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Several observables for the 4 =4-16 p-shell nuclei, resulting from a calculation in the complete
(0+2)%iw model space, are presented. It is shown that the 27w admixtures are substantial. The cal-
culated values of these observables are compared with the experimental data. Not only can the
properties of many intruder states be reproduced correctly, but also the description of predominant-

ly O#iw states is often improved considerably.

I. INTRODUCTION

In a previous paper,' referred to as paper I, we present-
ed an interaction for p-shell nuclei in the (0+2)#%iw model
space. It was demonstrated that the mixing catastrophe
could be avoided. As a result it was possible to describe
both predominantly Ofiw states as well as intruder states,
i.e., those states for which our calculation yields less than
50% Ofiw components. Furthermore, it was shown that
the expansion of the model space gave rise to the pres-
ence of radially excited states, which in some cases can be
identified experimentally.

The calculated spectra of the p-shell nuclei are com-
pared with experimental data in Sec. II. The main struc-
ture of the (0+2)fiw wave functions is presented in Sec.
ITII. Section IV deals with charge radii, while static di-
pole and quadrupole moments are discussed in Sec. V.
The main features of electromagnetic transition rates and
logft values are given in Secs. VI and VII, respectively.
In Sec. VIII we discuss some problems related to the
reproduction of electron-scattering form factors. Con-
clusions drawn from the present investigation are given
in Sec. IX.

For a detailed discussion of the obtained results the
reader is referred to Wolters.?

II. SPECTRA

The spectra, calculated with the interaction presented
in paper I, and the measured ones are compared with
each other in Figs. 1-26. Since we can only describe the
normal-parity states in a (0+2)fiw model space, the
nonnormal-parity states are omitted from the experimen-
tal spectra. Because we used the binding energies of both
ground states as well as excited states as input for the
fitting procedure, these values are plotted. Only the
Coulomb energy contribution has been removed from the
experimental binding energies according to the procedure
described in paper I. The experimental data have been
taken from Fiarman® for *He and for 4 =5-16 from
Ajzenberg.*~7 A discussion of the spectrum for each nu-
cleus will be given below. Complete spectra and informa-
tion on high-spin states can be found in Wolters.>? For
the intruder states we distinguish two classes: states of
which the quantum numbers J” and T can be formed also
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in a 0%iw model space (class- 4 states) and those of which
the J7; T values cannot be formed in a Ofiw model space
(class-B states).

A. Mass A =4 nuclei

“He: The excited states of *He are all unbound; see
Fig. 1. The experimental information about energies and
spins of normal-parity states with 7 =0 in particular
seems far from complete and often depends on a model-
dependent analysis of phase-shift data.

Only two 07 states of “He have been included in the fit.
In Fig. 1 one sees that both states are calculated at about
the correct energy. In particular for the second 0 this is
remarkable, because it is a well-known intruder state,
which often is hard to reproduce correctly. Even if one
removes this state from the fitting procedure, it is still
calculated correctly with a deviation from the experimen-
tal energy of less than 0.5 MeV. Although the 0; state
can be identified as a radial excitation, it lies barely above
the breakup threshold. Its width of 0.05 MeV is small
enough, so that it has been observed experimentally. The
first 27 state seems to lie much too low in the present cal-
culation. However, a lower-lying 27 state might have
been observed experimentally at E, =27 MeV,%° which
would correspond much better with the present theoreti-
cal result.

There exist several shell-model calculations in which
one attempts to describe the ground state and first excited
0" state in “He. We will restrict ourselves to a recent cal-
culation,!® because it has been performed in a very large
model space. In this calculation the realistic two-body
sussex interaction!! was modified by multiplying the
sussex matrix elements with an overall strength parame-
ter. This parameter was determined by the condition
that the calculated ground-state energy is fixed to the ex-
perimental value. The reported results for “He were ob-
tained in a model space, which included all excitations up
to 10%iw. For the second 0" state the discrepancy be-
tween calculation and experiment decreased from 7 to 1
MeV, if the model space was enlarged from a 4#iw to a
10%iw space. This underlines the remarkable result of the
present calculation, where one obtains similar energies in
a much smaller model space.
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B. Mass 4 =5 nuclei

SHe: From Fig. 2 it follows that the broad 17 state in
SHe with a width of about 1 MeV is correctly predicted,
despite the fact that it was excluded from the fit. The cal-
culated second I~ and 1~ states, lying far above the
breakup threshold, are identified as radial excitations of
the first 3~ and 1~ states, respectively.

