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Ab initio shell model for AÄ10 nuclei
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We investigate properties ofA510 nuclei in theab initio, no-core shell model using realistic Argonne and
CD-Bonn nucleon-nucleon (NN) potentials and basis spaces through 9\V ~with basis dimensions reaching
5.53108). Results for binding energies, excitation spectra~including negative parity and 2\V-dominated
intruder states!, electromagnetic properties, and the isospin-mixing correction of the10C→10B Fermi transition
are presented. For10B, theseNN potentials produce aJpT5110 ground state, contrary to the experimental
310, a clear indication of the need for true three-body forces.
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I. INTRODUCTION

Various methods can be used to solve systems of m
than two nucleons interacting by realistic interactions@1–3#.
For A.4 systems, a prominent approach has been
Green’s function Monte Carlo~GFMC! method@2#. An al-
ternative, and complementary, approach is the no-core s
model ~NCSM! @3–9#, which is based on effective interac
tions within the framework of a finite Hilbert space. In th
case, one derives an effective interaction for theA-body sys-
tem within a computationally tractable basis space usin
method designed to converge towards the exact result.

The applications of NCSM to date have been perform
for both the 0s- and the 0p-shell nuclei in large, multi-\V
basis spaces. Initial investigations used two-body inter
tions based on aG-matrix approach@4#, while later, the Lee-
Suzuki procedure@10# was implemented to derive two-bod
effective interactions for the NCSM@5#. The earlierG-matrix
approach used a phenomenological parameterD that lacked
a clear physical motivation. In addition, theG matrix is non-
Hermitian and Hermiticity was restored by a phenome
logical averaging procedure in many initial investigation
The application of the Lee-Suzuki procedure elimina
these approximations@5#. A currently used formulation was
presented in Ref.@6# where convergence to exact solutio
was demonstrated for theA53 system. Later, the same wa
accomplished for theA54 system@7# and it was also shown
that a three-body effective interaction improves the conv
gence of the method.

The optimum strategy for the NCSM is to employ th
largest model space possible with the largest number of c
ters derived in the effective interaction. Naturally, compu
tional limitations require a compromise in the size of t
model space and the clusters used in the effective interac
Recently, three-body effective interactions have been app
in the NCSM for nuclei withA<10 @9#. Computational re-
strictions limited these calculations to 4\V, and it seems
feasible to extend them to 6\V in the future. On the othe
hand, current technology permits larger-scale calculati
when implementing only two-body effective interactions, f
example the NCSM has recently been applied toA<8 for
model spaces extending to 10\V @8#. As a complementary
0556-2813/2002/66~2!/024314~14!/$20.00 66 0243
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approach that will also help to elucidate the advantages
the various strategies, we report here the results of our re
efforts to extend the model space up to 829\V for A510.

It is interesting to studyA510 nuclei in ab initio ap-
proaches for several reasons. These nuclei have a rich s
ture with both positive and negative parity bound stat
There are experimental candidates for the intruder states.
also important to study the isospin-mixing correction for t
10C→10B Fermi transition, which is relevant for the invest
gation of the unitarity condition of the CKM matrix. Finally
the GFMC method is now being applied toA510 nuclei, so
it is interesting to compare the NCSM and the GFMC p
dictions.

In Sec. II, we discuss our NCSM formulation, i.e., th
Hamiltonian and effective interaction framework. Results
the A510 systems interacting by the CD-Bonn and the A
gonne V88 NN potentials are given in Sec. III. We discus
the binding energies, excitation spectra, electromagn
~EM! properties, as well as Gamow-Teller transitions. T
isospin-mixing correction for the10C→10B Fermi transition
is discussed in Sec. III E. In Sec. IV, we present conclud
remarks.

II. Ab initio NO-CORE SHELL MODEL

The NCSM approach in the form applied in this pap
was presented recently, e.g., in Ref.@3#. To make the presen
paper self-contained, we repeat the basic steps of the me
in this section.

A. Hamiltonian

In the NCSM approach we start from the intrinsic Ham
tonian for theA-nucleon system, i.e.,

HA5Trel1V5
1

A (
i , j

A
~pW i2pW j !

2

2m
1 (

i , j 51

A

VN~rW i2rW j !, ~1!

wherem is the nucleon mass andVN(rW i2rW j ), the NN inter-
action, both strong and electromagnetic components. I
purely a two-body operator without a phenomenologi
single-particle potential. At present, we examine only rea
©2002 The American Physical Society14-1
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tic two-bodyNN potentials, and extensions to include thre
body NNN interactions are underway.

We may use both coordinate-spaceNN potentials, such as
the Argonne potentials@2# or momentum-space depende
NN potentials, such as the CD-Bonn@11#. In the next step we
modify the Hamiltonian~1! by adding to it the center-of
mass ~c.m.! HO Hamiltonian Hc.m.5Tc.m.1Uc.m., where
Uc.m.5

1
2 AmV2RW 2, RW 51/A( i 51

A rW i . The effect of the HO
c.m. Hamiltonian will later be subtracted out in the fin
many-body calculation so there is no net influence on int
sic properties of the many-body system. In fact, in the in
nite space such a potential has no influence on the intri
properties at all. However, this added/subtracted potentia
cilitates the use of the convenient HO basis for evaluat
the effective interactions. The modified Hamiltonian, with
pseudodependence on the HO frequencyV, can be cast into
the form

HA
V5HA1Hc.m.5(

i 51

A F pW i
2

2m
1

1

2
mV2rW i

2G
1 (

i , j 51

A FVN~rW i2rW j !2
mV2

2A
~rW i2rW j !

2G .
~2!

Since we solve the many-body problem in a finite H
basis space, the realistic nuclear interaction in Eq.~2! will
yield pathological results unless we use it to derive a mod
space dependent effective Hamiltonian. In general, for
A-nucleon system, anA-body effective interaction is needed
In the present calculations, we make use of a two-body c
ter approximation for the effective interaction. Large mod
spaces are desirable to minimize the role of neglected effe
which a larger cluster would include.

As the HamiltoniansHA ~1! andHA
V ~2! differ only by a

c.m. dependent term, no dependence onV should exist for
the intrinsic properties of the nucleus. However, because
the less-than-A-body-cluster approximation for the effectiv
interaction, a dependence onV arises in our results. This
dependence onV and on the size of the basis space provid
measures of the severity of this approximation.

B. Two-body effective interaction and the basis space definition

In order to derive the effective interaction, we employ t
Lee-Suzuki similarity transformation method@10,12#, which
yields an Hermitian effective interaction. The approach p
sented here leads to the same two-body effective interac
as used in our previous papers@3,6–8#.

Let us write the Hamiltonian~2! schematically as

HA
V5(

i 51

A

hi1 (
i , j 51

A

Vi j . ~3!

In the spirit of Da Providencia and Shakin@13# and Lee,
Suzuki and Okamoto@10,12#, we introduce a unitary trans
formation of the Hamiltonian, which is able to accommoda
02431
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the short-range two-body correlations in a nucleus, by cho
ing an antihermitian operatorS, such that

H5e2SHA
VeS. ~4!

