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Towards a self-consistent shell model
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In most cases shell-model calculations are not performed using Hartree-Fock self-consistency conditions. In
calculations limited to the valence space, this may not lead to any problems, but when higher shell admixtures
are allowed the calculated observables implicitly include Hartree-Fock terms that may be undesirable. In this
work, we compare non-self-consistent and nearly self-consistent calculations of the spin-orbit splitting of the
p12 andps, hole states il = 15. We find that when higher shell admixturesi(2) are included in the model
space, and when a “standard” interaction is used, the spin-orbit splitting increases relativé o @ltula-
tion. However, when the interaction and/or the kinetic energy are modified so as to achieve self-consistency the
reverse is true, with the spin-orbit splitting in the{@)%A » space becoming smaller than that in thie«0
space. Furthermore, we show that self-consistency cannot be achieved by modifying the two-body spin-orbit or
tensor terms, but is possible by adding a monopole-monopole term.
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I INTRODUCTION to be used is- aé(Fl—F2)+ v(1+ 0/2)5(F1—F2). Popular
choices ofo are 2/3 and 1, the latter used for Skyrme inter-

Two popular appoaches to nuclear structure calculationgctions. Since the factor (Ag/2) is greater than 1, the re-
are shell-model calculations and Hartree-Fock calculatlonqamsive term is larger when calculating single-particle ener-

The latter are usually not done with realistic interactions, bugjies, and the overall interaction is less attractifie.,
rather with simpler interactions like the Skyrme-type inter-yeakey.
actions[1] where the parameters are chosen so as to give the | the work of Hoshinoet al, they use a non-density-

right binding energy at the right radius, and good single-gependent interactioviy sy to calculate the energies of giant
particle energie$1-3]. The self-consistency condition can yesonances. In calculating the energy of the isoscalar giant
be stated as follows: there can be no admixing of onemgngpole resonance, it is crucial that one is at a Hartree-
particle—one-hole (f-1h) excitations into the self- EFock minimum. Rather than getting involved in complicated
consistent intrinsic state. Indeed, it does not make mUC'Fearrangement—effect calculations, the authors simply add a
sense to use these interactions to go beyond Hartree-Foglgpyisive interactionsV=V,3,;r? in the particle-hole chan-

l.e., one should not use them to calcula2h and higher e and adjust the parameters so as to get a Hartree-Fock
admixtures into the ground state. To quote from Vautheringinimum at the desired nuclear radius.

and Brink “Skyrme interactions can be considered as a kind |, the work of Jaquat al, the importance of treating the
of phenomenologicaG matrix, _whlch alre.ad.y includes the inetic energy properly is emphasized, and the removal of
effec.ts of short-range .correlatlsn.. " This is one reason ipne spurious states is crucial. They have shown that the
why it would be meaningless to calculate second-order cofpartree-Fock single-particle energies and their relationship
rections with Skyrme’s force, and a perturbation theoryis experimental removal energies depend sensitively on
would actually diverge because of thero range’ Thus, any  whether or not the center-of-mass kinetic energy is retained
Hartree-Fock wave function calculated using a Skyrme-typén the nuclear Hamiltonian. In a very large shell-model cal-
interaction would consist of a single Slater determinant.  cylation by Haxton and Johns¢], the main motivation of

In shell-model calculations involving several shells, wewhich was to get thd=0" 4p-4h state in*°O at the correct
will, of course, get ground state correlations, e.go-Zh  excitation energy, they concern themselves with the large
admixtures, but one may also gep-Lh admixtures, which  1p-1h admixtures that can arise. They do not give many
are undesirable in a Hartree-Fock sense. details but say “in the spirit of Brown and Green, the strong