C. Mass 4 =6 nuclei

®Li: It follows from Fig. 3 that the lowest four levels of
®Li are reproduced reasonably well. The theoretical 15,
25, and 3; states lie well above the breakup threshold.
They are identified as radial excitations that belong to the
(a+d) continuum. The 3; level calculated at E, =21
MeV is not in agreement with the 31 assignment for the
experimentally uncertain state at E, =15.8 MeV. The
yrast 47 state calculated at E, =20.2 MeV may corre-
spond with the observed J"=4" state at E, ~23+2
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FIG. 1. Spectrum of “He. Only normal-parity states with
T =T, and at most four states with the same J are shown. Ex-
perimental and calculated states that are expected to correspond
with each other, are connected by dashed lines. A solid dot in-
dicates that the level is used as input in the fitting procedure.
The class- 4 and class-B intruder states (see text) are labeled at
the right-hand side. Levels identified as radially excited states
(see text) are indicated by a chain-dotted line. The crosses show
at which energy the nucleus becomes particle unstable.
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MeV. The predicted lower-lying state with J7=5" at
E,=18.4 MeV has not been observed so far.

®He: The sequence of the lowest two states in ®He is
reproduced; see Fig. 4. There is no further experimental
information available, however.

A calculation'? in a 6#iw model space is reported for
the 4 =6 nuclei with a modified sussex interaction.'!
The results of that calculation for ®Li are in good agree-
ment with the experimental data. However, the present-
ed spectrum'? of ®He contains several levels (a 0; state at
E,.=6.5 MeV, a 0] state at E,=13.9 MeV and a 2;
state at E, =23.3 MeV), which are not reported in the
experimental compilations. Some of the suggested extra
levels, i.e., the 0, and 05 states, can also be found in the
present calculation. They are not identified as radial ex-
citations.

D. Mass 4 =7 nuclei

"Li: All five levels of 'Li which were included in the fit
are reproduced correctly; see Fig. 5. Also the calculated
\

37 and 1~ states at E, = —31 MeV agree with experi-

ment as well as with the results obtained in a 0fiw model
space.' The calculated 2, and 1, levels lying about 6
MeV above the breakup energy can be classified as radial
excitations. The two states with the highest spin ob-
served, J "'Z%', are both well reproduced. Above
E_ =10 MeV the experimental information is scarce.

"He: For 'He only the binding energy of the ground
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FIG. 4. Spectrum of *He. See also caption of Fig. 1.
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state is known experimentally. This value can be well
reproduced in the present calculation; see Fig. 6.

E. Mass A =8 nuclei

8Be: From Fig. 7 one may conclude that the spectrum
of ®Be can be reproduced quite well, if one takes into ac-
count that the character of the 0; and 25 states can be
explained by the phenomenon of radially excited states;
see paper I. These levels can be considered as a discreti-
zation of the continuum. They have predominantly spa-
tial symmetry [ f]=[44], i.e., can be identified as states
containing two a clusters. Hence, one can find a theoret-
ical counterpart for all experimental levels in the spec-
trum of ®Be below E, ~20 MeV. The experimental
second 27 state belongs to an isospin-mixed doublet, and
has therefore not been used in the fitting procedure. In
Ofiw calculations'*! the 2, state has been obtained at a
much too low excitation energy E, =~14.0 MeV. Howev-
er, it does not correspond with radial excitations. It is a
state with almost pure spatial symmetry [ f]=[431]. The
J™=4% states have the highest spin observed and are
well-reproduced theoretically.

8Li: The lowest four levels of ®Li, see Fig. 8, are calcu-
lated very accurately compared to older results. The two
27 states at E, = —38 MeV are not observed experimen-
tally. For the 0; and 15 states only one experimental
level with a spin equal to O or 1 is available. The highest
spin observed, i.e., J"=4", is predicted correctly.
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8He: The calculated binding energy of the ground state
of ®He, see Fig. 9, agrees well with the experiment. Ex-
cept for the first excited state no more experimental data
are available.

