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The nuclear shell model with a second-order effective Hamiltonian derived within
Brueckner theory from the free nucleon-nucleon interaction is shown to yield accurate
binding energies of nuclei with 16&A.& 40. This agreement is obtained by choosirg the
spectrum of low-lying unoccupied orbitals in a justified amer and, when necessary,
by employing a statistical method to approximate the lowest eigenvalue of very large
shell-model diagonalizations.

There is much current interest in whether mi-
croscopic nuclear theory based on Brueckner the-
ory' of the effective interaction with no adjust-
ments will succeed in describing properties of
nuclei. The total binding energy and one-body
density of infinite nuclear matter' and of finite
nuclei'" have been the traditional foci of critical
tests. For finite nuclei these tests may be car-
ried out within a Brueckner-Hartree-Focks (BHF)
or shell-model' (SM) framework.

Residual discrepancies between BHF results
and experiment' have been a recurring cause for
uncertainty about the eventual success of Brueck-
ner theory. More recently, Jastrow-type varia-
tional calculations of infinite nuclear matter' have

yielded significant differences from lowest-order
Brueckner theory (LOBT), thus raising new ques-
tions. One may speculate that nuclear theory
based on the Brueckner reaction matrix G is cor-
rect and that these difficulties are due to signifi-
cant intermediate-range correlations such as
strong three- (or higher) body cluster effects.
These many-body correlations are absent in BHF
and LOBT which accommodate strong two-body
correlations within a'mean-field approximation
(single Slater determinant). Therefore, we argue
that one should examine the Brueckner-SM ap-
proach since it allows a linear combination of
Slater determinants and thus aceomodates essen-
tial many-body cluster effects.

The chief limitations to a conclusive demonstra-
tion in the SM framework are the following:
(1) Convergence of the effective-interaction ex-
pansion based on the G matrix has not been estab-

lished; (2) exact SM diagonalizations with a sig-
nificant number of nucleons are not possible; and

(3) the effective radius operator should also be
evaluated in the same perturbation theory as the
effective Hamiltonian. Overcoming these limita-
tions will require a substantial theoretical effort.
In the search for justification for such a major
attack, we make the following speculation regard-
ing these limitations: If one (1) uses current
guidelines for calculating the effective Hamiltoni-
an through second order in G, (2) uses a reason-
able procedure to estimate the results of a large
SM diagonalization, (3) employs a basis repre-
sentation with a reasonable radius, and thereby
demonstrates agreement with experimental bind-
ing energies (BE), then one has obtained substan-
tial motivation for microscopic nuclear theory
based on Brueekner theory. Here we summarize
the methods and present results of such a test.

In the realistic nuclear SM based on Brueckner
theory, one diagonalizes an effective Hamiltonian,

f f 00 + V ff in a def ined mode l spac e of va lence
single-particle states. ' We choose an "O core
and valence orbitals in the Is-Od shell of the har-
monic oscillator (HO) with intershell spacing RQ
= 14 MeV. II, possesses an eigenspeetrum of oc-
cupied orbitals with HO eigenvalues, valence or-
bitals with experimentally determined eigenval-
ues, and unoccupied orbitals with HO spacings
but an additional spacing C between valence and
unoccupied orbitals. '

It is evident that V,«depends on H, (which de-
pends on the parameters hQ and C) whereas the
true Hamiltonian II= T+ V with kinetic energy op-
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G= V+ VQ(EO —Ho) 'G, (2)

where Q projects onto unoccupied two-particle
states. The Reid soft-core interaction is chosen
for V and the solution is obtained as in Ref. 8.

The main advantage of this V,ff is accuracy
since the infinite sum over intermediate states in
the second-order term was performed until con-
vergence was achieved near 300-MeV particle-
hole (p-h) excitation energy. ' For comparison
we also consider the second-order V,f f of Kuo"
calculated in the same theoretical framework
[Eqs. (1) and (2)] but restricted to intermediate
p-h states through only -30 MeV excitation. This
major difference in the effective interactions'~ is
responsible for the large differences in the calcu-
lated binding energies.