The self-consistency problem in shell-model calculationgnteraction was only allowed to operate in the-2s-1d
have been discussed previously by several authors, e.Ghells.” It turns out that this choice also eliminates large
Sharp and Zamick4], Hoshino, Sagawa, and Arinjé] and 24 and 4w 1p—1h amplitudes that could mix into the

by Jaqueet al. [6]. _ ) ~low-lying states, only because the shell-model interaction
In the Sharp and Zamick work, a density-dependent interdoes not properly respect the Hartree-Fock condition.
action of the form—ad(r,—r,)+ yp?8(r;—r,) was con- In the works of Hoshinoet al. [5] and Haxton and

sidered. The first term is attractive and serves to bind thdohnson[7], the main emphasis is on getting the correct
nucleus, while the secor(density-dependenterm is repul-  nuclear structure—the right excitation energies for giant
sive and prevents the nucleus from collapsing to a point. Itesonances in the former case—and to demonstrate for the
was noted that if that interaction is used for calculating bind-irst time that the #-4h highly deformed states could come
ing energies then, for single-particle energies, the interactiodown to a reasonable energy in a shell-model calculation
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P H not connect to thé H state, we can repladg by —T in the
last matrix element. Then the problem becomes that of find-
ing a kinetic energymatrix consistent with the two-particle
potential energy.
It has already been shown by one of the autiiisthat
®) “Hartree-Fock diagrams” can affect the spin-orbit splitting

FIG. 1. The two Hartree-Fock diagrams that enter in the self-in pe_rturbation t.heory' In _calculating the Co.ntribUtion il
consistency condition: the two-body potential-energy téamand admixtures to single-particle engrg|es, besides yhd ‘f"”d
the one-body harmonic-oscillator terf). 3p-2h terms (Egs. (2) and (3) in [9]), th_ere are single

Hartree-Fock and double Hartree-Fock diagrams, and both
done in a large enough model space in the latter case. But tJBUSt be taken into account. The expression for the single
interactions used in these calculations are somewhat hybridfartree-FockSHF) diagrams is

In this particular work, we are less concerned with fitting DG.j.p.h)
the experimental data, and instead, using a realistic interac-_. _ AL _
tion in shell-model calculations, we examine the conse- 9¢(SHP 2% 2, D(hp.c.c)={hlUIp) .
guences of achieving near Hartree-Fock self-consistency on
the interaction itself as well as on nuclear observables ofvhere
interest.

In shell-model calculations one generally uses a much (2J+1)(2T+1)
more detailed interaction involving many two-body matrix D(a’b’c'd)=5ja’ijT 2(2j,+1)
elements. These can either be obtained completely phenom- '
enologically as was done in the early days, or one can obtaifthe point here is that this expression involves the difference
G matrices from realistic two-body interactions. The mMost[ s D(h,p,c,c)—(h|U|p)]. This is a difference between a
popular method at the present time is a compromise betwe&@rm involving the two-body interaction and the one-body
these two extremes, e.g., one starts out wihmatrix from interaction. If these are chosen independently, then this dif-
a realistic interaction but then one makes some phenomengerence can be either positive or negative, and so one can get
logical modifications to get a better fit to the data. a variety of answers.

In either case, phenomenological or realiStiC, little thought Note that if the Hartree-Fock condition of F|g 1 is satis-
is given to Hartree-Fock self-consistency. Indeed, it is nofied, then S¢; (SHP will also vanish, i.e., the factor
even clear that one should impose such a condition since i[‘ECD(h,p,c,c)—<h|U|p)] will vanish. However, in the
the shell-model one has a correlated ground state. work of Zamick, Zheng, and Muer[9], there are also what

If one limits the particles to one major shell, then one canhey call double Hartree-FodPHF) diagrams that wilhot

get away with ignoring the “self-consistency” problem. yanish even when the Hartree-Fock condition is satisfied.
However, if one admixes say%i2» excitations in order t0  The expression for these is given by

improve the ground state, the problem comes back to haunt
us. Part of the 2w admixtures consists of two particles be- [

fh_fp c

(ac|V[bd); .

ing excited through one major shell. But one also gets ad-

mixtures where one particle gets excited through two major 56](DHF):Z

shells. In Hartree-Fock theory, the latter configuration should p

not admix into the uncorrelated ground stf8¢ The reason 2

for this is that the only effect of admixingptlh excitations [E D(j ,h,c,c)—<h|U|j>}

is to change the radial shapes of the wave functions of the —Z c

occupied states. But if one already has the best shape, there = €h— €]

should be no further change. In the shell-model, it is not

clear what to do with such configurations. In the harmonic oscillator approximatiot) = 3mew?r?
The Hartree-Fock condition can be shown diagrammatignd the matrix elements are as follows:

cally by the cancellation of the two diagrams shown in Figs.