F. Mass A =9 nuclei

%Be: The four experimentally well known states of *Be
are reproduced quite accurately; see Fig. 10. All other
experimental data are unreliable. The second 2~ and 3~
states are also found in a Ofiw model space,13 though
there are no experimental candidates. The predicted 7,
state at E, =10.9 MeV might have been observed in the
mirror nucleus °B at E, =11.7 MeV. The 3, state about
10 MeV above the breakup threshold should be con-
sidered as a radial excitation of the ground state.

°Li: The ground-state binding energy of °Li, see Fig.
11, as well as the suggested spin and parity 1~ for the
first excited state are calculated correctly. The tentative
assignment J = 3 for the level at E, =6.43 MeV cannot
be confirmed by the theory. All normal-parity states with
J=2 are calculated at E, >13 MeV, while also no
nonnormal-parity states with J =2 are expected below

E,=9 MeV in the 1%» model space."

G. Mass 4 =10 nuclei

1B: In '“B, see Fig. 12, the levels up to an excitation
energy of 7 MeV are experimentally well investigated and
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FIG. 8. Spectrum of ®Li. See also caption of Fig. 1.
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all theoretically reproduced. This data set includes the
highest spin observed, J"=4". Above E, =7 MeV the
experimental assignment of spin, parity, and/or isospin
becomes uncertain, which prevents a comparison between
calculation and experiment.

10Be. If we restrict ourselves to normal-parity states,
the experimentally known spectrum of 10Be consists of
0" and 27 states only; see Fig. 13. The second 07 state
at E,=—61.9 MeV (E, =6.2 MeV) is an intruder state.
This is evident, since in the Ofiw model space the excita-
tion energy of the 0, state deviates about 12 MeV from
the experimental value.'’ Presently it is calculated at
E,=7.4 MeV, i.e., with a deviation of only 1.2 MeV.

H. Mass A =11 nuclei

1B Fig. 14 shows that all levels of B which were in-
cluded in the fit, are calculated in the correct sequence.
This holds also for the highest spin observed, J7=3".
Earlier 0% calculations'® did not produce a theoretical
candidate for the level with J"<37 at E, = —72.7 MeV
(E,=8.5 MeV). However, the present approach yields a
candidate, the 3, state. Taking into account the experi-
mental spectrum of the mirror nucleus 11C, one may as-
sume that this level indeed should have J ”=%‘, since it

is probably the analogue of the I~ state in ¢ with

E.=8.1 MeV. Similarly there exists a state in ''C at
E,.=10.0 MeV with a tentative 1~ assignment. This

would also agree well with the I, state calculated here.
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FIG. 13. Spectrum of '°Be. See also caption of Fig. 1.
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"Be: The experimental information of !'Be is very
scarce; see Fig. 15. The ground state has nonnormal par-
ity, J ”=%+, and can be well reproduced when 1% exci-
tations are included in the model space.!® Since the spin
and parity of the observed second and third excited state
are unknown, it is unclear to which of these the calculat-
ed 27 and £~ states should correspond.

I. Mass 4 =12 nuclei

12C. Several states of !>C are found to be intruder
states. It follows from Fig. 16 that the well known 05 in-
truder state is reproduced in beautiful agreement with ex-
periment. The calculated 2; is a radial excitation. The
experimental states with tentative assignments J7=0;
and J™=2;, respectively, at about E,=—89 MeV are
not found in the calculation. They may require the in-
clusion of 4%iw excitations in the model space.

12B: Most of the normal-parity states in '*B are repro-
duced; see Fig. 17. An exception might be the correspon-
dence between experiment and theory for the 17 states.
The second 1" state, calculated at an excitation energy
E,=3.75 MeV, seems in rather poor agreement with the
observed l; in ?B at E,.=5.00 MeV. However, 2N, the
mirror nucleus of !’B, shows a possible 1) state at
E_=3.56 MeV, which has no known corresponding
analogue in '2B. Assuming that the calculated state cor-
responds with this level, the agreement between theory

11B
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and experiment is very good. 13
2Be: The nucleus '’Be is one of the p-shell nuclei 5B8
where none of the calculated low-lying states, shown in

Fig. 18, has predominantly a O%w configuration, i.e., all of
these states have more than 50% 27%o components.

