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Intruder states in 8Be
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Low-lying intruder T50 states in8Be have been posited and challenged. To address this issue, we per-
formed ab initio shell model calculations in model spaces consisting of up to 10\V excitations above the
unperturbed ground state with the basis state dimensions reaching 1.873108. To gain predictive power we
derive and use effective interactions from realistic nucleon-nucleon (NN) potentials in a way that guarantees
convergence to the exact solution with increasing model space. Our 0\V dominated states show good stability
when the model space size increases. At the same time, we observe a rapid drop in excitation energy of the
2\V dominatedT50 states. In the 10\V space the intruder 010 state falls below 18 MeV of excitation and,
also, below the lowest 011 state. Our extrapolations suggest that this state may stabilize around 12 MeV. We
hypothesize that these states might be the broad resonance intruder states needed inR-matrix analysis ofa
2a elastic scattering. In addition, we present our predictions for theA58 binding energies with the CD-Bonn
NN potential.
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In theR-matrix analysis ofa1a elastic scattering and th
analysis of 9Be(p,d)8Be and theb decay of 8Li and 8B,
very broad 01 and 21 intruder states at about 10 MeV we
inferred @1#. Such states would complement the well-know
ground-state rotational band and the 21 states at 16.6 and
16.9 MeV, but have not been directly observed. In a sepa
R-matrix analysis, Warburton did not dispute the need for
inclusion of intruder states, but tried to adjust the interact
radius so that the intruder states appear above 26 MeV
excitation energy of8Be @2#. Recently, the existence of th
low-lying intruder states in8Be was disputed in multi-\V
shell model~SM! and deformed oscillator model calculation
@3#. This theoretical work was followed by a Comment@4#
and a Reply to the comment@5#. Recently, Barker reevalu
ated the earlierR-matrix analyses@6# and reemphasized th
need for these low-lying intruder states. At the same time
pointed out that the attempts to fit data without these lo
lying intruder states in Ref.@2# led to inconsistent values o
R-matrix parameters.

Here, we present results of multi-\V shell model calcu-
lations that differ significantly from those in Ref.@3#. First,
we extend the basis spaces up to 10\V. Second, instead o
phenomenological interactions, we employ two-body eff
tive interactions derived from realisticNN potentials. We
apply theab initio no-core shell model~NCSM! @7,8#, with
the effective interactions derived in a way that guarant
convergence to the exact solution with increasing mo
space size.

In the NCSM, we start from the intrinsic two-body Hami
tonian for theA-nucleon systemHA5Trel1V, whereTrel is
the relative kinetic energy andV is the sum of two-body
nuclear and Coulomb interactions. Since we solve the ma
body problem in a finite harmonic-oscillator~HO! basis
space, it is necessary that we derive a model-space depe
effective Hamiltonian. For this purpose, we perform a u
tary transformation@7–12# of the Hamiltonian, which ac-
commodates the short-range correlations. In general,
0556-2813/2001/64~5!/051301~5!/$20.00 64 0513
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transformed Hamiltonian is anA-body operator. Our sim-
plest, yet nontrivial, approximation is to develop a tw
particle cluster effective Hamiltonian, while the next im
provement is to include three-particle clusters, and so
The effective interaction is then obtained from the deco
pling condition between the model space and the exclu
space for the two-nucleon transformed Hamiltonian. The
sulting two-body effective Hamiltonian depends on t
nucleon numberA, the HO frequencyV, and Nmax, the
maximum many-body HO excitation energy defining t
model space. It follows that the effective interaction a
proaches the starting bare interaction forNmax→`. Our ef-
fective interaction is translationally invariant. A significa
consequence of this fact is the exact factorization of
wave functions into a product of a 0\V c.m. component
times an internal component. This is another feature that
tinguishes our approach from most phenomenological
studies that involve multiple HO shells.

Our most significant approximation here is the use of
two-body cluster approximation to the effective many-bo
Hamiltonian. Our method is not variational so higher-ord
terms may contribute with either sign to total bindin
Hence, evaluating the dependence on the basis-space pa
eters and comparisons with other methods where avail
help calibrate our convergence.