1(a) and Xb). This leads to the equation

> D(j,p,c,c>—<p|U|j>}

c

€~ €p

] hw
(plU[j)=— 751' 5|,|p5np,n+1\/(n+ L(n+1+3/2)

dp

1
 — 21+1) 2T+ 1) [PCT"TIV|[[HC]"T
1 ] ho
Xﬁjp,;HénP,nH+1=m(pwmmp,jh. 1) <h|u|1>=—75j,jh5.,.h5nh,n,l\/n(n+|+1/2).

where the two-particle matrix element is antisymmetrized In actual shell-model calculations, however,is a much
but unnormalized, an@ is an occupiedor core state. Since more complicated function af, and one usually adopts the
U=T+U-T, whereT is the kinetic energy, anti+U can-  following phenomenological expression fbi:
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45 25 TABLE |. Calculated values of the spin-orbit spliting ESO
ho=—— —. 2) =E(3/27)—E(1/2") for A=15, usingx=1, y=0 and multiplying
A3 p23 the central interactioV, by the factorp, but keeping the kinetic

. . ) energy term unchanged.
However, one may wish to vayw in order to achieve ap-

proximate Hartree-Fock self-consistency. In such shell- ESO(Giw) EST(0+2)hw] %2% w admixture
model calculations, both the single Hartree-Fock and double

Hartree-Fock terms given above are implicitly present, ald (MeV) (MeV) in1/27 in 3/27
though it is not so easy to isolate these effects as it is in (ground state

perturbation theory. If such effects are present one must cer-

: - . : . . 5.062 6.134 40.53 40.39
tainly include them, and indeed in shell-model calculations
f[hls is l_Jnav0|dabIe. However, we may per_haps choose our o 5.062 6.008 36.60 36.99
interaction so that such effects are minimized. As we will
show below, we try out different approaches to achieve this, 5 062 5 659 2807 27 56
One is to weaken the two-body central interaction in the™ ' ' ' '
spirit of the work by Sharp and Zami¢Kk], and one is to add

5.062 4.525 15.13 17.39

a two-body monopole-monopole interaction to the existingo'6
one. This latter approach is similar in spirit to the work of
Hoshinoet al [5], except that we have a two-body interac- 0-4 5.062 3.714 27.75 29.70
tion instead of a one-body one.

0.2 5.062 3.607 37.09 37.80

Il. RESULTS OF THE CALCULATIONS
0 5.062 3.584 41.15 41.50

We perform our calculations in the framework of the “no-
core shell model"(NCSM) using harmonic-oscillator basis
states. The matrix diagonalization is performed for the fol-
lowing shell-model Hamiltonian:

previous paper$9,12—15, we have always sqt to unity,

whereas here we vary for the first time in order to make
some points about self-consistency. First, we note that in the

), valence space, the spin-orbit splitting is due only to the
XV, term and does not depend on the strength of the cen-