J. Mass A =13 nuclei

BC: The agreement between experiment and theory is -
considered good for '3C; see Fig. 19. Not only the se-
quence of the lowest five levels is calculated correctly, but
also several predictions correspond to experimental coun- 1
terparts. All states shown above E,=—97 MeV are §
class- 4 intruder states except the 1, state. The highest
spin may have been observed for a state at E,=13.4
MeV with a tentative assignment J"=23". This should -3/2"
be compared with the calculated value of E, =15.6 MeV . — /2
for the 3~ yrast state (not shown). o 7/2

3B: Experimentally only the ground-state spin of B = u-1/2"
is known. It follows from Fig. 20 that its binding energy ) ~5/2~
is well reproduced. No spin values have been measured -85 ‘—‘“"‘5/2:
for any of the excited states, however. The relatively — 1/ 2_
large gap calculated between the ground state and the ex- '3/2
cited states agrees with the present data. None of the cal-
culated states shown has a predominant 0% nature. g,
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reproduced in the present calculation as in almost any
Of%iw shell-model calculation. All other states included in
the fit are intruder states. For nearly all calculated states
one finds a good to fair agreement with experimental
data, including the 5" state, which has the highest spin
observed so far. The theoretical 1; state should be
identified as a radial excitation. Although this state is ex-
pected near the particle breakup threshold, it might have
a significant width such that it has escaped experimental
detection. The calculated 15 state would then agree very
well with one of the experimental 17 states at E, ~ — 105
MeV.

4C. The agreement with experiment for the calculated
energies of the intruder states 0, 2;°, 05, and 4 in "*C
is very good; see Fig. 22. The experimental level with
J > 1 might correspond with the calculated 2; state. At
E,=14.7 MeV (not shown) a high-spin state is observed
experimentally with a tentative assignment J"=6" or
57. The present result for the 6% yrast state yields
E_=16.3 MeV.

L. Mass 4 =15 nuclei

5N: The nucleus '°N, as well as its mirror nucleus °0O,
is well investigated experimentally. One has obtained
spin assignments for many low-lying normal-parity states,
while moreover a large number of nonnormal-parity
states, not discussed here, have been identified. Except
for the yrast 1~ and 2~ states all levels in '°N are in-
truder states. The obtained spectrum, see Fig. 23, agrees
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in general very well with experiment. A problem seems
the appearance of two 1~ states within 0.1 MeV in the
calculation at about E,=—117.6 MeV (E,=8.4 MeV),
since there is no experimental indication for a second §~
state in this region of excitation energy so far. The
highest spin observed for a normal-parity state is 4 and
it is well reproduced here.

5¢C: All normal-parity states in '3C are, according to
our definition, intruders. It follows from Fig. 24 that
good agreement between experiment and theory exists.
Above E, = —109 MeV we calculate several states with
high spin, which are not observed experimentally. The
calculated 3, , 77, and J states at E, ~6.0 MeV might
correspond with three experimental states at E ~6.4
MeV tentatively assigned (3,27,27), (,3,1), and
(37,4), respectively. Strictly speaking we have calculat-
ed the T =21 states in '°N, since in °C one neutron al-

ready occupies the sd shell and thus cannot be excited
into the sdg shell in our space.

M. Mass A =16 nuclei

160: At the upper end of the p shell nearly all levels be-
come intruder states. In '®0 only the ground state can be
obtained in a O%iw model space; see Fig. 25. The second
0" state, which is calculated about 1 MeV too high is
found to be predominantly a state with [ f]=[4444] and
SU(3) quantum numbers (Ap)=(20). This is in conflict
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with the recent calculations of Hayes et al.,'® that pre-
dict the 0; to be predominantly of 4%iw character with
(Ap)=(84). The latter classification also follows from .
the weak-coupling model in which one assumes the 05
state to be of 4p-4h character.!” The present calculation
gives quite reasonable values for the EO matrix elements, 1
however; see Sec. V1. —128 4
16N: The spectrum of ®N, presented in Fig. 26, shows
a rather high-level density. The 2™ ground state cannot
be taken into account in the present description. There is .
good agreement with experiment for most of the excited
states. An exception is the theoretical 07 level, which is
not reported in the compilations of experimental T =1
levels in 4 =16 nuclei. In fact we calculated the T =1
states in '®0 for the same reason as explained for °C.