Once the effective interaction is derived, we diagonal
the effective Hamiltonian in a Slater determinant HO ba
that spans a completeNmax\V space. This is a highly non
trivial problem due to very large dimensions we encoun
In the present work we performed the many-body calculat
with two completely independent shell model codes. Fi
we used a newly developed version of the codeANTOINE

@13#. Second, we employed the many-fermion dynam
~MFD! shell-model code@14# used in the previous NCSM
investigations. Both codes work in them scheme for basis
spaces comprising many major shells and use the Lan
diagonalization algorithm. TheANTOINE code allows a so-
©2001 The American Physical Society01-1
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phisticated selection of the pivot vector first by diagonalizi

Ĵ2 in a small model space and second by using the eigen
tors from smaller model spaces as pivots for the larger mo
spaces. This reduces the number of Lanczos iterat
needed for the convergence of the lowest states. Also,
algorithm for the calculation of the Hamiltonian matrix el
ments is very efficient due to a special basis ordering
allows a very fast generation of all the nonzero matrix e
ments, which are obtained with just three integer additio
The MFD code, on the other hand, is parallelized using M
and runs efficiently on parallel machines. It allows one
compute many Lanczos iterations needed to obtain hig
lying states and their properties. Also, the wave functio
obtained by the MFD can be further processed by a para
ized code that we developed to obtain, e.g., one- and t
body transition densities.

We performed calculations up to the 6\V basis spaces
with dimensionsND523106, using both codes and cros
checked that the same results were obtained. The calc
tions in the 8\V (ND523107) and 10\V (ND51.87
3108) were performed only using theANTOINE code.

We present results that we obtained using the nonlo
CD-Bonn@15# NN potential and the local Argonne V88 @16#
NN potential, which is an isospin invariant, slightly trun
cated, version of the AV18NN potential. The use of the
AV8 8 is advantageous since exact solutions were obta
for this potential with the Green’s function Monte Car
~GFMC! method@16#.

As our method depends on the basis space size and
HO frequency, we first performed investigations of t
ground states of theA58 isobars,8Be, 8Li, 8B, and 8He in
basis spaces from 0\V to 8\V and for the HO frequency
range\V58 – 28 MeV. In general, we obtain a better co
vergence rate and a weaker HO frequency dependence
the CD-BonnNN potential. As an example, in Fig. 1 w
present the8Be ground-state energy dependence on the
frequency for the CD-Bonn calculation. We seek a reg
where the ground state is approximately independent of
HO frequency. We find this behavior in the largest mod
space in the range of\V512– 15 MeV and we select\V
514 MeV for our detailed investigations of the excite

FIG. 1. Ground-state energy of8Be, in MeV, dependence on th
HO frequency for the 0\V –10\V model spaces using the CD
Bonn NN potential. The 10\V calculation was performed only a
\V514 MeV.
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states. Also, due to its magnitude, the 10\V calculation was
performed only for this selected HO frequency. We will pu
lish further details elsewhere.

In Table I, we present the ground-state energies. T
NCSM results correspond to the 8\V basis space at the
minimum of the HO frequency dependence. The binding
ergies that we obtain with the AV88 with Coulomb are
within 2 MeV of the GFMC results. As the NCSM is not
variational method, more binding in NCSM compared
GFMC does not imply a better result. We use the differen
between the NCSM and the GFMC results for the AV88 NN
potential to estimate the uncertainty in our CD-Bonn pred
tions. We note that our CD-Bonn binding energies are ab
2–3 MeV larger than the corresponding AV88 GFMC re-
sults, which is a trend consistent with results obtained
lighter nuclei. Still, even the CD-Bonn underbinds theA
58 isobars. We conclude that a multinucleon interaction
needed to achieve agreement with experiment.

In Table II, we present the excitation energies that
obtained in the 8\V and 10\V basis spaces using\V
514 MeV. We note that the 10\V calculation is very com-
plex. Therefore, we obtained, apart from the ground state
the the intruderT50 01 state that interests us the most, on
the lowest 21, 11, 31, and 41 states to check the stabilit
of the 0\V dominated states. Moreover, we computed
additional four lowest 41 states including theT50 41 in-
truder state using the AV88 NN potential. Let us note that in
these 10\V calculations we obtained the ground-state e
ergy of 248.323 MeV and of250.847 MeV with the
AV8 8 and the CD-Bonn, respectively. We observe a reas
able agreement with experiment with a nearly correct le
ordering and small differences between the CD-Bonn and
AV8 8 results.

A remarkable feature is the appearance of the intru
2\V dominated 010 state below 20 MeV for bothNN po-
tentials. In the case of CD-Bonn, this intruder is already
low the lowest 011 state in the 8\V space. Such an intrude
state has not been observed directly, but, as noted abov
might be a candidate for a broad resonance intruder s
needed in theR-matrix fits of thea1a scattering.