In our approach,S is determined by the requirements thatH
andHA

V have the same symmetries and eigenspectra ove
subspaceK of the full Hilbert space. In general, bothS and
the transformed Hamiltonian areA-body operators. Our sim
plest, yet nontrivial approximation toH is to develop a two-
body effective Hamiltonian~i.e., a52, wherea represents
the cluster number and in effect substitutes forA in the sums
of the above equations!. The next improvement is to develo
a three-body effective Hamiltonian (a53). This approach
consists then of an approximation to a particular level
clustering (a<A):

H5H (1)1H (a), ~5!

where the one-body anda-body pieces are given as

H (1)5(
i 51

A

hi , ~6a!

H (a)5

S A
2 D

S A
a D S a

2D (
i 1, i 2,•••, i a

A

Ṽi 1i 2••• i a
, ~6b!

with

Ṽ12•••a5e2S(a)
Ha

VeS(a)
2(

i 51

a

hi , ~7!

whereS(a) is ana-body operator and

Ha
V5(

i 51

a

hi1(
i , j

a

Vi j . ~8!

Note that there is no sum over ‘‘a’’ in Eq. ~5!, and that a
perturbative expansion in terms of one-body, two-body, e
clusters is not possible.

If the full A-body space is divided into an active~P!
model space and an excluded~Q! space, using the projector
P andQ with P1Q51, it is possible to determine the tran
formation operatorSa from the decoupling condition

Qae2S(a)
Ha

VeS(a)
Pa50, ~9!

and the simultaneous restrictionsPaS(a)Pa5QaS(a)Qa50.
Note thata-nucleon-state projectors (Pa ,Qa) appear in Eq.
~9! and are applied to thea-nucleon statesua&, which effec-
tively define the a-cluster matrix elements used in th
A-body calculation.

The unitary transformation and decoupling condition,
troduced by Suzuki and Okamoto and referred to as
unitary-model-operator approach~UMOA! @14#, has the so-
lution

S(a)5arctanh~v2v†!, ~10!

with v satisfyingv5QavPa . Furthermore, we also have
4-2
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Qae2vHa
VevPa50. ~11!

With Eq. ~10!, we have for thea cluster

H̄a-eff5~Pa1v†v!21/2~Pa1Pav†Qa!

3Ha
V~QavPa1Pa!~Pa1v†v!21/2. ~12!

If the eigensolutions of the HamiltonianHa
V are given by

Ha
Vuk&5Ekuk&, then the operatorv can be determined as

^aQuvuaP&5 (
kPK

^aQuk&^k̃uaP&, ~13!

where uaP& and uaQ& denote thea-nucleon model- and
Q-space basis states, respectively. The tilde in Eq.~13! de-
notes the inverted matrix̂aPuk&, i.e., (aP

^k̃uaP&^aPuk8&

5dk,k8 and(k^aP8 uk̃&^kuaP&5da
P8 ,aP

, for k,k8PK. Note the

sumK denotes a set ofdP eigenvectors whose properties a
exactly reproduced in the model space, withdP equal to the
dimension of the model space.

With the help of the solution forv ~13! we obtain a
simple expression for the matrix elements of the Hermit
effective Hamiltonian

^aPuH̄a-effuaP8 &5 (
kPK (

aP9
(
aP-

^aPu~Pa1v†v!21/2uaP9 &

3^aP9 uk̃&Ek^k̃uaP-&

3^aP-u~Pa1v†v!21/2uaP8 &. ~14!

For computation of the matrix elements of (Pa1v†v)21/2,
we use the relation

^aPu~Pa1v†v!uaP9 &5 (
kPK

^aPuk̃&^k̃uaP9 &. ~15!

We note that in the limita→A, we obtain the exact solution
for dP states of the full problem for any finite basis spac
with flexibility for choice of physical states subject to certa
conditions@15#.

Now, we introduce our present application, in which w
take a52. Let us write explicitly the two-nucleon Hamil
tonian in the relative and c.m. coordinates, e.g.,

Ha52
V 5H021H2c.m.1V12

5
pW 2

2m
1

1

2
mV2rW21H2c.m.1VN~A2rW !2

mV2

A
rW2,

~16!

where H021H2c.m.5h11h2 , rW5A1
2 (rW12rW2), and pW

5A 1
2 (pW 12pW 2). The two-nucleon problem is then solved in

relative HO basis space with high precision. The c.m. mot
of the two nucleons is not affected by the transformat
S(2). The termH2c.m. does not contribute to the effectiv
02431
n

,

n
n

interaction calculation and cancels out as seen in Eq.~7!. The
A in Eq. ~16! is set to 10 in the present application.

The relative-coordinate two-nucleon HO states used in
calculation are characterized by quantum numbersunls jt&
with the radial and orbital HO quantum numbers correspo
ing to coordinaterW and momentumpW , respectively. Typically,
we solve the two-nucleon Hamiltonian in Eq.~16! for all
two-nucleon channels up throughj 56. For the channels
with higher j we takeVN to be zero. Thus, only the relativ
kinetic term contributes in such channels in the man
nucleon calculation.

The model spaceP2 is defined by the maximal number o
allowed HO excitations of theA-nucleon systemNtotmax from
the condition 2n1 l<Ntotmax2Nspsmin, where Nspsmin de-
notes the minimal possible value of the HO quanta of
spectators, i.e., nucleons not affected by the interaction
cess. For, e.g.,10B, Nspsmin54 as there are 6 nucleons in th
0p shell in the unperturbed ground-state configuration a
e.g., Ntotmax5Nspsmin121Nmax, whereNmax represents the
maximum HO quanta of the many-body excitation above
unperturbed ground-state configuration. For10B, Ntotmax
512 for anNmax56 or ‘‘6\V ’’ calculation.

In order to construct the operatorv we need to select the
set of eigenvectorsK. In the present application we select th
lowest states obtained in each two-body channel. It turns
that these states also have the largest overlap with the m
space for the range of\V we investigate and theP spaces
we select. Their number is given by the number of ba
states satisfying 2n1 l<Ntotmax2Nspsmin.

Finally, the two-body effective interaction is determine
from the two-nucleon effective Hamiltonian, obtained fro
Eq. ~14!, as V2eff5P2Ṽ12P25P2(H̄2eff2h12h2)P2. Apart
from being a function of the nucleon numberA, V2eff de-
pends on the HO frequencyV and on the parameterNtotmax,
defining the basis space. It has the important property
V2eff→V12 for Ntotmax→`, following from the fact thatv
→0 for P→1. We note thatH (1)1H (2)2HCM is transla-
tionally invariant. We note that in adition to NCSM the Le
Suzuki method has also been applied in an analogous
within the Jacobi-coordinate hyperspherical harmon
method@16#.