DD DPODWDODPDWODm®m

o D

III. THE STRUCTURE OF THE WAVE FUNCTIONS

E, (MeV)

The subject of this section is the structure of the wave
functions that are obtained with the present interaction.

-138
A. Ground states

Figure 27 shows the structure of the resulting wave .
functions of the 4 =4-16 ground states with 7 =0 or
T =1 in the (0+2)%w model space. The five different
components are labeled as follows:

(I) p2—(sd)? stands for (0s)*(0p)* ~®(1s0d)?, possible -143 -

for A = 6 only.
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FIG. 25. Spectrum of '°0. See also caption of Fig. 1.
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FIG. 27. Structure of the ground-state wave functions of the
A =4-16 nuclei with T=0o0r T = %, obtained with the present
interaction. For the notation, see text.

(ID s*—p? stands for (0s)*(0p)* ~2, possible for 4 <14
only.

(III) p— fp stands for (0s)*(0p)* ~3(0f 1p)},
for 4 =5 only.

(IV) s —sd stands for (0Os) (Op)A “4(1s0d)'.

(V) p" stands for (0s)*(0p)4 —*

It follows from Fig. 27 that the most important contri-
bution to the structure of these waves functions is, as ex-
pected, the Ofio component (0s)*(Op)?~* This com-
ponent varies from 80% for “He to 56% for '°O. As a
consequence the total intensity of the 2#iw components
increases quite strongly from 20% for “He to 44% for
0. The 2#w components can be divided into two
classes: the one-particle, one-hole (1p-1h) excitations
(s—sd and p —»fp) and the two-particle, two-hole (2p-2h)
excitations [s’—p? and p?—(sd)?]. It follows from Fig.
27 that the character of the ground states changes consid-
erably with respect to these classes. In the very light nu-
clei (A4 =9) the 1p-1h excitations are mainly responsible
for the 27w intensities. For the wave functions of the nu-
clei in the middle of the p shell (10< 4 <14) we see a
mixture of both classes, where the 2p-2h excitations be-
come more important for larger A-values. Finally for the
A 215 nuclei the 2#iw components are dominated by the
2p-2h excitations. Of the 44% 2#iw components in '°0 as
much as 38% consist of 2p-2h excitations.

Looking at each type of component separately one sees
from Fig. 27 that the p’—(sd)* component increases
strongly w1th an increasing A. The other 2p -2h contribu-
tion, s2—p?, is decreasmg when the mass increases from
A4 =4 to A =16. This is obvious, because for increasing
A the p shell fills up with nucleons, leaving less vacancy
for nucleons excited from the s shell. The p— fp com-
ponent increases until a maximum of 16% in '*C and
then strongly drops to 1.5% in ®O. The intensity of the
other 1p-1h excitation, s —sd, is roughly a factor two to
three larger in the 4 =4-10 nuclei than in the heavier
A =13-16 nuclei.

possible
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B. Intruder states

To discuss the structure of the intruder states, we
present in Table I the intensities of the five types of com-
ponents which contribute to the wave functions. The no-
tation for these components has been explained above.
We will restrict ourselves only to low-lying 0%, 2%, and
4% intruder states in several nuclei. To demonstrate the
differences between these intruder states and the predom-
inant Ofiw levels, also the structure of several levels of the
latter are added in Table I. Furthermore it is indicated in
Table I whether an intruder state belongs to class 4 or
class B; see Sec. II.

The first observation is the fact that all class A4 in-
truder states contain a relatively small amount, less than
20%, of Ofiwo components. By definition, see Sec. I, the
class B intruder states cannot contain 0w components.
Further we see that for the three 0" intruders in 4 =4,
A =10, and A4 =12 the structure is mainly determined
by the 1p-lh excitations, while for the 0" states in
heavier nuclei the 2p-2h contributions dominate the
structure completely. This is the same situation as for
the ground states: for heavier nuclei 2p-2h components
are dominant, while in the lighter nuclei the 1p-1h contri-
butions are most important.

Remarkable is the fact that the class-B states in Table 1
have a very simple structure, almost 100% p2—(sd)>.
Hence these states contain only a very small percentage
of 1p-1h components; this in contrast to most class- 4 in-
truders, where the 1p-1h structure is much more impor-
tant.