Beyond five valence nucleons, full SM diagonali-
zations are unfeasible so that we employ a statis-
tical method to approximate the BE relative to
"O. We employ the SM level densities

p(E, J) = N~(2zv ~)
'"exp[ —(E —~ ~)'/2' ~'], (3)

where N~ is the number of levels with spin J."
When the centroids (e~) and widths (o~) are ob-

erator T depends anly on the free nucleon-nucleon
interaction V. Ideally, then, K,f f should be inde-
pendent of H, (and hence independent of RQ and C)
but when evaluated to fixed order of perturbation
theory some residual dependence is inevitable.
A popular philosophy is to minimize this depen-
dence by a physical choice for H, (that which
yields a single-particle spectrum and wave func-
tions in reasonable accord with experiment).
Some justification is derived from calculations
showing that this "physical" choice minimizes
classes of higher-order corrections"' and thus
optimizes the convergence of V,ff.

From BE calculations which include higher-or-
der effects" one can conclude that C=20-25
MeV is the optimum choice for sd-shell nuclei
since it locates the low-lying unoccupied HO
states near their average kinetic energies. ' Re-
sults are presented here for this "justified" H, .

The interaction V,ff is obtained by solving' the
linked diagrams of

V,gg= G+ GQ'(Eo —Ho) 'V, gg

through second order in G, where Q' projects on-
to states outside the model space but not included
in G. We consider only the two-particle compo-
nent of V,ff and select E, to be their unperturbed
energy. The renormalized interaction G is the
solution of

tained from the same SM Hef f this two-moment
distribution gives a remarkably accurate approxi-
mation to the SM level distributions, especially
for large configuration spaces. '~~ A systematic
error is known for this two-moment distribution
for even-even nuclei where the pairing character
of the force produces a skewness of the actual
level density. This pairing-force contribution of
V,f f can be more completely included" by adding
higher-moment terms to Kq. (3) but would not af-
fect the main conclusions of this work. The mo-
ments were calculated using Ginocchio's reduc-
tion formula. "~'

We estimate the BE via a continuous-to-dis-
crete transcription" for the known ground-state
spin J.

1 'p(E, Z) dE= -,'. (4)

The inherent fluctuation error in Eq. (4) is less
than the local intralevel spacing. '"""

To estimate net uncertainties, we compare,
where feasible, with diagonalization. For '9F,
'Ne, ' F, "O, 'F, and O, the differences be-

tween diagonalization and predictor methods using
V ff with C = 25 MeV are 4.5, 1.5, 1.1, 0.2, 0.1,
and 2.3 MeV, respectively. Since the statistical
method becomes more accurate with increasing
matrix dimensions the uncertainties for the pre-
dicted BE in the middle of the sd shell should be
less than those above. ~

We compare with experimental BE corrected
for Coulomb contributions using an empirical for-
mula. " Differences between calculated and exper-
imental BE for T=O, &, 1, —,', and 2 sd-shell nu-
clei are shown in Fig. 1 for three choices of V,ff.
The C= 20 and C= 25 V,«of Ref. 8 yield BE re-
sults labeled V20 and V25, respectively. Results
withuse of the V,«of Kuo" are also shown. Ex-
act diagonalizations were performed for masses
19, 20, and 21.

For each T value one has 10-20 MeV under-
binding on the upper end of the sd shell and 10-15
MeV overbinding in the middle of the sd shell.
For even-even nuclei the systematic shift towards
less binding in the calculations relative to experi-
ment yields a sawtooth pattern and is primarily
due to lack of a skewness term" in p(E, J) as dis-
cussed above. It is remarkable that these two re-
alistic interactions result in reasonable agree-
ment with experimental BE for all T values con-
sidered, especially since only second-order con-
tributions are included in V, ff.

In comparing the V25 results with and without
the second-order term for T= —,', A=35 nuclei, it

1349



VOLUME 38, NUMBER 23 PHYSICAL REVIEW LETTERS 6 JoNE 19?7

-20—
—40—

, r

20'

0

-20

20'

0

-40—
-60—

) —4o-
X

O
4l

-20—
LLI
Q) -40—

20'—

w o
Ql

-20—

T=O

~V25

6.0 -9N
7/2+

7/2+

5.0—

3/2+45 I/+

I/2+i
40—

9/2'

2.5—

I/2+

7/2+
1.5—

I.O'-

o 5 W/2-

3/2
(I/2, 3/2'

(3/2, 5/2
5/2+

3/2~~i
8/25i2l+

II/2+

5/2
(5/2$
3/2

9/2&
I/2+,
I/2

7/2+

5/2+

3/2+
5/2+

l/2+
5/2+
3/2+

9/2+

I/2+

7/2+

5/2+

3/2+
5/2+

I/2+, 5/2+

3/2+
9/2+

I/2+

7/2+

5/2+

20- ~V25
V 20 KUG

5/2+

EXPT

3/2+

V20

3/2+

-20—
T=2

-40—

60 i I, I i I

20 22 24

~KUO

I i I i I i I i I i I

26 28 30 32 34 36
A

FIG. 2. Experimental and theoretical spectra for 'Ne
aligned according to the lowest state.