C. Solution of the many-body Schrödinger equation

Once the two-nucleon effective interaction is derived a
transformed from the relative coordinate basis to the sing
particle coordinate basis, we evaluate and diagonalize
effective Hamiltonian in anA nucleon (N neutron andZ
proton! Slater determinant HO basis that spans a comp
Nmax\V space. This choice of the basis together with the f
that the effective Hamiltonian is translationally invaria
guarantees the factorization of each of our wave functi
into a product of a c.m.32 \V wave function and a wave
function corresponding to the internal motion. Due to th
property, it is straightforward to remove c.m. effects exac
from all observables. We note that only a nonredundant s
set of the Slater determinant states are needed to span
translationally invariantA-nucleonP space, and we isolate
this subset by adding a termL(Hc.m.2

3
2 \V) to the effective
4-3
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Hamiltonian with, e.g.,L510. This procedure moves th
states with excited c.m. motion correspondingly higher in
calculations and away from the physically relevant states
of which have a~passive! 0S state of c.m. motion. Due to th
translational invariance of our approach, the physi
eigenenergies and other observables are independent oL.

The evaluation of theA-nucleon Hamiltonian and its di
agonalization is a highly nontrivial problem due to very lar
dimensions we encounter. In the present work, we perform
the many-body calculation with two completely independ
shell model codes. First, we used a newly developed ver
of the codeANTOINE @17#. Second, we employed the man
fermion dynamics~MFD! shell-model code@18# used in the
previous NCSM investigations. Both codes work in them
scheme for basis spaces comprising many major shells
use the Lanczos diagonalization algorithm. TheANTOINE

code allows a sophisticated selection of the pivot vector fi
by diagonalizingĴ2 in a small model space and second
using the eigenvectors from smaller model spaces as pi
for the larger model spaces. This reduces the numbe
Lanczos iterations needed for the convergence of the low
states. Also, the algorithm for the calculation of the Ham
tonian matrix elements is very efficient due to a special ba
ordering that allows a very fast generation of all the nonz
matrix elements, which are obtained with just three inte
additions. TheMFD code, on the other hand, is parallelize
using MPI and runs efficiently on parallel machines. It
lows one to compute many Lanczos iterations needed to
tain higher lying states and their properties. Also, the wa
functions obtained by theMFD can be further processed by
parallelized code that we developed to obtain, e.g., one-
two-body transition densities.

We note that theANTOINE code has been under develo
ment since 1989@17# and its algorithms have been high
optimized for running on a single processor machine suc
a scientific workstation. TheMFD has been under develop
ment since 1992@18# as a general purpose code for a varie
of fermionic systems and its algorithms have been hig
optimized for running on parallel machines. These co
have been developed independently by different groups
different algorithms are involved. Hence, the agreement
ported here and elsewhere@8# to within machine precision o
results from theANTOINE and theMFD is significant.

III. AÄ10 RESULTS

We performed calculations up through the 6\V basis
spaces, with dimensionsND51.23107, using both codes
and cross checked that the same results were obtained
calculations in the larger spaces up through the 9\V (ND
'5.53108) were performed only using theANTOINE code.

We present results obtained using the nonlocal CD-B
@11# NN potential and the local Argonne V88 @2# NN poten-
tial, which is an isospin invariant and slightly truncated v
sion of the AV18NN potential. The Coulomb interaction wa
included. The use of the AV88 is advantageous since som
preliminary results are available for this potential with t
Green’s function Monte Carlo ~GFMC! method for
A510 @19#.
02431
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We also investigate electromagnetic and weak transitio
Throughout this study, we employ traditional one-body tra
sition operators with the free nucleon charges. We note
due to the factorization of our wave functions into a produ
of the intrinsic and the3

2 \V c.m. component we obtain
translationally invariant transition matrix elements for t
observables we investigate here. In general, it is possibl
correct for the c.m. motion for any observable within o
formalism. As we work in a truncated basis space, the tr
sition operators should also be renormalized through a w
controlled theoretical framework. The relevant method w
discussed in Ref.@3#. To compute a two-body correction t
the one-body operator is more involved than the evalua
of the effective interaction, however. This complexity aris
because the transformation from relative plus c.m. coo
nates to single-particle coordinates is needed in a sufficie
large two-nucleon space typically comprising excitations
to several hundred\V. In the present study, we do not ca
culate this correction. It will be a subject of our future wor
Here, rather, we investigate the basis size dependence o
observables that gives us a good impression of the exten
the needed renormalization.

A. 10B

As our method depends on the basis-space size and
HO frequency, we first performed investigations of the lo
est states of theA510 nuclei in basis spaces from 0\V
through 8\V (1\V through 9\V) for the positive-
~negative-! parity states and for the HO frequency ran
\V58228 MeV. In Figs. 1 and 2, the dependence for t
11

10 state of10B obtained using the AV88 and the CD-Bonn
2000NN potentials, respectively, is shown. We seek a reg
where the eigenenergy is approximately independent of
HO frequency. This behavior is found in the largest mod
space in the range of about\V512215 MeV and we select
\V514 MeV for our detailed investigations of the excite
states. In general, we obtain a better convergence rate a
weaker HO frequency dependence for the CD-BonnNN po-
tential. For both potentials, even though full convergence

FIG. 1. 10B ground-state energy dependence on the HO
quency for the 028\V model spaces calculated using the effecti
interaction derived from the AV88 NN potential with Coulomb in-
cluded. The GFMC result is from Ref.@19#. In the inset, the ground-
state energies at the HO frequency minima as a function ofNmax are
plotted.
4-4
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not quite achieved, we observe the convergence behavio
both the HO frequency dependence becomes weaker an
discussed later, the relative differences in the excitation sp
tra are smaller with increasing basis size.

To better judge this convergence pattern, we plot in
insets of Figs. 1 and 2 theNmax dependence of the energies
the minima of the HO frequency curves. For the AV88 cal-
culation, we compare with the GFMC results@19#. In Table I,
we summarize the lowest eigenenergy results. For10B with
AV8 8, we obtained a reasonable agreement with the GF
results. We note that our CD-Bonn binding energies
about 1.5–2 MeV larger than the corresponding AV88 results
and that both potentials underbind by as much as 10 M
when compared to experiment.