IV. CHARGE rms RADII

The first observable we study is the charge rms radius.
With the assumption that one uses harmonic-oscillator
wave functions, it can be shown!'? that the charge radius
within a 07iw model space is independent of the structure
of the wave function and only depends on the value of the
harmonic-oscillator size parameter b.

In a (0+2)%w model space the latter property does not
hold anymore. In this case the charge radius not only de-
pends on b, but also on the structure of the wave func-
tions. This is due to the fact that matrix elements
(nllr?ln+11) contribute to the rms radius for a mixed
(0+2)hw wave function, but not for a pure Ofiw wave
function. Due to interference effects the rms charge ra-
dius, expressed in units of b, may be smaller in the
(0+2)%iw space than in the Ofiw space.

There are several ways to determine the value of the
size parameter b. The most consistent value might be the
one derived from the presently obtained value for the pa-
rameter #iw and the proton mass. However, when one ap-
plies? this value of b, denoted as by, to calculate the
charge radii, one finds b,,=2.05 fm. The resulting radii
then become too large, a result obtained earlier in other
calculations.!® 8

Therefore we will use the effective value b4, which
follows from a least-squares fit of calculated charge radii
to the experimentally known values with the proton
finite-size correction taken into account. We found, for
the present wave functions in the (0+2)#io model space,
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TABLE 1. Components of the wave function (in %) for several 0*,2%, and 4" states. For notation
see text of Sec. III.
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Nucleus J7 Class pi—(sd)? stop? p—fp s—sd p"
‘He o' Otio 5.5 14.7 79.8
05 A 21.0 60.0 19.0
‘He of (0,73) 0.5 29 0.2 13.5 82.9
0, A 9.7 0.6 49.1 29.9 10.7
27 Ofiw 2.9 0.2 2.3 12.4 82.2
27 Ofiw 2.8 2.2 14.6 12.6 67.8
®Be 0; Ofiw 2.6 1.5 5.6 18.5 71.8
0; A 7.3 0.4 45.5 43.8 3.0
05 Ofiw 8.0 1.0 16.2 18.4 56.4
27 Ot 2.1 1.3 6.1 19.6 70.9
2+ A 5.1 0.8 32.1 36.7 25.3
27 0fiw 3.8 1.2 16.3 24.1 54.6
47 Ofiw 1.0 0.8 7.9 21.6 68.7
45 A 34 0.8 237 36.8 35.3
10Be o/ Otiw 8.4 0.8 8.7 12.4 69.7
0 A 13.5 0.1 55.2 28.0 32
2 Ofiw 8.2 0.6 8.1 13.7 69.4
27 Ofiw 8.5 0.6 8.6 14.2 68.1
2C o/ 0fiw 14.9 0.5 16.0 8.1 60.5
0y A 13.5 42.5 25.5 18.5
27 (02,75) 15.5 0.4 8.9 9.5 65.7
4} 0fiww 15.2 7.5 11.7 65.6
4C 0y 0fie» 324 0.1 8.6 5.1 53.8
05 A 86.3 3.2 0.9 9.6
27 A 38.1 7.4 6.6 479
2, A 91.4 2.0 0.9 5.7
4; B 99.4 0.6
10 0} Ofiw 37.6 1.5 5.2 55.7
0 A 80.5 16.3 3.1 0.1
27 B 99.1 0.9
5 B 95.9 3.8 0.3
4t B 99.4 0.6
45 B 98.5 1.5
the value b,,,=1.75 fm. This is significantly smaller 3
than b,,. In the O%iw model space we found b 4=1.71
fm.
In Fig. 28 the calculated and experimental charge rms
radii of several ground states of p-shell nuclei are shown.
The reported experimental values are obtained from de £ 25 r b
Vries et al.'® From Fig. 28 it follows that both the 0fiw =
and the (0+2)fiw calculation reproduce the general in- 0
crease of the radii with increasing mass number 4. Com- 5
pared to the results in a 07iw model space, the radii of “He = /|
and '°O can be better reproduced in the larger (0+2)fw °r / s gz(lweriment i
model space. As a result of 27w admixtures the radius of / — (O+p2)hw
“He decreases, whereas that of °O increases. However, /
looking more precisely, one observes that the details can- ©
not be obtained in the present calculation under the as- 15 . L !

sumption that b is mass independent. In particular the
relatively large experimental radius of ®Li cannot be ex-
plained in either model space.