whereT, ,, is the center-of-mas&.m) kinetic energy, and _traI interactiqn(i.e., on.p), whereas in the (6 2) » space it
the last term(with A>1) is added to remove the spurious is a decreasing funct_|?n C_Pji o )
effects of the c.m. motion from the low-lying states in the ~ The value of thep,;-ps; splitting for A=15 in the va-
spirit of the Gloeckner-Lawson techniq{i0]. We have not lence space is 5.062 MeV, whereas in the large 2% w
included the Coulomb interaction, and we should also poinspace this splitting increases to 6.008 MeV for 1, with
out that our NCSM calculations involve no phenomenologi-the percentage of72w admixtures in the ground state being
cal single-particle energies. These are implicitly generate®6.60% forpl‘,zl and 36.29% fonpg,zl. However, we see that
from the two-bodyG-matrix elements as well as the one- by reducing the strengtip of the central interaction, the
body kinetic energy terms in the matrix diagonalization,amount of Z » admixture in the ground state first decreases
which is performed for us by the-scheme shell-model code yntil it is 15.13% forp=0.6, and if one reduces the value of
OXBASH [11]. _ p further, it starts to increase again, reaching 41.15%pfor
7'1” 'I:a}b‘!e I we pf,eserjt. the results of calculations of the_ e also note from Table I that, for a given valuepof
P1/2-Pgy2 “spin-orbit” splitting for A=15 both in a valence e amount of 2w admixtures in both the 172ground state
space (&) and in a (Ot2)hw space that allows 2w 4nq the 3/2 first excited state are very nearly equal. Indeed,
excitations. We use the(y) interaction that was previously e getajled calculations which involved varyipgy steps
outlined in Ref.[12], but multiply the central interaction of 0.01, show a minimum 2« admixture of 15.084% in the
term by a factom, ground state ap=0.59 and a minimum of 17.32% for the
V(1) =pV(r)+XVeo +YV;. (3)  3/2 first excited state = 0.51.
These results clearly indicate that we are closest to
HereV.(r) is the (spin-dependeitcentral interactionVs . Hartree-Fock self-consistency at=0.6 since, as we will
stands for the two-body spin-orbit interaction, avidstands  show below, the 2« admixture in the ground state is small-
for the tensor interaction. These interaction terms have beeest when the f-1h admixture is smallest. Moreover, we can
adjusted so as to obtain a good fit to the nonrelativistic maachieve near self-consistency for the same valug sifmul-
trix elements of the Bonn A potential with=1, x=1 and taneously for both the ground state and the first excited state.
y=1[13]. We also note that the calculated values of the spin-orbit split-
In Table | we takex=1, y=0 so that there is no tensor ting for p=0.6 are 5.062 MeV in the Bw space and
interaction, and we have the “normal” spin-orbit interaction, 4.525 MeV in the (O 2)A w space. Clearly, for the=0.6
i.e., the one obtained with a nonrelativis&cmatrix. In our ~ case, there is gualitative difference from thep=1 case,

3
Hem— Eﬁw

A A
Hsu= 2 ti_Tc.m."_E: Uiejff"_)\
=1 =i
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TABLE II. Composition of the ground state (1722% » admix-
ture in A=15 as a function of the factqyr multiplying the central
interaction, usingck=1 andy=0 and keeping the kinetic energy
term unchangedas in Table ).

p % (1p-1h) % (2p-2h)  Total %24 admixture
1.2 33.7 6.8 40.5
1.0 28.7 7.9 36.6
0.8 17.8 10.3 28.1
0.7 9.7 11.1 20.8
0.65 4.9 12.2 17.1
0.6 3.3 11.8 15.1
0.55 6.0 10.2 16.2
0.5 10.6 9.1 19.7
0.4 225 5.3 27.8
0.2 34.8 2.3 37.1
0.0 39.3 1.8 41.1

with the spin-orbit splitting nowdecreasingwvhen 2w ad-
mixtures are allowed into the ground state.

It may be surprising at first that, whem=0 (i.e., when
the central interaction is set equal to Zerthe amount of
2f o admixture is large £41%). But we must remember

that the kinetic energy part of the Hamiltonian can couple a

2hw 1p-1h “monopole” state to the P-Oh state. Another

PHYSICAL REVIEW C65 054321

TABLE lll. Same as Table I, but this time multiplying the ki-
netic energy term by the factér and keeping the central interaction
V. unchanged.

ESO(0iw) ES(0+2)hw] %2k w admixture
k (MeV) (MeV) in 1/2~ in 3/2~
(ground statg

5.0 5.062 3.664 37.2 37.4
2.0 5.062 3.972 19.2 20.8
1.6 5.062 4.760 14.4 155
1.2 5.062 5.773 29.9 29.4
1.0 5.062 6.008 36.6 36.3
0.8 5.062 6.137 41.2 41.1
0.4 5.062 6.266 46.6 46.7
0 5.062 6.323 49.6 49.7

admixture corresponds to a minimum total @ admixture.

It is well known that the p-1h admixtures should vanish
when exact Hartree-Fock self-consistency is realized in the
ground state. Thus, near self-consistency, the totab 2d-
mixture is largely -2h in origin. However, we found that
for a standard central interactiop£ 1) close to 80% of the
ground state 2 admixture is of type p-1h. Clearly then,

we are closest to Hartree-Fock self-consistencyat0.6,

i.e., when the central interaction is only about 60% as strong
as our “standard” interaction.