In Fig. 3, we present the10B excitation spectrum for the
basis spaces from 0\V to 8\V obtained using the CD-Bonn
2000 NN potential and the selected HO frequency of\V
514 MeV. We observe a strong indication of convergen
namely, that the differences in the spectra decrease and
level stability increases with largerNmax. We can see that ou
calculation predicts the 110 ground state contrary to the ex
perimental 310. To shed more light on this issue, we prese
the complete HO frequency dependence of the 110 and the

FIG. 2. 10B ground-state energy dependence on the HO
quency for the 028\V model spaces calculated using the effect
interaction derived from the CD-Bonn 2000NN potential. In the
inset, the ground-state energies at the HO frequency minima
function of Nmax are plotted.
02431
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310 state energies as obtained in the 4\V and the 8\V
spaces in Fig. 4. Apparently, the two states do cross at s
higher frequencies. However, over the region of the least\V
dependence, the 110 state is consistently below the 310
state. More importantly, asNmax increases, the range of fre
quencies with 110 as the ground state increases. Thus,
conclude that both the Argonne and the CD-BonnNN poten-
tials predict the 110 state as the ground state of10B, which
is in disagreement with the experimental observation of 310
ground state. This fact, in addition to the underbinding, i
very strong indication for the need of multinucleon force
This level reversal has also been confirmed in the GFM
calculations for the Argonne potentials~see Table I!, and is
likely due to an insufficient spin-orbit interaction present
the realisticNN potentials. Furthermore, prelimenary calc
lations that include a real three-body force indicate that b
the total binding energy as well as the level ordering can
brought to agreement with experiment@19#. We also note

-

a

FIG. 3. Experimental and theoretical positive-parity excitati
spectra of10B. Results obtained in 0 – 8\V model spaces are com
pared. The effective interaction was derived from the CD-Bo
2000NN potential in a HO basis with\V514 MeV. The experi-
mental values are from Ref.@20#.
te

ssarily
TABLE I. The NCSM results at the HO frequency minima in the8(9)\V basis space for the ground-sta
~lowest negative-parity-state! energies, in MeV, of10B, 10Be,10C,10Li, and 10He using the AV88 and the
CD-Bonn NN potentials with Coulomb included. The GFMC results for the AV88 @19# are shown for
comparison. We note the NCSM is not a variational calculation. Thus, more binding does not nece
imply a better result.

AV8GFMC8 AV8NCSM8 CD-BonnNCSM Exp

10B (110) 255.67(26) 255.37 256.75 264.033
10B (310) 253.23(26) 253.83 255.63 264.751
10B (220) 248.53 249.82 259.641
10Be (011) 256.11(20) 255.35 257.06 264.977
10Be (121) 248.45 249.68 259.017
10C (011) 250.87 252.33 260.321
10Li (0 12) 236.12 236.82 (112) 245.316 (??2)
10He (013) 221.93 222.14 230.340
4-5
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that this situation is similar to other calculations we ha
performed usingG-matrix based effective interactions for th
sd-shell nucleus22Na, which fail to predict the experimenta
ground state spin.

FIG. 4. 10B 110 and 310 state energy dependence on the H
frequency for the 4\V and 8\V model spaces calculated using th
CD-Bonn 2000NN potential.
02431
We also investigated the electromagnetic transitions
well as the quadrupole and magnetic moments of the low
10B levels. Results obtained using the CD-BonnNN poten-
tial at the optimal HO frequency of\V514 MeV are pre-
sented in Table II. To judge the stability and the trends of o
results, the dependence on the basis size in the 428\V
range is shown. The calculated magnetic moments of
31

10 and the 11
10 states are stable and in a reasonable ag

ment with experiment. The 31
10 quadrupole moment shows

steady increase with the basis size but even in the 8\V basis
space the experimental value is underestimated by a
16%. Here, we used free nucleon charges and no ope
renormalization due to basis-space truncation. The sensit
of basis size on ourE2 results suggest the need to empl
effective transition operators, which may be evaluated wit
the present framework and will be a topic for future wor
Our results for the transitions to the 11

10 and the 31
10 states

indicate an inadequate description of these states in con
with the problems found in the excitation energy spectru
.

TABLE II. The NCSM 10B, 10Be, and 10C E2 transitions, ine2 fm4, quadrupole moments, ine fm2, M1 transitions, inmN

2 , and
magnetic moments, inmN obtained using the CD-BonnNN potential and the HO frequency\V514 MeV in the 4\V28\V basis spaces
Free nucleon charges were used in our calculations. The experimental values are from Ref.@20#.

10B 4\V 6\V 8\V Exp

Q(31
10)) @e fm2# 16.059 16.462 16.799 18.472~56!

m(31
10) @mN# 11.862 11.857 N/A 11.8006

m(11
10) @mN# 10.850 10.846 N/A 10.63~12!

B(E2;11
10→31

10) 4.025 4.199 4.512 4.1360.06
B(E2;12

10→31
10) 0.077 0.126 0.163 1.7160.26

B(E2;12
10→11

10) 2.706 3.195 3.742 0.8360.40
B(E2;32

10→11
10) 3.395 4.081 4.754 20.562.6

B(M1;01
11→11

10) 13.659 13.463 13.345 .1.61
B(M1;12

10→11
10) 0.0010 0.0008 N/A 0.0025~4!

B(M1;12
10→01

11) 0.271 0.262 0.241 0.19760.018
B(M1;21

10→31
10) 0.0017 0.0013 0.0019 0.0015~3!

B(M1;21
10→11

10) 0.0001 0.0001 0.0000 0.011~1!

B(M1;21
10→12

10) 0.0255 0.0252 0.0251 0.017~3!

B(M1;21
11→31

10) 0.659 0.529 0.457 0.041~4!

B(M1;21
11→11

10) 0.045 0.051 0.056 0.3260.04
B(M1;21

11→12
10) 3.283 3.302 3.265 2.8660.36

B(M1;21
11→21

10) 3.722 3.612 N/A 2.5060.36
B(M1;22

10→31
10) 0.064 0.112 0.170 0.050~12!

B(M1;22
10→11

10) 0.0000 0.0001 0.0003 0.018~5!

B(M1;41
10→31

10) 0.0011 0.0013 0.0013 0.043~7!

10C 4\V 6\V 8\V Exp

B(E2;21
1→01

1) 4.018 4.913 5.702 12.362.0

10Be 4\V 6\V 8\V Exp

B(E2;21
1→01

1) 5.703 6.080 6.584 10.561.1
B(E2;22

1→01
1) 0.087 0.119 0.133 N/A

B(E2;0intr
1 →21

1)(E0
intr
1 @MeV#! 0.022~24.76! 0.108~19.93! 0.073~16.99! 3.362.0~6.18!

B(E2;0intr
1 →21

1)(E0
intr
1 @MeV#! 1.315~31.51! 1.384~25.59! 1.988~22.00! 3.362.0~6.18!
4-6
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We note that for technical reasons the observables in
8\V model space were evaluated using states withJz50,
hence, some observables were not available~the Clebsch-
Gordon coefficient being identical to zero!.

In Fig. 5, we present the negative-parity energy lev
obtained using the CD-Bonn 2000 in basis spaces from
1\V up through the 9\V. The excitation energies are rela
tive to the (N21)\V ground states. As with the positive
parity states, we observe a convergence pattern with incr
ing basis size. This is particularly evident within the negat
parity spectrum. On the other hand, the convergence of
overall negative-parity spectrum relative to the positiv
parity ground state is somewhat slower than seen for
ground state itself. Nonetheless, even though the nega
parity spectrum is not yet fully converged, it is apparen
will lie higher in excitation than experiment. This is consi
tent with an overall trend observed in other NCSM calcu
tions, and it is an interesting speculation whether a true t
body force will be necessary to correct this behavior. We a
note that in contrast to the low-lying positive parity state
the level ordering for negative-parity states is in better agr
ment with the experimental trend.