To develop an insight for the evolution of the intrud
states with the basis change, we systematically searche
these states in the smaller basis spaces, i.e., from 2\V to

TABLE I. The NCSM results in the 8\V basis space for the
ground-state energies, in MeV, of8Be, 8Li, 8B, and 8He using the
AV8 8 and the CD-BonnNN potentials with Coulomb included. The
GFMC results for the AV88 @16# are shown for comparison. Th
uncertainties in the CD-Bonn results are deduced from the dif
ences between the NCSM and the GFMC results for the AV88 NN
potential. We note the NCSM is not a variational calculation. Th
more binding does not necessarily imply a better result.

AV8 GFMC8 AV8 NCSM8 CD-BonnNCSM Exp

8Be 247.89(11) 249.72 251.18(1.83) 256.500
8Li 234.23(14) 234.84 235.97(61) 241.277
8B 231.39 232.35(61) 237.738
8He 223.76(11) 224.92 225.74(1.16) 231.408
1-2



ct
e
ec

ex
ng

o
we
te

urs

re-

ruc-
nn

n

on
g

e
r
re

,

ed

RAPID COMMUNICATIONS

INTRUDER STATES IN 8Be PHYSICAL REVIEW C 64 051301~R!
6\V. In Fig. 2, we present the excitation spectra from 0\V
to 10\V obtained using the AV88 and \V514 MeV. We
observe a very good stability of our low-lying states. In fa
all the 0\V dominated states exhibit a reasonable conv
gence pattern. In the high-lying, incomplete part of the sp
tra, beginning with the 2 and 4\V spectra we show the
intruder 010 and 210 states, respectively. These states
hibit a dramatic drop in excitation energy with increasi
basis space size. In Tables III and IV we exhibit properties
states in8Be for each of the model spaces. In particular,
outline the configuration decompositions for low-lying sta

TABLE II. The NCSM excitation energies, in MeV, of8Be us-
ing the AV88 and the CD-BonnNN potentials with Coulomb in-
cluded. We show the results obtained in the 8\V and the 10\V
spaces using\V514 MeV. The intruder state is denoted by a
asterisk.

8Be AV8 NCSM8 \V514 MeV CD-BonnNCSM
\V514 MeV Exp

8\V 10\V 8\V 10\V

Ex(0
10) 0 0 0 0 0

Ex(2
10) 3.595 3.482 3.713 3.613 3.04

Ex(4
10) 12.308 11.949 12.746 12.431 11.40

Ex(2
11) 16.449 16.851 16.63a

Ex(2
10) 16.831 17.238 16.92a

Ex(1
11) 17.419 17.088 17.742 17.789 17.64

Ex(1
10) 17.207 16.822 17.932 17.580 18.15

Ex(0
10)* 19.578 17.812 19.658 17.697

Ex(3
11) 19.399 19.777 19.01

Ex(3
10) 18.990 18.593 19.567 19.391 19.24

Ex(0
11) 19.139 19.961

Ex(4
10) 21.030 20.659 21.449 19.86

Ex(0
12) 27.610 28.006 27.49

aT50 andT51 components strongly mixed.

FIG. 2. Experimental and theoretical positive-parity excitati
spectra of8Be. Results obtained in 0\V –10\V basis spaces usin
the AV88 NN potential are presented. The HO frequency of\V
514 MeV was employed. The experimental values are from R
@17#. Above 20 MeV we show only the 01 states and the intrude
21 and 41 states. In the 10\V space only the shown states we
calculated.
05130
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and the intruders and theB(E2;01
10→2i

1) values. Mixing
of the 0\V dominated states with the intruder states occ
in some model spaces. For example, there are two 010 states
in the 2\V space with almost identical 2\V dominating
components. Also, the 010 state at 21.186 MeV in the 6\V
space has the 0\V component under 50% and the 010 state
at 23.950 MeV has only 18%. Note the drop in the 8\V
calculation to a 19.578 MeV intruder state with 20% 0\V
component. On the other hand, in the 10\V basis space, the
0\V component of the intruder state at 17.812 MeV is
duced to merely 9%, but the 2\V and the 4\V components
remain at 41% and 21%, respectively. We note that the st
ture of the intruder states is quite similar in the CD-Bo
calculation.

f.

TABLE III. The NCSM excitation energies, in MeV
B(E2;01

10→2i
1), in e2 fm4, and configurations of8Be 01 and 21

states as well as the 41 intruder state using the AV88 potential with
Coulomb included. Results obtained in the 2\V and 4\V space
using \V514 MeV are presented. Above 20 MeV only select
21 states are shown.