V. STATIC MOMENTS

We have explained that static moments have been in-
cluded in the fitting procedure to determine the effective

e SLi "Li %Be 1°B IR B¢ 13¢ 1N ¥c By g
Nucleus

FIG. 28. The charge rms radius of several ground states in
Ofiw and (0+2)%iw model spaces compared to the experimental
values. In the Ofiw space b =1.71 fm, while in the (0+2)%w
space b =1.75 fm.
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interaction; see paper I. The empirical strength parame-
ters for the /M1 and &2-operators are determined simul-
taneously.

For a derivation of the expressions for the required
electromagnetic operators the reader is referred to Brus-
saard et al.,?° in which also the applied long-wavelength
approximation is explained. Furthermore center-of-mass
recoil corrections, leading to some A and Z dependence
of the strength parameters for these operators, will be ig-
nored. These corrections are small.2’

A. Magnetic dipole moments

The effective M 1 operator we use is completely charac-
terized by the values of four parameters, i.e., the spin and
the orbital g factors of a proton and a neutron.

In Table II the resulting effective nucleon spin and or-
bital g factors for various interactions are given together
with the corresponding values for the bare protons and
neutrons, which have been taken from Chaloupka et al.?!
The g factors for the (8-16)POT interaction!* are ob-
tained by fitting the dipole moments to the experimental
data, while keeping the wave functions fixed. Further-
more the calculation of van Hees et al.!® included dipole
moments of 17w states too, which of course could not be
reproduced in the two other calculations. The presented
rms deviations Ap,,, are based on one and the same set
of dipole moments of predominantly 07w states.

From Table II it follows that the magnetic dipole mo-
ments in the current calculation yields the smallest devia-
tion A, in particular compared to the (8-16)POT re-
sults. However, the effective nucleon g-factors deviate
somewhat more from the bare-nucleon values. This holds
in particular for the orbital isovector part
gl ~'=gf—g'=1.32, which deviates more than 30%
from the bare-nucleon value, while the spin isovector part
and the orbital and spin isoscalar parts are within 10% of
the corresponding bare-nucleon values. In a recent inves-
tigation on p-shell nuclei in a (0+2)%o» model space?? it is
shown that the inclusion of meson-exchange currents
reduces the need for such large effective g-factors, in par-
ticular for the isovector part.

Table III shows all presently known magnetic dipole
moments of normal-parity states in the p-shell nuclei, to-
gether with the values obtained in the present calcula-
tion. The experimental values can be found in Ajzen-
berg.*”7 From Table III it follows that the presently ob-
tained magnetic dipole moments deviate at most 0.10uy
from their experimental values.

TABLE I1. g factors and rms deviations for dipole moments.

Bare nucleon (8-16)POT (0+1)fiw Present

value (Ref. 14) (Ref. 13)  results

gf 1.000 1.058 1.030 1.183

g 0.000 —0.013 0.036 —0.136

g’ 5.586 5.510 5.543 5.906

g’ —3.826 —3.821 —3.875 —4.174
Ay ) 0.123 0.050 0.047
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TABLE III. Magnetic dipole moments (uy).

Nucleus JT Experiment® Theory
°Li 1t 0.822 0.835
Li 3 3.256 3.302
8Li 27 1.653 1.576
¢B 27 1.036 1.072
°Li 3 3.439 3.460
°Be 37 —1.178 —1.172
0 3+ 1.801 1.845

1 0.63+0.12 0.672
''B 3 2.689 2.754
e 3 —0.964 —0.981
;] 17 1.003 0.937
2N 17 0.457 0.435
1’ 3 3.178 3.075
BC i 0.702 0.661
BN - —0.322 —0.257
N 1t 0.404 0.386
5N - —0.283 —0.301
50 1 0.719 0.724

Error, if not specified, less than one unit in the last digit.

