experimental
calculated excitation spectra of8He, 8Li, 8Be, and 8B, re-
spectively. Their ground-state properties are summarize
Table I. The calculations were performed in a model spac
up to 4\V excitations relative to the unperturbed groun
state configuration. A harmonic-oscillator frequency of\V
517 MeV was used. As explained earlier in this section,
two-body effective interaction was evaluated usingNmax
58. We note that the same effective interaction was used
all the A58 isobars.

FIG. 5. The experimental and calculated excitation spectra
8He. The results corresponding to the model-space size of 4\V
relative to the unperturbed ground-state configuration are prese
A harmonic-oscillator energy of\V517 MeV was used.

FIG. 6. The experimental and calculated excitation spectra
8Li. The results corresponding to the model-space size of 4\V
relative to the unperturbed ground-state configuration are prese
A harmonic-oscillator energy of\V517 MeV was used.
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Like in the case of theA57 nuclei, we obtain a good
description of the ground state properties as well as of
low-lying excitation spectra. In particular, for8Be we have
excellent agreement with the experiment for all positiv
parity states below the excitation energy of 20 MeV. W
note that theT50,1, J521,11,31 doublets show signifi-
cant isospin mixing compared to other calculated states
our calculations, the lower state always has theT51 com-
ponent dominant. We note that electromagnetic propertie
the 16.6 and 16.9 MeV 21 doublet in 8Be were recently
analyzed@33#. The doublet has almost equal admixtures
T50 and T51 components. In Table II we compare th
experimentally extracted isoscalar and isovector electrom
netic transition rates from the doublet with those obtained
our shell-model calculation. Our results can also be co
pared with other shell-model calculations as presented
Table III of Ref.@33#. In those calculations, phenomenolog
cal effective interactions of Refs.@13–15# were employed.
Our calculation provides excellent agreement with expe
ment for the M1 properties and, unlike the other shell-mo
calculations used for the analysis, gives the positive sign
the isoscalar-isovector matrix element ratio in agreem
with experiment. Also, unlike the other shell-model calcu

f

ed.
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ed.

FIG. 7. The experimental and calculated excitation spectra
8Be. The results corresponding to the model-space size of 4\V
relative to the unperturbed ground-state configuration are prese
A harmonic-oscillator energy of\V517 MeV was used.

FIG. 8. The experimental and calculated excitation spectra
8B. The results corresponding to the model-space size of 4\V rela-
tive to the unperturbed ground-state configuration are presente
harmonic-oscillator energy of\V517 MeV was used.
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TABLE II. Experimental and calculated properties of transitions from the 16 MeV 21 doublet in 8Be.
Reduced transition strengths are given ine2fm4 for E2 and inmN

2 for M1. The observablee is defined as a
ratio of the isoscalar and the isovector M1 matrix elements. The mixing ratiosd0 (d1) are computed using the
E2 isoscalar~isovector! matrix element and the isovector M1 matrix element. Bare nucleon charges
used in the calculations. The experimental values are taken from Ref.@33#.

Final state Observable Calc. Expt.

21~3.0 MeV! B~M1, IV) 0.086 0.09160.006
21~3.0 MeV! B~M1, IS) 331024 (262)31024

21~3.0 MeV! e 10.057 10.0660.02
21~3.0 MeV! B~GT! 0.018 0.031
21~3.0 MeV! B~E2, IV) 231024 (166)31023

21~3.0 MeV! B~E2, IS) 0.063 0.3060.12
01~0.0 MeV! B~E2, IV) 0.024 0.0060.03 or 0.1460.03
01~0.0 MeV! B~E2, IS) 0.028 0.1460.03 or 0.0060.03
21~3.0 MeV! d1 10.005 10.0160.03
21~3.0 MeV! d0 10.099 10.2260.04
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tions discussed, we obtained stronger isoscalar than isove
transition strength for the transition to the 01 state. We note
that bare nucleon charges were employed in our calculat
and that the E2 transitions as well as the quadrupole
ments are typically underestimated. This indicates a need
effective E2 charges despite the large model space use
order to reproduce the8Li and 8B quadrupole moments, w
need average effective charges ofeeff

p 51.3e and eeff
n 50.3e

for this isobaric chain, with smaller values for8Li than for
8B.

Some excited states of theA58 nuclei have also bee
calculated using the VMC approach@27#. Our calculation
gives similar results for the lowest 210 and 410 states of
8Be. On the other hand, we get higher excitation energies
the 111 and 311 states of8Li, and in particular for the 411
state of 8Li as well as all the excited states of8He. The
largest difference between our results and the VMC resul
in the position of 01 states of8He and 8Li. In the VMC
calculations their excitation energy is significantly low
than that obtained in the shell-model calculations. As
VMC gives an upper bound, the GFMC result would
lower still. The 8He nucleus is a weakly bound system

FIG. 9. The experimental and calculated excitation spectra
9He. The results corresponding to the model-space size of 4\V
relative to the unperturbed ground-state configuration are prese
A harmonic-oscillator energy of\V516 MeV was used.
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where scattering to the continuum will play an important ro
in the structure of higher-lying states. Because the harmo
oscillator basis employed in our shell-model calculations
incorrect asymptotics for the single-particle wave-functio
we would not expect our calculation to describe well t
higher-lying states in weakly bound systems.