In addition to the negative-parity states, in Fig. 5 we a
exhibit properties of so-called ‘‘intruder’’ states, which a
characterized with structure dominated by higher\V excita-
tions. Of particular interest to us is the 110 state which we
first observe below 20 MeV in the 6\V space and drops
below 17 MeV in the 8\V space. Our calculated intrude
state, detailed in Table III, is predominantly a 2\V state.
This state may be a candidate for the observed 5.18 M
110 resonance located just above the6Li1a threshold. The
substantial decrease of the intruder’s exciation energy w
the basis size contrasts the stability of the 0\V-dominated

FIG. 5. Experimental and theoretical negative-parity excitat
spectra of 10B shown together with selected low-lying positive
parity states including the intruder 110 state. Results obtained i
129\V model spaces are compared. The calculated excitation
ergies are obtained by comparing their energies in theN\V space
with the ground state in the (N21)\V space. The effective inter
action was derived from the CD-Bonn 2000NN potential in a HO
basis with\V514 MeV. The experimental values are from Re
@20#.
02431
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states as well as the smooth convergence pattern of
negative-parity 1\V-dominated states. Significantly large
basis spaces would be needed to obtain convergence o
intruder state.

B. 10C

The ground-state energy results for10C are shown in
Table I and the HO frequency and basis-size dependence
our CD-Bonn 2000 calculation are shown in Fig. 6. We s
from Fig. 6 that with increasing basis size a HO frequen
dependence is obtained. Also, the differences between
cessive curves and energy minima decrease with increa
basis size.

The B(E2) value of the 21
11→01

11 transition is known
experimentally@20#, and the result obtained with the CD
BonnNN potential with\V514 MeV is shown in Table II.
Our results show steady increase with the basis size, but e
in the 8\V basis space the experimental value is undere
mated considerably, again indicating the need for effect
transition operators.

n

n-

FIG. 6. 10C ground-state energy dependence on the HO
quency for the 0 – 8\V model spaces calculated using the effecti
interaction derived from the CD-Bonn 2000NN potential. In the
inset, the ground-state energies at the HO frequency minima
function of Nmax are plotted.

TABLE III. The NCSM excitation energies, in MeV, and con
figurations of the two lowest10B 110 states and the intruder 110
state using the CD-BonnNN potential with Coulomb included. Re
sults obtained in the 6\V and 8\V basis space using\V
514 MeV are presented.

10B 6\V basis space
JpT Ex @MeV# 0\V 2\V 4\V 6\V

110 0.0 0.58 0.21 0.13 0.08
110 2.94 0.57 0.21 0.13 0.09
110 19.87 0.02 0.62 0.22 0.14

10B 8\V basis space
JpT Ex @MeV# 0\V 2\V 4\V 6\V 8\V

110 0.0 0.55 0.19 0.14 0.07 0.05
110 2.82 0.54 0.19 0.14 0.07 0.06
110 16.85 0.02 0.53 0.23 0.13 0.08
4-7
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In Table IV, we compare our calculatedB(GT) values for
the 10C(011)→10B(11

10) transition to experiment. Unlike
theB(E2) results, theB(GT) calculations show good stabi
ity with respect to the basis-size change, and suggest tha
renormalization of Gamow-Teller operator due to the ba
truncation should be small. It is interesting to note, thou
that we overestimate the experimental value in a sim
fashion to results obtained in phenomenological shell-mo
calculations also performed with free nucleon Gamow-Te
operator reported in Ref.@21#.

C. 10Be

Our ground-state energy results for10Be are shown in
Table I and a complete HO frequency and the basis
dependence for our AV88 calculation is shown in Fig. 7. We
make a comprison with the GFMC result@19# obtained using
the sameNN potential. We observe a reasonable agreem
similarly as for 10B. As expected from analog symmetry, o
calculations for10Be and10C are quite similar. Comparing
the results in Figs. 6 and 7, we see that the HO frequency
well as basis size, dependecies are weaker and thus f
convergence is obtained for the CD-Bonn potential in o
approach.

Our calculated10Be excitation spectra are presented
Fig. 8 for the CD-BonnNN potential. As with10B, selected
B(E2) values calculated at the selected HO frequency
\V514 MeV are listed in Table II.

We also investigated the10Be negative parity states, an
these are shown in Fig. 9 for the CD-BonnNN potential. The

FIG. 7. 10Be ground-state energy dependence on the HO
quency for the 0 – 8\V model spaces calculated using the effect
interaction derived from the AV88 NN potential with Coulomb in-
cluded. The GFMC result is from Ref.@19#. In the inset, the ground
state energies at the HO frequency minima as a function ofNmax are
plotted.

TABLE IV. Gamow-Teller B(GT) value dependence on th
basis-space size for the10C(011)→10B(11

10) transition obtained
using the CD-BonnNN potential and the HO frequency\V
514 MeV in the 4\V28\V basis spaces. The experiment
value is from Ref.@21#.

10C(011)→10B(11
10) 4\V 6\V 8\V Exp

B(GT) 4.847 4.750 4.695 3.44
02431
the
is
,
r
el
r

e

nt

as
ter
r

f

excitation energies obtained in the 129\V spaces are
shown relative to the (N21)\V ground states. As for the
positive-parity states, we observe a convergence pat
where the changes in the excitation energies decrease
increasing basis size. In addition, as with10B, the overall
convergence of the negative parity excitation energies
slower than those with positive parity. It is interesting to no
that the level ordering agrees with experiment in all ba
spaces, although in the smaller spaces the 021 state lies
below the 421. The experimental position of the 021 state is
not known and thus we infer that it is likely to lie above th
421 state. We also note that the level spacing improves w

-

FIG. 8. Experimental and theoretical positive-parity excitati
spectra of10Be. Results obtained in 0 – 8\V model spaces are com
pared. The effective interaction was derived from the CD-Bo
2000NN potential in a HO basis with\V514 MeV. The experi-
mental values are from Ref.@20#.

FIG. 9. Experimental and theoretical negative-parity excitat
spectra of10Be shown together with selected low-lying positiv
parity states. Results obtained in 1 – 9\V model spaces are com
pared. The calculated excitation energies are obtained by compa
their energies in theN\V space with the ground state in the (N
21)\V space. The effective interaction was derived from the C
Bonn 2000NN potential in a HO basis with\V514 MeV. The
experimental values are from Ref.@20#.
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the size of the basis compared to experiment. The 22
11 and

121 states have almost the same experimental energy, a
our calculations we underpredict the excitation energy of
22

11 state and overpredict the 21
11 excitation energy. This is

again likely due to an insufficient spin-orbit interaction in t
NN potentials. At the same time, the calculated excitat
energy of the 121 state is too high, and although extrapo
tions are not straightforward, we expect, based on our ex
rience in lighter systems, that modernNN potentials predict
the 121 state to be above the 22

11 state. As was the case fo
10B, the negative parity states tend to be too high in exc
tion relative to experiment by 1–2 MeV.