In Table 1ll, we keep the central and spin-orbit interaction
terms fixed(with the standard strengtips=1 andx=1), but

way of saying this is that the zero-order wave functions are/ary the kinetic energy by varyingjw. We find that we get a
of the harmonic oscillator type, whereas the eigenstates Ghinimum in the percentage offid» admixtures when the
the kinetic energy operator are of the plane wave type kinetic energy is increased by a factor of about 1.6. Indeed,

(<e*'"). The large admixtures of72» excitations in both

whereas for the wusual phenomenological value of

the ground state and the first excited state correspond to dw=14.136 MeV[from Eqg. (2)] the amount of 2w ad-
attempt to change the wave functions from a harmonic oscilmixtures is 36.6%, fohw' =1.6h0=22.618 MeV it is re-

lator type to a plane wave type.

In Table Il, we show how much of the ground state«2
admixture is of type p-1h and how much of it is of type
2p-2h. The ground state @-1h admixture drops from
33.7% forp=1.2% to 3.3% forp=0.6, and then rises to
39.3% forp=0. More detailed calculations involving steps
in p of 0.01 show a minimum ground stat@-ILh admixture
of 2.8% atp=0.61, and a corresponding minimum of 2.7%
for the 3/Z first excited state ap=0.63. We also note in
Table Il that the percentd-1h admixture varies greatly as a
function of p, whereas the percenp22h admixture changes
more moderately witlp as it never exceeds 13.5%. Also, for
the most part, p-1h admixtures tend to dominate over
2p-2h admixtures, except negr=0.6 where the percent
ground state @-2h admixture is the largest and theIlh
contributions the smallest. This is why a minimunp-1h

duced to 14.4%.

These results are completely consistent with those in
Table | (note that 0.& 1.6~1). Indeed, by multiplying the
kinetic energy by the factor of 1.6, the spin-orbit splitting is
calculated to be 5.062 MeV and 4.760 MeV in thé&®
and (0+2)hw model spaces, respectively. Indeed, with
=0.6 multiplying the central component of our interaction
and the kinetic energy matrix unchanged, we obtain ESO
=4.525 MeV and 15.1%Rw admixture.

Looking into the details of the @-1h and 20-2h contri-
butions to the 2 » admixture in the ground state &f=15,
we find that the minimum 2« admixture of 13.8% occurs
for k=1.65-1.70, whereas the minimum fop-lLh contri-
butions of 1.5% occurs fok=1.59-1.65. The valu&k
~1.65 thus minimizedoth the 1p-1h admixture and the
total 24w admixture in the ground state.
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TABLE IV. Same as Table I, but this time keeping the central TABLE V. Same as Table |, but this time keeping the central
interactionV, as well as the kinetic energy term unchanged, andinteractionV,, the spin-orbit interaction as well as the kinetic en-
multiplying the spin-orbit component of the interactigg, by the  ergy term unchanged, and multiplying the tensor compoxiehy a

factor x. factory.

ESO(Ciw) ESJ(0+2)hw] %2k w admixture ESO(Chw) ESJ(0+2)iw] %2k w admixture
X (MeV) (MeV) in 1/2~ in 3/2” y (MeV) (MeV) in 1/2~ in 3/2”

(ground statg (ground statg

15 7.593 8.934 36.80 36.38 1.2 5.062 5.623 36.72 36.56
1.2 6.075 7.186 36.67 36.32 1.0 5.062 5.698 36.66 36.47
1.0 5.062 6.008 36.60 36.29 0.8 5.062 5.769 36.63 36.40
0.8 4.050 4.820 36.53 36.28 0.6 5.062 5.836 36.61 36.35
0.6 3.037 3.625 36.46 36.28 04 5.062 5.898 36.59 36.31
0.4 2.025 2.324 36.40 36.29 0.2 5.062 5.956 36.59 36.30
0.2 1.012 1.215 36.35 36.30 O 5.062 6.008 36.60 36.29
0.0 0 0 36.32 36.32

results in Ref[12]. In the 0hw space the ESO is exactly
linear in x, and in the (B-2)hw space such is also very