The magnetic moments obtained in our shell-model c
culations for theA57 andA58 nuclei are in some cases i
a better agreement with the experiment than those obta
by the VMC. On the other hand, we obtain smaller quad
pole moments compared to both the experiment and
VMC. Also the rms proton radii are about 10% smaller th
those obtained in the VMC calculations.

C. A59 nuclei

The experimental and calculated negative-parity exc
tion spectra of the9He, 9Li, 9Be, 9B, and 9C nuclei are
presented in Figs. 9, 10, 11, 12, and 13, respectively. T
ground state properties are shown in Table I. The calcu
tions were performed in the 4\V relative to the unperturbed
ground-state configuration model space. We used
harmonic-oscillator frequency of\V516 MeV. As for all

f
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FIG. 10. The experimental and calculated excitation spectra
9Li. The results corresponding to the model-space size of 4\V
relative to the unperturbed ground-state configuration are prese
A harmonic-oscillator energy of\V516 MeV was used.
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the nuclei withA>8, the two-body effective interaction wa
evaluated usingNmax58 with no additional free paramete
The same effective interaction was employed for all theA
59 nuclei.

There are few experimental data available, in particu
for the 9He, 9Li, and 9C nuclides. In addition, there are n
GFMC or VMC calculations, with which we can make
comparison. In general, we obtain a correct level ordering
the lowest states. Also the known magnetic moments
reasonably reproduced. As in the case of other isob
chains, the calculated absolute values of the quadrupole
ments are smaller than the experimental ones. To reprod
the 9Li and 9Be quadrupole moments, we would need av
age effective charges ofeeff

p 51.25e andeeff
n 50.25e for this

isobaric chain, with smaller values for9Li than for 9Be.
Our predictions for the experimentally unknown magne

moments, quadrupole moments, and point-proton rms r
for 9He, 9B, and 9C are given in Table I.

D. A510 nuclei

We performed extensive calculations forA510 nuclei in
order to evaluate the isospin-mixing correction of the10C

FIG. 12. The experimental and calculated excitation spectra
9B. The results corresponding to the model-space size of 4\V rela-
tive to the unperturbed ground-state configuration are presente
harmonic-oscillator energy of\V516 MeV was used.

FIG. 11. The experimental and calculated excitation spectra
9Be. The results corresponding to the model-space size of 4\V
relative to the unperturbed ground-state configuration are prese
A harmonic-oscillator energy of\V516 MeV was used.
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→10B Fermi transition. Those calculations were published
Ref. @11#. Here we complement the published results w
the calculation for10He and 10Li. We used the same effec
tive interactions as in Ref.@11#. The calculations were per
formed in the 4\V model space. In Fig. 14 we present th
dependence of the10Li spectra on the harmonic-oscillato
frequency for\V514, 15.5, and 17 MeV. Despite the rece
new measurements of10Li properties@34#, a controversy on
the spin-parity assignment of the ground state of this nucl
remains. Our calculation prefers 212 as the lowest positive
parity state for all the choices of\V. For \V514 MeV, the
11,21 doublet becomes almost degenerate, however.
should note that, as discussed above for the8He calculation,
the shell-model single-particle wave-functions have incorr
asymptotics. The shell-model approach is, therefore,
quite suitable for the description of weakly bound states
resonances. A similar dependence on\V for 10B was stud-
ied in Ref.@11#. There we found a sensitivity of the groun
state to\V. Only for \V517 MeV did we obtain the cor-
rect ground-state spin 310, while for\V514 and 15.5 MeV
the calculated ground state was 110. In Fig. 15 we presen

of

A

FIG. 13. The experimental and calculated excitation spectra
9C. The results corresponding to the model-space size of 4\V rela-
tive to the unperturbed ground-state configuration are presente
harmonic-oscillator energy of\V516 MeV was used.

FIG. 14. The dependence of the spectra of10Li on the harmonic-
oscillator energy for\V514 MeV, 15.5 MeV, and 17 MeV, re-
spectively. The results corresponding to the model-space siz
4\V relative to the unperturbed ground-state configuration are
sented.
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the spectrum of10Be obtained in the 4\V model space with
\V515.5 MeV. As discussed in Ref.@11#, the excited 011
state, assumed to be dominated by a 2\V configuration, is
not obtained below 10 MeV in our calculation. It is likel
that our 4\V model space is not large enough to give t
right description of such a state.

In Table I, we present the experimental and calcula
ground-state properties of theA510 nuclei. Part of the re-
sults overlap with those presented in Table I of Ref.@11#. As
explained above, the calculated10B 310 for \V515.5 MeV
is the first-excited state, lying 0.17 MeV above the 110. This
is the only case in our study, where the incorrect grou
state spin is obtained. The right level ordering is recove
for this nucleus, however, when\V is increased to, e.g., 1
MeV. The results presented in Table I were evaluated us
bare nucleon charges. In order to reproduce the10B experi-
mental quadrupole moment, we need effective charge
eeff

p 51.25e andeeff
n 50.25e.