We also evaluated the Gamow-Teller transitions from
10B 310 ground state to several10Be states~Table V! and
found qualitative agreement with experimental values p
lished in Ref.@22#. At this point, we focus attention on th
properties of the spectrum of 01 states, as these have beari
on our ability to evalaute the isospin-mixing corrections
the Fermi matrix element in10C. For this reason, the fou
lowest 011 states are shown in Fig. 8. In addition, the ex
tation energies and\V configurations for low-lying 01

states, and the first two ‘‘intruder’’ states are shown in Ta
VI. These intruder states are characterized by having sig
cant multi-\V excitations. While both of these intruders a
generally 2\V in nature, they are in fact quite different. I
particular, the lower intruder largely consists of two-partic
excitations from the 0p shell into the 0s1d shell, while the
second intruder level is dominated by one-particle 2\V ex-
citations. Of these two states, the second has a larger C
lomb matrix element with the ground state~because on av
erage it differs by just one particle!, and therefore the analo
of this state in 10C and 10B will have a larger effect the
isospin-mixing correction to the Fermi matrix element.

Overall, starting at Nmax52, the positions of the
0\V-dominated 011 states are quite stable, which is in co
trast to the two ‘‘intruder’’ 011 levels whose excitation en
ergies drop dramatically with increasing basis size. This
havior is similar to that of the ‘‘intruder’’ states that w
recently studied in8Be with the NCSM@8#. Of considerable
importance is the location of these states and their corres
dance to experiment. Unfortunately, only two 01 states have
been identified in10Be, and there is theoretical speculatio
@23,24# that the 02

11 state at 6.179 MeV is actually a two
particle excitation intruder state similar to our lower intrud

TABLE V. Gamow-Teller B(GT) value dependence on th
basis-space size for the10B(31

10)→10Be(Jp1) transitions obtained
using the CD-BonnNN potential and the HO frequency\V
514 MeV in the 4\V26\V basis spaces. The experimental va
ues are from Ref.@22#.

10B(310)→10Be(Jp1,DEexp) 4\V 6\V Exp

B(GT;21
11,3.37) 0.108 0.124 0.0860.03

B(GT;22
11,5.96) 1.529 1.479 0.9560.13

B@GT;(2)11,9.4# 0.122 0.094 0.3160.08
B(GT;311) 0.161 0.176 N/A
B(GT;411) 0.0013 0.0021 N/A
02431
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This state was also studied within cluster models such
e.g., the molecular orbital model@25# or antisymmetrized
molecular dynamics approach@26#. To illustrate the behavior
of these intruder states, in Fig. 10 we show the excitat
energy of the these states plus the 0\V-dominated 02

11 state

TABLE VI. The NCSM excitation energies, in MeV, and con
figurations of the four lowest10Be 011 states plus additional 011
intruder states using the CD-BonnNN potential with Coulomb in-
cluded. Results obtained in the 4\V, 6\V, and 8\V basis space
using\V514 MeV are presented.

10Be 4\V basis space
JpT Ex @MeV# 0\V 2\V 4\V

01
11 0.0 0.64 0.21 0.15

02
11 9.51 0.66 0.19 0.15

03
11 12.14 0.66 0.19 0.15

04
11 20.35 0.68 0.16 0.16

06
11 24.76 0.01 0.73 0.26

08
11 31.51 0.08 0.67 0.25

10Be 6\V basis space
JpT Ex @MeV# 0\V 2\V 4\V 6\V

01
11 0.0 0.58 0.21 0.13 0.08

02
11 9.78 0.61 0.19 0.12 0.08

03
11 12.26 0.60 0.19 0.13 0.08

04
11 19.93 0.04 0.60 0.22 0.14

07
11 25.59 0.17 0.52 0.17 0.14

10Be 8\V basis space
JpT Ex @MeV# 0\V 2\V 4\V 6\V 8\V

01
11 0.0 0.55 0.19 0.14 0.07 0.05

02
11 9.65 0.57 0.18 0.13 0.07 0.05

03
11 11.95 0.56 0.18 0.14 0.07 0.05

04
11 16.99 0.02 0.54 0.23 0.13 0.08

06
11 22.00 0.16 0.45 0.19 0.12 0.08

FIG. 10. Experimental and theoretical 21
11, 02

11, and 011 in-
truder state excitation spectra of10Be. Results obtained in
428\V model spaces are shown. The effective interaction w
derived from the CD-Bonn 2000NN potential in a HO basis with
\V514 MeV. The experimental values are from Ref.@20#.
4-9
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relative to the ground state and the 21
11 level. These are

compared with the three corresponding experimental sta
It is apparent from the figure that at 8\V the two intruders
are beginning to exhibit a behavior consistent with conv
gence, as the rate of change in the excitation energie
decreasing with the larger model spaces. A crude attemp
predict the converged energies based on an exponen
decaying function ofNmax, as was also done for the intrude
in 8Be @8#, leads to excitation energies of the order 12.4 a
16.5 MeV for the two intruder levels. At this point it is wort
noting that generically we find the excitation energies of
negative-parity, one-particle excitations to be too high
1–2 MeV. Assuming that this difference is corrected by
three-nucleon force, it is not unreasonable to expect that
excitation energy of the two-particle excitation intrud
would be lower still by 2–4 MeV. In addition, with this
lower excitation energy, this intruder will start to mix wit
the 0\V state at 9.65 MeV, and will likely lead to a 02

11
state with a lower excitation energy than presently predic
Unfortunately, at present we are not able to give a furt
indication as to the nature of the 6.179 MeV state in10Be.

D. 10Li

The experimental situation is not clear concerning the p
ity of the ground state of10Li @27#. We performed the
positive- and negative-parity calculations up through 8\V
and 9\V spaces, respectively. As seen in Fig. 11, our res
show the positive-parity states lie below the negative-pa
states. However, the trend with increasing basis size sh
that the negative parity-state binding energies approach q
rapidly the positive-parity state binding energies, and in
largest spaces, the negative-parity states lie within 3 MeV
the positive-parity states. At present, we are not in a posi
to make a definitive extrapolation and predict the parity
the 10Li ground state for either of theNN potentials we
employed, but we predict the states of different parity to
within 1 or 2 MeV. Also, by examining our10B ~Fig. 5! and

FIG. 11. The calculated lowest-lying positive-parity an
negative-parity state excitation energies of10Li. Results obtained in
0 – 9\V model spaces are compared. The negative-parity excita
energies are obtained by comparing their energies in theN\V
space with the ground state in the (N21)\V space. The effective
interaction was derived from the CD-Bonn 2000NN potential in a
HO basis with\V514 MeV.
02431
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10Be ~Fig. 9! results, we observe that our 9\V states are
about 2 MeV above their experimental counterparts. E
trapolating this to our10Li results, we conclude that the low
est negative- and the positive-parity states of10Li would be
found at approximately the same energy.