2\V basis space
JpT Ex ~MeV! 0\V 2\V B(E2↑)

010 0.0 0.74 0.26
210 3.940 0.73 0.27 32.513
210 13.308 0.71 0.29
211 16.588 0.76 0.24 0.057
210 17.054 0.76 0.24 0.040
210 19.392 0.77 0.23 0.084
011 19.482 0.78 0.22
010 22.132 0.76 0.24
010 27.226 0.77 0.23
012 28.756 0.81 0.19
010 30.160 0.41 0.59
010 32.088 0.40 0.60
212 32.872 0.81 0.19 0.003
210 33.678 0.09 0.91 5.742
410 38.901 0.01 0.99

4\V basis space
JpT Ex ~MeV! 0\V 2\V 4\V B(E2↑)

010 0.0 0.66 0.20 0.14
210 3.823 0.65 0.21 0.14 36.397
210 12.947 0.66 0.19 0.15
211 16.549 0.70 0.16 0.14 0.065
210 17.049 0.70 0.16 0.14 0.069
011 19.571 0.71 0.15 0.14
210 19.919 0.71 0.16 0.14 0.180
010 22.038 0.68 0.18 0.14
010 26.936 0.71 0.15 0.14
012 28.025 0.74 0.12 0.14
010 28.621 0.13 0.64 0.23
010 31.387 0.58 0.25 0.16
210 31.688 0.46 0.36 0.18 2.741
212 32.080 0.74 0.12 0.14 0.068
410 37.941 0.02 0.72 0.26
1-3
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Another interesting characteristic of the 010 intruder
state is what appears to be a rotational band built on
state. Although the 21 states tend to be more mixed becau

TABLE IV. The NCSM excitation energies, in MeV
B(E2;01

10→2i
1), in e2 fm4, and configurations of8Be 01, 21,

and 41 states using the AV88 potential with Coulomb included
Results obtained in the 6\V, 8\V, and 10\V space using\V
514 MeV are presented. Above 20 MeV only selected 21 and 41

states are shown. In the 10\V space only the shown 01 and 21

states were calculated.

6\V basis space
JpT Ex ~MeV! 0\V 2\V 4\V 6\V B(E2↑)

010 0.0 0.60 0.21 0.12 0.07
210 3.721 0.59 0.21 0.12 0.08 42.521
410 12.711 0.59 0.21 0.12 0.08
211 16.655 0.65 0.16 0.11 0.07 0.047
210 17.086 0.65 0.17 0.11 0.07 0.147
011 19.554 0.65 0.16 0.12 0.07
210 19.926 0.65 0.17 0.11 0.07 0.461
211 20.740 0.66 0.15 0.12 0.07 0.041
010 21.186 0.46 0.30 0.14 0.10
010 23.950 0.18 0.51 0.18 0.13
210 25.639 0.39 0.35 0.15 0.11 3.344
210 26.502 0.44 0.31 0.15 0.10 3.819
010 26.679 0.64 0.17 0.12 0.07
012 28.073 0.70 0.12 0.12 0.06
010 30.439 0.58 0.21 0.13 0.08
410 32.652 0.04 0.60 0.21 0.16

8\V basis space
JpT Ex ~MeV! 0\V 2\V 4\V 6\V 8\V B(E2↑)

010 0.0 0.57 0.19 0.13 0.06 0.05
210 3.595 0.56 0.20 0.13 0.06 0.05 48.78
410 12.308 0.55 0.21 0.13 0.06 0.05
211 16.449 0.63 0.15 0.12 0.05 0.05 0.028
210 16.831 0.62 0.16 0.12 0.05 0.05 0.242
011 19.139 0.60 0.17 0.13 0.06 0.04
210 19.532 0.60 0.17 0.12 0.06 0.05 1.116
010 19.578 0.21 0.41 0.19 0.12 0.07
211 20.391 0.63 0.15 0.13 0.05 0.04 0.010
210 21.723 0.46 0.24 0.16 0.08 0.06 4.320
010 22.206 0.40 0.29 0.16 0.09 0.06
210 23.626 0.24 0.38 0.20 0.11 0.07 6.089
010 25.976 0.58 0.17 0.14 0.06 0.05
012 27.610 0.66 0.12 0.13 0.05 0.04
010 29.307 0.43 0.27 0.16 0.08 0.06
410 29.519 0.09 0.44 0.24 0.15 0.08

10\V basis space
JpT Ex ~MeV! 0\V 2\V 4\V 6\V 8\V 10\V

010 0.0 0.55 0.19 0.12 0.07 0.04 0.03
210 3.482 0.54 0.19 0.13 0.07 0.04 0.03
410 11.949 0.52 0.20 0.13 0.07 0.04 0.04
010 17.812 0.09 0.41 0.21 0.16 0.08 0.05
410 27.166 0.16 0.32 0.23 0.16 0.08 0.05
05130
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of the relatively high density of 0\V, 21 states, the 6 and
8 \V spaces indicate excitation energies relative to the1

intruder of the order of 3–4 MeV and 9–10 MeV for the 21

and 41 intruders, respectively. This corresponds to mom
of inertia '1 –1.1\ MeV21, which is larger than the value
of '0.88\ MeV21 as determined from the experiment
ground state band.