FIG. 1. Difference between experimental (Coulomb
corrected) and theoretical BE of sd-shell nuclei with
respect to '60 as a function of the atomic number 4 for
nuclei of differing isospin T. The effective interactions
are described in the text.

Research and Development Administration, Divi-
sion of Physical Research.

is found that second-order contributions are es-
sential and change the ground state from 90 MeV
overbinding to 8 MeV underbinding. In general,
BE errors due to deficiencies of interactions are
amplified as the number of valence particles is
increased. "" The BE for the V,ff of Kuo" in
Fig. 1 exhibit this behavior; the BE for the V, f f
of Vary and Yang' do not. This difference is
traced primarily to the above-mentioned differ-
ent treatments of intermediate-state sums" in

V«f.
For V,ff with C = 20 to 35 MeV, the SM spectra

for A=18 are in reasonable agreement with ex-
periment. ' To test V,ff further, Fig. 2 presents
experimental and SM spectra of "Ne. The four
lowest SM states are properly ordered, but the
Kuo results are somewhat compressed and the
Vary-Yang' results are somewhat spread with
respect to the data. Overall, the spectra are
reasonable, considering that only second-order
terms of II,ff are included.

Substantial encouragement for a Brueckner-
based SM theory of nuclei has been obtained by
showing that second-order calculations of H, f f
yield BE and spectra of sd-shell nuclei in rea-
sonable accord with data.
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We report an experimental check of the Mie-Debye theory for the variation of radiation
pressure on dielectric spheres with wavelength snd size using optical-levitation tech-
niques. Sharp resonances are observed which are shown to be related to dielectric sur-
face waves. They permit particle-size measurement to a precision of 1 part in 10 to
10'.

We report the first observation of the variation
of the radiation-pressure force on transparent di-
electric spheres with wavelength and size. We
use a technique based on optical levitation which
we call force spectroscopy. The measured force
shows a regular series of sharp optical resonanc-
es which are in excellent qualitative agreement
with the limited force data presently available
from Mie-Debye theory. This resonant behavior
can provide the most precise check on Mie scat-
tering theory and also a way of measuring sizes
of spheres to an accuracy exceeding that of pres-
ent far-field scattering techniques by at least two
orders of magnitude, These resonances are
thought to be due to dielectric surface waves.
This view is strongly supported by the observa-
tion of the scattered-light distribution in the near
field. Both the resonant coupling of light striking
the sphere edge and its subsequent isotropic tan-
gential scattering are seen. These measurements
should stimulate more precise calculation of ra-
diation pressure and of the scattered-light distri-
butions in the near field. Resonant effects are
also of interest for the interpretation of particle
scattering processes using optical models.

The Mie theory' for scattering of light by a
sphere large compared to a wavelength is the
best understood and most carefully checked ex-
ample of scattering of waves by a particle. It is
the basis of a vast theoretical and experimental

literature and is widely used for particle-size
measurement, ' Using Mie theory, Debye' calcu-
lated expressions for the radiation-pressure force
on a sphere as a function of the size parameter X
= 2wa/X, where a is the radius and A. the wave-
length. Recently Irvine' made the first computer
evaluation of. the radiation pressure and extended
computations of the total scattering cross section
to large values of X using relatively high resolu-
tion (up to M'/X = 10 '). At low X, calculations
of the total scattering cross section for low-loss
spheres show the well-known "ripple structure'"
as X is varied. Ripples are experimentally ob-
served in measurements of the total scattering
cross section for small x, ' in far-field radar
backscatter, ' and in 90' scattering. ' They are
attributed to dielectric surface waves as original-
ly proposed by Van de Hulst. ' Irvine' shows that
the ripple structure is larger on the radiation
pressure than on the total scattering cross sec-
tion and that at large X and high index n it sharp-
ens dramatically and eventually becomes an un-
resolved sequence of resonances. Unfortunately
he did not increase the resolution of his calcula-
tion further, since recent advances in the study
of radiation pressUge have now made possible the
observation of Mie-Debye resonances with a res-
olution exceeding these existing calculations,

Indeed, with focused laser beams of modest
powers one can use radiation-pressure forces to
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