We obtain the positive parity 212, 112, and 012 states to
be almost degenerate. In the largest space employed 8\V we
obtain the 112 as the ground state for the CD-Bonn 20
NN potential. We expect that an increase of the spin-o
interaction due to, e.g., the three-body force would bring
212 state below the 112 state.

E. 10He

The search for the neutron rich nucleus10He was reported
in Ref. @28#. Our ground-state energy results for10He ob-
tained for the CD-Bonn 2000 and the AV88 NN potentials
are shown in Table I. We observe the smallest difference
our results between the AV88 and the CD-Bonn compared t
the other isobars. However, we note that this could be
fected by different convergence rate for the two potenti
and a overall slower convergence rate for resonance stat
our method.

IV. ISOSPIN-MIXING CORRECTION
FOR THE 10C\10B FERMI TRANSITION

Superallowed Fermib transitions in nuclei (Jp501,T
51)→(Jp501,T51) provide an excellent laboratory fo
precise tests of the properties of the electroweak interact
and have been the subject of intense study for several
cades ~see Refs.@29–41#!. According to the conserved
vector-current~CVC! hypothesis, for pure Fermi transition
the product of the partial half-life,t, and the statistical phase
space factorf should be nucleus independent and given b

f t5
K

GV
2 uMFu2

, ~17!

where K/(\c)652p3ln 2\/(mec
2)558.120 270(12)31027

GeV24 s, GV is the vector coupling constant for nuclearb
decay, and MF is the Fermi matrix element,MF
5^c f uT6uc i&. By comparing the decay rates for muon a
nuclear Fermib decay, the Cabibbo-Kobayashi-Maskaw
~CKM! mixing matrix element@34# betweenu andd quarks
(vud) can be determined and a precise test of the unita
condition of the CKM matrix is possible under the assum
tion of the three-generation standard model@33,34#.

For tests of the standard model, two nucleus-depend
corrections must be applied to experimentalf t values. The
first is a series of radiative corrections to the statistical pha
space factor embodied in the factorsdR andDR , giving @35–
37#

f R5 f ~11dR1DR!, ~18!

wheredR is due to standard, electromagnetic~‘‘outer’’ ! ra-
diative corrections~see. p. 45 in Ref.@35#! and DR is what
has been referred to as the ‘‘inner’’ radiative correction~see

n
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p. 47 of Ref. @35#! and includes axial-vector interferenc
terms@37,38#. The second correction, which is the subject
this work, modifies the nuclear matrix elementMF and is
due to the presence of isospin-nonconserving~INC! forces
~predominantly Coulomb!. This correction is denoted bydC
@30,31,40# and modifies the Fermi matrix element byuMFu2
5uMF0u2(12dC), whereMF05@T(T11)2TZi

TZf
#1/2 is the

value of the matrix element under the assumption of p
isospin symmetry.

With the correctionsdR , DR , and dC , a ‘‘nucleus-
independent’’Ft can be defined by

Ft5 f t~11dR1DR!~12dC!, ~19!

and the CKM matrix elementvud is given by@38#

uvudu25
p3ln 2

Ft

\7

GF
2me

5c4
5

2984.38~6! s

Ft
, ~20!

where the Fermi coupling constantGF is obtained from
muonb decay, and includes radiative corrections. Curren
f t values for nine superallowed transitions have been m
sured with an experimental precision of 0.2% or bet
@32,42#. With these precise measurements and reliable e
mates for the corrections, the CVC hypothesis can be c
firmed by checking the constancy of theFt values for each
nucleus, while the unitarity condition of the CKM matrix
tested by comparing the extracted value ofvud with the val-
ues determined forvus50.2199(17)@38# and vub,0.0075
~90% confidence level! @43#, i.e., v25vud

2 1vus
2 1vub

2 51.
For the nine accurately measured cases, the isos

mixing correctiondC has been evaluated within the fram
work of the shell model and split into two componentsdC
5d IM 1dRO . The first,d IM , is due to mixing with low-lying
0\V levels within the conventional shell-model space. T
second,dRO accounts for states lying outside the shell-mo
space, in particular, 1p-1h, 2\V excitations, through a
mismatch in the radial overlap between the converted pro
and neutron in the parent and daughter nuclei, respectiv
With these corrections, the unitarity condition of the CK
matrix is found to be 0.995560.0017@44#, which represents
a three-sigma deviation. Of particular interest is understa
ing whether the previous estimates ofdC are somehow
flawed due to the decomposition into the two components
this regard, the NCSM may be able to shed light on t
question as both components ofdC are contained within the
same large-scale calculation.

Previously, we applied the no-core shell model wa
functions to compute the isospin-mixing correction of t
10C→10B Fermi transition@45#. In that study, we were lim-
ited to the 4\V basis spaces. Also, the formalism used
Ref. @45# was such that full convergence to the exact solut
would not be achieved with increasing basis size. In
present paper, we extend our investigations up the 8\V
space, examine the HO frequency dependence of our res
use a consistentab initio formalism that guarantees conve
gence to the exact solution, and, finally, use the new C
02431
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Bonn 2000 NN potential @11# that includes isospin and
charge symmetry breaking in the strong interaction.

Our goal is to evaluate the Fermi matrix element

MF5^10B,011uT2u10C,011&, ~21!

which is equal toA2 for an isospin-invariant system. Th
Fermi matrix element and the correctiondC was computed
using basis spaces ranging from 0\V to 8\V for a wide
range of HO frequncies, i.e.,\V58 MeV to \V
524 MeV. We quote as our final result the value we obta
in the largest accessible space, i.e., 8\V, at the HO fre-
quency, where the ground-state energy is at its minimu
i.e., \V514 MeV. However, the trends and dependecies
both Nmax and V are important to gauge convergence a
this motivates this more extensive investigation.

From the point of view of the beta decay of10C, a good
description of theT51 states is important. One measure
our calculations is the coefficients of the isobaric mass m
tiplet equation ~IMME ! @BE(Tz)5a1bTz1cTz

2#. For A
510, we find b52.365 MeV andc50.535 MeV, which
are to be compared with the experimental values ofb
52.328 MeV andc50.362 MeV. The largerc-coefficient
indicates a somewhat strong isotensor component in the
fective interaction. We note, though, that thec coefficient
decreases with increasing model space.

The calculated isospin-mixing correctionsdC51
2uMFu2/2, in %, are presented in Table VII and in Fig. 12.
general, the size of the correction depends on the nuc
radius; the smaller the radius the larger the Coulomb ene
and thus the larger the correction. At the same time, the
of the correction also depends on the position of
1p-1h, 2\V states that influence the ground-state isos

FIG. 12. Isospin mixing correction for the10C(011)
→10B(011) Fermi transition as a dependence on the basis
from the 0\V to the 8\V space for several HO frequencies. Th
CD-Bonn 2000NN potential was used.