Thus we can get close to Hartree-Fock self-consistencff€arly the case. _
either by weakening the central interaction or by increasing,, -0r A= 15, the observle;d value of ESO is 6.324 MeV for
#w and hence the kinetic energy. The approach is equivalent N @nd 6.176 MeV for™0 [16]. The results of Table IV
to making the radius of the nucleus smaller. It is also inter-SU99est that including/2w excitations and taking=1 lead
esting to note once more by comparing Tables | and 11l how!© results in closer agreement with experimgt].
close the results for a givgmin Table | correspond to those

for k=1/p in Table lll (consider, for examplep=0.2 in B. The effect of adding a tensor interaction
Table | andk=5.0 in Table II). In Table V we examine the effect of varying the strength
of the tensor interaction on ground state correlations, keeping
A. The effect of varying the strength of the spin-orbit the kinetic energy term unchanged, the spin-orbit interaction
interaction fixed atx=1 and the central interaction fixed gt 1. From

y=1.2 toy=0 there is very little change in the ground state
2ho admixture, only a slight decrease from 36.72% to
36.59%. A more detailed calculation shows that for the
aground state, as we vagyfrom 1.2 to O, the p-1h admix-
ture increases slightly from 26.5% to 28.7%, while the 2
—2h admixture decreases from 10.2% to 7.9%. The two
changes tend to cancel each other when the two contributions
are added, resulting in a totahh ground state admixture
éhat varies by less than 0.15% wslecreases from 1.2 to O.

We also see from Table V that changigigrom 0 to 1.2
has no effect on the ESO in théi@ space, and that it has
only a very small effectless than 7%) on the ESO in the
(0+2)hw space. This is fully consistent with the results of
Ref.[12], and is in line with the more modern two-nucleon
A’gteraction having a weaker tensor comporie.

In Table IV we examine the effect of varying the strength
of the spin-orbit interaction on the ground state correlations
Here again we damot include a tensor interactiorny &0)
and keep the kinetic energy term as well as the centr
interaction term with their standard strengths., k=1 and
p=1).

We see from Table IV that, asis reduced from 1.5 to O,
the percentage off2w admixture into the ground state does
not change much, decreasing from 36.8% to 36.3%. Mor
detailed calculations show that aslecreases from 1.5 to O,
the contribution of p-1h admixtures into the ground state
decreases slightly from 29.2% to 27.8%, while that of
2p-2h admixtures increases slightly from 7.6% to 8.5%. For
the first excited 3/2 state, the percentage ofi@ admixture
changes even less, ranging from 36.4% to 36.3%, the co
tribution of 1p-1h admixtures from 27.0% to 27.9%, and ] ] )
that of 2p-2h admixtures from 9.3% to 8.4%. We also see C. The effect of adding a monopole-monopole interaction
from Table IV that the strengthk of the two-body spin-orbit We shall here adopt a poorman’s self-consistency criterion
component of the effective interaction has a decisive effecby using harmonic oscillator wave functions to determine the
on the magnitude of the ES@he effective spin-orbit split-  kinetic energy. These self-consistency conditions are for each
ting of the 3/2°, 1/2” spin doublek in agreement with the p—h pair. However, in the harmonic oscillator model, there
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is only one parameteti w. So, rather than demanding that TABLE VI. Same as Table I, but this time keeping the central
each individual particle-hole pair does not get admixed intdnteractionV,, the spin-orbit interaction as well as the kinetic en-
the ground state, we will only demand that a linear combi-ergy term unchanged, and adding a monopole-monopole term mul-
nation of particle-hole statdsamely the isoscalar monopole tiplied by the factor.

state$ does not get mixed into the uncorrelated ground staté
by the Hamiltonian.