From the configuration decomposition, in particular in t
10\V space, it is quite obvious that the 010 intruder state is
not just a simple particle-hole, breathing-mode type, exc
tion of the ground state. The substantial spreading of
wave function over many higher-\V components suggests
complex structure for the intruder states. This raises inter
ing questions regarding their physical nature. Four poss
explanations come to mind:~1! the states are nonresona
and asNmax→` will tend to two unbound alpha particles;~2!
a beta-type vibration of the ground-state two-alpha clus
~3! a highly deformed eight-particle cluster, with the excit
tion energy due to the increased surface energy relativ
two alphas; or~4! internal excitation of the alpha particl
lowered due to the intercluster interactions. It is first instru
tive to investigate the convergence of the intruder sta
From Tables III and IV it is apparent the rate of decrease
the excitation energy of the intruder states is decreasing
dicating a possible convergence. This is illustrated in Fig
for the AV88 results forNmax>4. We can attempt to predic
the infinite space result by extrapolating with an exponen
dependence inNmax, as suggested in Ref.@18#, arriving at an
excitation energy of 12.264.9 MeV for both AV88 and CD-
Bonn. Alternative extrapolation forms, which reproduce t
calculated energies equally well, such as 1/Nmax or a Gauss-
ian, lead to excitation energies of 10.861.2 MeV and 17.5
60.3 MeV, respectively. Similarly, we extrapolate the ex
tation energy for the 41 state: 23.260.9 ~exp!, 20.560.7
(1/Nmax), and 26.261.1 ~Gaussian!. The extrapolations are
indicated in Fig. 3. In regards to a beta-type vibration, to fi
order the excitation energy of the 01 intruder, 10–17 MeV, is
given by the curvature of the restoring force betwe

FIG. 3. Plot of the excitation energy of the intruder 01 and 41

as well as the 21
10 and the 21

20 states as a function ofNmax. The
exponential~solid lines!, 1/Nmax ~dashed lines!, and Gaussian~dot-
ted lines! extrapolations for the intruders are shown.
1-4
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the ground-state two-alpha cluster. Given that the gro
state is unbound by only 100 keV, such a stiff restoring fo
is unlikely. On the other hand, a large prolate deformat
would require large amplitudes of the higher\V configura-
tions. In any case, the apparent stabilization exhibited
Nmax>10 for the intruder spectrum indicates that the o
served 01 state is indeed a candidate for the broad resona
required forR-matrix analysis ofa2a scattering.

As a further check on our calculations, we investiga
the negative-parity states using the 1\V – 9\V basis spaces
In particular, there are experimentally known 22 and 12

states at 18.91 MeV and 19.4 MeV, respectively. We obtai
the lowest 220 and the 120 states at 20.280 MeV an
21.825 MeV, respectively, in the 9\V space relative to the
8\V ground state (AV88,\V514 MeV). Their excitation
energy dependence on the basis space resembles more t
the 0\V-dominated states rather than that of t
2\V-dominated intruders~Fig. 3!. Also, the negative-parity-
state 1\V dominating component is over 50% in all th
spaces we used, contrary to the situation of the
truder states. These findings enhance our confidence in
intruder state results and support our statements about
complexity.
ro

ro
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In conclusion, we performed large scaleab initio shell
model calculations for8Be using modernNN potentials. In
the largest basis space that we were able to reach, 10\V, we
observed an intruder 010 state below 18 MeV and below th
lowest 011 state with a 210 and a 410 rotational state built
on it. Our extrapolation suggests that the 010 intruder state
could stabilize at the energy of about 12 MeV. Therefore,
hypothesize that these states are the candidates for the b
resonance intruder states required by theR-matrix fits. In
addition, we presented our predictions for the binding en
gies of 8Be, 8Li, 8B, and 8He with the CD-BonnNN po-
tential and compared our Argonne V88 results with the
GFMC calculations.

This was performed in part under the auspices of
U.S. Department of Energy by the University of Californi
Lawrence Livermore National Laboratory under Contra
No. W-7405-Eng-48. P.N. and W.E.O. received su
port from LDRD Contract No. 00-ERD-028. This wor
was also supported in part by U.S. DOE Gra
No. DE-FG-02-87ER-40371, Division of High Energy an
Nuclear Physics.
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