TABLE VII. Isospin-mixing correctiondC , in %, dependence
on the basis-space size for the10C(011)→10B(011) Fermi transi-
tion. The values correspond to calculations with the ground-s
energies at the HO frequency minima at each basis space. The
Bonn 2000NN potential was used.

10C(011)→10B(011) 0\V 2\V 4\V 6\V 8\V

dC @%# 0.029 0.051 0.068 0.095 0.121
4-11
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mixing. The lower these states appear, the larger the cor
tion. Unfortunately, the excitation energy of these states
not known experimentally. In our calculations, as a funct
of the HO frequency\V, these two effects cancel to a ce
tain degree because a lower frequency leads to a larger ra
but at the same time a lower position of the 1p-1h states.
Consequently, we observe little dependence indC on the HO
frequency. On the other hand, we observe a strong de
dence in the isospin-mixing correction due toNmax. The rea-
son for this strongNmax dependence is the overall decrease
the excitation energy of the 1p-1h, 2\V states with increas
ing basis size discussed in Sec. III C.

It is apparent from both Table VII and Fig. 12 that
saturation in the isospin-mixing correction with increasi
basis size is not yet achieved. At present, our best re
obtained in the 8\V space isdC50.12%. This result is com
patible with the previously published value ofdC
'0.15(9)% by Ormand and Brown@41# obtained in a phe-
nomenological treatment. Also it is compatible with our e
lier result published in Ref.@45#. Given the convergence pa
tern exhibited by the ‘‘intruder’’ states discussed in Sec. III
it is likely that dC will increase with a larger model spac
However, a rough estimate of the fulldC can be obtained via
perturbation theory. The contribution todC due to the
0\V, 011 states is approximately 0.03%~as shown in
Table VII!, and, consequently, in theNmax58 model space
the contribution of the higher-lying 1p-1h, 2\V states is
'0.09%. If we assume that all of this contribution can
attributed to the first calcuated 1p-1h state, an estimate th
full value of dC would be

dC5F0.0310.09S Ex
8\V

Ex
full D 2G , ~22!

whereEx is the excitation energy of the 1p-1h, 2\V state in
the 8\V space and the full model space. In Sec. III C, w
arrived at rough estimate of 16.5 MeV forEx

full , leading to
dC'0.19%. Note that in some ways this is an overestim
as some fraction of the remaining 0.09% contribution is d
to states that lie higher in excitation energy than the fi
calculated 1p-1h state. At this point, it is clear that a 10\V
calculation is desirable to shed more light on thedC satura-
tion issue. Such a calculation is likely within reach and m
be done in a near future.

Finally, we note that unitarity of the CKM matrix would
require a value of 0.58~19! for dC @f t(11dR1DR)53154
65.1stat62.4sys @46##. Consequently, although our results a
not yet conclusive for a new value ofdC for the 10C transi-
tion, it is unlikely that failure to satisfy the unitarity cond
tion for the CKM matrix is due to a miscalculation, or
missing component, in the previous estimates of the isos
mixing correction to the Fermi matrix element.

V. CONCLUSIONS

We performed large-scaleab initio no core shell mode
calculations forA510 nuclei with basis spaces up throug
the 9\V with matrix dimensions reaching 5.53108. Using
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realistic Argonne and CD-BonnNN potentials, we calculated
binding energies, excitation spectra~including negative par-
ity and intruder 2\V-dominated states!, as well as electro-
magnetic properties and Gamow-Teller transitions.

For 10B, the Argonne and the CD-BonnNN interactions
produce aJpT5110 ground state, contrary to experime
tally observed 310 ground state. This is a clear indication
the need for true three-body forces to describe the low-ly
structure in complex nuclei. From our10Li results, we con-
clude that the lowest negative- and the positive-parity sta
of 10Li would be found at approximately the same energy.
many ways, theA510 system represents an excellent Lab
ratory for testing the effects of true three-nucleon forces.

We investigated the isospin-mixing correction of the10C
→10B Fermi transition, and obtaineddC50.12%. However,
we expect that this correction will still increase if we we
able to access larger basis spaces, and obtain an estima
0.19% based on perturbation theory and a rough estimat
the excitation energy of the first 1p-1h, 2\V state in the
full calculation. Given this modest result and the fact that
unitarity of the CKM matrix would require a value ofdC
50.58(19), it is unlikely that the the breakdown of unitari
in the CKM matrix is due to a miscalculation, or a missin
component, in the previous estimates ofdC .

We note that the NCSM differs from the standard sh
model approach, concerning the description of loosely bo
states or the isospin-mixing correction, e.g., as used in R
@23# or in Ref. @41#. In particular, the standard shell mod
relies on the assumption that an effective interaction ex
and is often determined by tuning to experimental propert
This is also the case for the single-particle properties, wh
solutions to Woods-Saxon or Hartree-Fock~and sometimes
even harmonic oscillator! potentials are used. Again, thes
are frequently ‘‘tuned’’ to experiment by using the approp
ate separation energy. In the NCSM approach, on the o
hand, no single-particle energies are used and the effec
interaction is not emprically determined, but rather deriv
from the underlying internucleon interaction in a way th
guarantees convergence to the exact solution with the b
size enlargement. In the NCSM, it is possible that a prec
description of loosely bound and unbound, single-parti
resonances, might need a large number of oscillator state
particular many\V, one-particle excitations. This is an im
portant area for future exploration in the NCSM. For t
isospin-mixing correction, the primary difference betwe
the NCSM and the standard shell-model approach lies
how low-lying configuration mixing and the radial mismatc
are treated. In the standard shell model, these contribut
are treated separately, and proton and neutron radial w
functions obtained from an appropriate mean field using
perimental separation energies are used~as well as sum over
intermediate parent states!. On the other hand, both thes
contributions are accounted for within the NCSM formalis
In particular, the radial-overlap mismatch is primarily d
scribed by mixing with higher-lying 2\V, one-particle exci-
tations by the Coulomb interaction. It is important to no
that in addition to the strength of the Coulomb matrix e
ment, the isospin-mixing amplitudes are also determined
the excitation energies of the 2\V states. Our study finds
4-12
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that these excitation energies are also dependent on
model space size, and that although convergence is no
found some stablization appears to be evident.

We feel that is likely that 10\V calculations forA510
nuclei will soon be within reach and are planned for the n
future. Such calculations will be interesting for an extend
study of the intruder states and the the isospin-mixing c
rection. In particular, we will re-examine the10C→10B
Fermi transition investigation where we need still larg
model space results in order to conduct a reasonable extr
lation.

Finally, we make an overall observation. Theab initio
NCSM with our present theory forHeff and present
computer/algorithm/code technologies provide reasona
convergentp-shell results for states dominated by 0\V con-
figurations. Most other states appear to require, for con
hy
v.

a

.

J

a

s.

02431
the
et

r
d
r-

r
o-

ly

r-

gent results, either the use of higher-body effective ma
body forces or improved computational capacity, or both.
need and expect additional breakthroughs to access the
larged range of phenomena where higher than 0\V configu-
rations play a major role.
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