From the binding energy results given in Table I, we c
deduce the energy splitting between isospin-analog state
most cases our calculated splitting is larger than the co
sponding experimental splitting, though the difference d
not exceed about 10%. Mainly the Coulomb energy is
sponsible for the isospin-analog-state splitting. As our cal
lated proton radii are typically smaller than the experimen
ones, we obtain stronger Coulomb splitting. We discus
this point in Ref.@11# and pointed out the importance of th
correct value of the proton radius in order to get the corr
isospin-analog-state splitting.

E. A511 nuclei

For A511 nuclei we performed calculations only for th
11Li and 11Be. In the last part of Table I we show th
ground-state properties of11Li and the lowest negative
parity state of11Be. In Fig. 16 we present the experimen
and calculated negative-parity spectra of11Be. The calcula-
tions were performed in the 4\V model space using\V
515 MeV.

We note that the ground state of11Be is a positive-parity
state 1

2
1. We also performed calculations for the positi

parity states in the 3\V model space. We got a correct lev

FIG. 15. The experimental and calculated excitation spectra
10Be. The results corresponding to the model-space size of 4\V
relative to the unperturbed ground-state configuration are prese
A harmonic-oscillator energy of\V515.5 MeV was used.
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ordering for the lowest positive-parity states. However, tho
states were shifted with respect to the negative-parity st
by 5.56 MeV, so that the calculated ground state has a n
tive parity. It should be realized that the relative position
the positive- and negative-parity states depends on the siz
the respective model spaces. It is quite likely that a 5\V
model-space calculation would result in a positive-par
ground state.

Our 4\V model space is insufficient for reproducing th
halo properties of the11Li nucleus. This is seen, in particu
lar, in a smaller calculated point-proton rms radius as wel
a smaller absolute value of the quadrupole moment co
pared with the experiment. In order to reproduce the11Li
experimental quadrupole moment, we need effective cha
of eeff

p 51.27e andeeff
n 50.27e. On the other hand, we easil

obtain the correct ground-state spin, a reasonable bind
energy, as well as the magnetic moment.

We note that the rms point-proton radii obtained in o
calculations are smaller than the experimental ones with
largest discrepancies for8,9,11Li and 8B, e.g., nuclei far from
the stability. One should remark, however, that the exp
mental extraction of the rms radii is model dependent.

IV. CONCLUSIONS

We have performed large-basis no-core shell-model
culations for selected 0p-shell nuclei withA57211. We
used two-body effective interactions derived from t
Reid93 nucleon-nucleon potential with the isospin break
taken into account. We were able to reproduce most of
characteristics of the ground states as well as the cor
ordering of the lowest excited states. As discussed in de
in Sec. III, our no-core shell-model approach has only a v
limited number of freely adjustable parameters, such as
harmonic-oscillator frequency and the size of the mo
space. The calculations were performed in the 6\V and
4\V model spaces for theA57 andA58211 nuclei, re-
spectively. Our results show that the multiconfigurati
shell-model approach combined with the use of microsco

of

ed.

FIG. 16. The experimental and calculated excitation spectra
11Be. The results corresponding to the model-space size of 4\V
relative to the unperturbed negative-parity ground-state config
tion are presented. A harmonic-oscillator energy of\V515 MeV
was used. Note that the ground state of this nucleus has pos

parity. The energy of the calculated12
2

state is set equal to the
lowest experimental negative-parity state.
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3128 57P. NAVRÁTIL AND B. R. BARRETT
effective interactions, is capable of a good qualitative a
quantitative description of the 0p-shell nuclei.

It is feasible to extend the present 4\V calculations to
heavier 0p-shell nuclei as well. For those nuclei, slight
higherm-scheme dimensions than in the present calculati
will have to be dealt with. The present results can be used
calculating electromagnetic and weak properties and sca
ing characteristics as well as other applications, such as,
7Be1p↔8B nuclear vertex constant. With regard to th
effective-interaction theory, it is desirable to eliminate so
of the free parameters still present in the calculations
using three-body effective interactions. In particular,
should be able to eliminate the treatment of the two-nucl
model-space size parameterNmax as an adjustable paramete
or alternatively the use of the parameterkQ employed in our
6\V calculations, in this way. Also, the use of the thre
body effective interaction should weaken the dependence
the harmonic-oscillator frequency. We are presently inve
gating this aspect in four-nucleon shell-model calculatio
A complete elimination of the dependence of the results
the harmonic-oscillator frequency will hardly be achieve
J
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however, in the model-spaces of only a few\V above the
unperturbed ground-state configuration, although it can
greatly weakened. Our investigation of the three-nucle
shell-model calculations@25# supports this statement. Mos
likely, the three-body effective interaction should not be us
directly as an input into the shell-model calculation, b
rather it should be utilized for renormalizing the two-bod
effective interactions. Work in this direction is underway.
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