ESO(Giw) EST(0+2)hw]  %2he admixture

The monopole state is defined by q (MeV) (MeV) in 1/2- in 3/2-
(gound state
— TP _H70, 2 TP _H70,0
|M>_N% <[a ] D‘Z, o)t et > 1.0 5.062 3.651 62430  62.40
and, in general, 0.50 5.062 3.644 62.411  62.349
IMy=S Dpyaat]o0 0.10 5.062 3.539 58.393  58.168
P.H
0.045  5.062 4.558 26975  28.653
where we use the notatign ]”" for a given wave function,
and wherea!,=(—1)"Mal_ . Using the formula 0.01 5.062 5.900 36.02 35.654
(n+2)|r?n,ly=—b2J(n+1)(n+1+3/2), 0 5.062 6.008 36.60 36.29
whereb?=%/(mw), we find the following monopole wave —q.1 5.062 6.312 37.392 37.241
function for 1°0:
-05 5.062 6.399 37.292  37.241
3 10
M) 1g [B1s%0s] 18 [ 3105, %0p3, ] -1.0 5.062 6.409 37.235  37.208

+ \E [al,, aop, 1
18" Pz P the two-body interactiory so that self-consistency is satis-
ped for a desired value diw.

The Hartree-Fock self-consistency condition that the sum o The values offw we obtain for %0 are as follows(in
all 1p-1h admixtures into the ground state vanish can beMeV)'
expressed in terms of diagram@Jland Ib) of Fig. 1 as 1a) ’
+ 1(b) =0, as discussed in the introduction.

The kinetic energy terriFig. 1(b)] can be evaluated in the Us'nith? Hartree- . U/S'T,gs [A213 Ratiok
harmonic oscillator approximation by noting that Fock criterion @=45/A""—25IA
22.143 13.920 1.591

1 1
K=K+2 Smo’ri=2 Sma’rf.
I I

The first two terms give the harmonic oscillator Hamiltonian, ~ 1he ratiok obtained above is remarkably consistent with

which obviously cannot connect between two major shellsthat obtained in thé\= 15 calculation for which the kinetic
and the contribution of the third term is obtained frgm  €nergy parametefw gives the least amount ofido admix-

+1J)|r?n,1) given above. ture into the ground state of th€O nucleus(see Table II).
The condition we imposed then, including averaging over In Table VI we examine the effect of adding a monopole-
the monopole states, is monopole term to the interaction on thé @ admixture in

the ground state of°0. This is similar in spirit to what

5 1 5 Hoshinoet al. [5] do, except that we add a two-body inter-
Dev e (21+1)(2T+1) action and they add a one-body teByr?. In both cases, the
, N, +1) I'T, i :
P 2(2]pt1)1Te motivation is to reduce the overallpilh coupling term.
X([PC]"T|V[[HC]"T)y Hence, the Hamiltonian used is
i hw
=~ 2, Deu\2(2ip+1) H(n+1)(n+1+312. V(1) =pVe(1) +XVs o +QVimonopore (5)
4

We can use this condition to determine the valuefaf,  and whereV ,,nopoiciS defined by its two-body matrix ele-
which leads to self-consistency. Alternatively, we can choosenent
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TABLE VII. Excitation energies of dominantly 22h states calculated with various interactions in a
(0+2)hw model space. The intreactions are denoted by the following coupling coeffidigotsthe kinetic
energy termp for the central interactiorx for the spin-orbit interactiory for the tensor interaction, argifor
the monopole-monopole interaction. The percentages of ghgiadmixture in the wave functions of the
excited states are shown in parentheses.

Interaction J=1/2" 2p-2h state J=3/2" 2p-2h state
k=1, p=1,x=1,y=1,q=0 E,=43.260 MeV (89%) E,=43.594 MeV (95%)
k=1, p=1,x=1,y=0,q=0 E,=41.829 MeV (90%) E,=42.250 MeV (100%)
k=1, p=0.6,x=1,y=0,q=0 E,=19.914 MeV (95%) E,=20.055 MeV (97%)
=1.6,p=1,x=1,y=0,9=0 E,=34.823 MeV (93%) E,=34.569 MeV (95%)
k=1, p=1, x=1,y=0, q=0.045 E,=21.671 MeV (92%) E,=21.203 MeV (95%)

them very small(less thard%). We have found that, typi-
cally, the Ip-1h admixtures are minimized under the same
conditions for the ground state and for the first excited state.
We have shown that the results we have just stated are
closely related to the Hartree-Fock self-consistency condi-
tion, which states that the Hartree-Fock Hamiltonian does
not allow one-particle-one-hole admixtures into the ground
with R; being the radial wave function of a Harmonic oscil- state. Indeed, by making some judicious and reasonable ad-
lator shell|i)=|n;,l;,j;)- justments to a realistic effectivid-N interaction, we have
Note that we do not include a tensor component, and thaghown that it is possible to do no-core shell-model calcula-
we keep the strengths of the central, spin-orbit, and kinetidions in a harmonic-oscillator basis and still come fairly close
terms fixed atp=x=k=1. We find that, by varying the to Hartree-Fock self-consistency.
strengthq of the monopole-monopole term, it is possible  The main result of this work, however, is to show that one
once again to minimize the total percentage 6f2admix-  gets qualitative differences in the relative values of the
ture in the ground state. The minimum percentagespellh  “spin-orbit splitting” when one includes higher shells, de-
admixtures occur aj=0.045 and are equal to 3.76% for the pending upon whether our interaction is close to Hartree-
1/2" state and 1.09% for the 372state. Interestingly, the Fock self-consistency or not. As shown for example, in Table
minima occur for a very small but nonzero valuepfFur- Il when we use the value of iw=45AY
thermore, the minimum percentage of:@ admixture —25/A%® (MeV) in the kinetic energy ternfa choice that
(=27%, corresponding tq=0.045) is about twice that ob- gives a good radius for most nudlewe find that the split-
tained by varying the strength of the central interactgror ~ ting E(3/27)—E(1/27) in A=15 as calculated in a (O
by increasing the kinetic energy term. +2)h o model space differs from that calculated in A®
model space by+-0.946 MeV. However, when we vary the
value of Aw in order to achieve Hartree-Fock self-
consistency, the difference in the splitting is now
In this paper we studied the effects of changing the—0.302 MeV. This shows that one has to take care in how

strengths of various parts of a typical nuclear Hamiltonian orpne interprets the results of higher-shell admixtures.
the correlations in the wave functions of the two lowest

states in theA=15 system. We found that the amount of
2h w admixtures in the nuclear wave functions is quite in-
sensitive to varying the strengths of the two-body spin-orbit In Table VII, and for the various interactions considered
and tensor components of the effective interaction. It isso far, we list the calculated energies of the lowest excited
however, very sensitive to changing the strength of the cend=1/2~ andJ=3/2" states that are dominantlyp22h (or

tral two-body interaction, to the magnitude &t (i.e., the  2p-3h relative to the®0 cora. Recalling that our model
magnitude of the kinetic energy tefpand to the strength of space consists of (82)% w excitations, we expect the states
a monopole-monopole interaction term that we add to theo be too high in energy. However, one gratifying result is

<J 1j 2|VmonopoI4j 3j 4>
- 1 1 5
VT5 015 1+ 50y 308

X 6j,.j 6|41|2(R4|r2|R2>

Jg1lo

5,3’|1<R3|r2|R1)

IIl. ADDITIONAL REMARKS AND SUMMARY

A. Hartree-Fock self-consistency and the @-2h states

Hamiltonian.

that the excitation energies come down by a large amount

The 2w admixtures in the nuclear wave functions havewhen the self-consistency criteria are applied.

both 1p-1h and 2p-2h contributions. We find that usually
the minima of the 2 » admixtures occur whengtlh con-

With the original realistic interactionkE1, p=1, x
=1, y=1, q=0), the excitation energies are very high:

tributions are the smallest. We show that, by carefully de43.260 MeV and 43.594 MeV, respectively. Turning off the
creasing the strength of the central component of the twotensor interaction does not make much of a change

body nuclear interaction by a factor of about O(6r,
alternatively, by increasing the value bfw by a factor of
about 1.6, we can minimize the g-1h admixtures, making

(41.829 MeV and 42.250 MeV). However, if we weaken
the central interactiong=0.6) to achieve self-consistency,
the excitation energies of these states come down by more
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than a factor of 2to 19.914 MeV and 20.055 MeV, respec- are applied, and we expect that these excited states will come
tively). Similar results are obtained by keeping the full cen-down even lower in energy whenfi4 excitations are
tral interaction p=1), but introducing the monopole- allowed.
monopole term ¢=0.045). In this case, the excitation
energies also come down to 21.671 MeV and 21.203 MeV. ACKNOWLEDGMENTS
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