B. Electric quadrupole moments

The matrix elements of O(6LM) between harmonic-
oscillator states with a size parameter b are proportional
to bL. Therefore when the harmonic-oscillator size pa-
rameter b is not fixed, the strength parameters of an
effective 62 operator should be given in units bzep and
b?e, instead of just e, and e,. These values are optimized
in the fitting procedure described in paper I. Table IV
shows the obtained strength parameters of the 62 opera-
tor together with the rms deviation for the quadrupole
moments. As for the magnetic dipole moments, see Sec.
V, we present results for three interactions. For the
Cohen and Kurath (8-16)POT interaction we again kept
the wave functions fixed and optimized b’e, and b’, in a
fit to quadrupole moments only.

Besides the significant reduction of AQ, . compared to
the other two calculations, the most important difference
of the present calculation compared to previous calcula-
tions on light nuclei is the very small value for b’e,; see
Table IV. Using b4 =1.75 fm, which followed from the
optimalization of the charge radii, see Sec. IV, one finds
e,=1.19¢ and e, =0.06e.

One often assumes for the isovector part of the &2
operator the relation e, —e, =1le. Writing ¢, =le+Ae,

P
and e, =Ae,, one obtains Ae, =Ae,. From the currently

TABLE IV. Strength parameters for the 62 operator and
rms deviations for quadrupole moments.

Bare nucleon (8-16)POT (0+1)fiw Present

value (Ref. 14) (Ref. 13) results
bzep b? 3.61 3.64 3.63
be, 0 1.39 1.36 0.18
AQ, (e fm?) 0.50 0.34 0.23
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obtained ratio bzep /bze,,=20, see Table IV, one thus
finds Ae =0.05e, which yields ep=l.05e and e, =0.05e.
This assumption, however, leads to a harmonic-oscillator
size parameter b =1.86 fm.

In this (0+2)#iw calculation the matrix elements of the
bare &2 operator are in general much larger than in Ofiw
calculations. As a result it is not necessary anymore to
use large effective charges in order to reproduce the ex-
perimental quadrupole moments. The explanation of this
phenomenon lies in the fact that in the present descrip-
tion the giant quadrupole resonance is included in the
model space. Besides matrix elements which are diagonal
in the number of oscillator quanta, the one-body &2
operator has also nonvanishing matrix elements between
two states if their number of oscillator quanta differs by
2. Hence the 62 operator gives contributions of the type
Ofiw—0%iw, 2fiw<>2%iw, but also Ofw<>2fiw. Especially
the latter, which are of course absent in a Ofiw space, add
in most cases coherently and thus lead to stronger 62
strengths (and quadrupole moments). The /M1 operator
gives only contributions which are diagonal in the num-
ber of quanta (in any harmonic oscillator shell-model
space). Therefore the magnetic dipole moments are
much less sensitive to changes in the model space than
the quadrupole moments.

In Table V the values for the experimentally known
quadrupole moments are presented and compared with
the calculated values. The experimental data are taken
from Ajzenberg.”’ We see a remarkably good agree-
ment between theory and experiment, except for the sign
of the very small quadrupole moment of °Li.

After the determination of the present effective interac-
tion for which the experimental quadrupole moments list-
ed in Table IV have been used, a new compilation on
A =5-10 nuclei appeared,?® containing additional infor-
mation on some experimental quadrupole moments.
Three of these moments differ from the values presented
in Table V. The new values are Q(°Li)=—0.08
e fm2,Q('Li)=[ —4.06%0.08] e fm? and Q(°Li)=[—3.6
+0.6] e fm?.

TABLE V. Electric quadrupole moments (e fm?).

Nucleus JT Experiment® Theory
°Li 1" —0.06+0.01 0.08
"Li 3 —3.70+0.08 —3.50
SLi 27 2.410.2 2.62
°Li 3 —3.3+0.7 —3.55
°Be 3 5.3+0.3 4.87
1B 3" 8.47+0.06 8.63
'B 3- 4.07+0.03 4.42
e 3 3.43 3.26
2 1t 1.34+0.14 1.53
12c 2+ 6+3 6.50
] 3 4.78+0.46 4.30
14N 1+ 1.56 1.45

2See text for other values.
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VI. TRANSITION STRENGTHS

Transition strengths give a good indication about the
structure of wave functions. Therefore they form a good
test case for the current interaction. Because only
normal-parity states are involved, we consider /M1 and
62 transition strengths.

A. M1 transition strengths

In general one finds a good agreement between experi-
ment and calculation.’ Even the very small /1 strengths
are mostly reproduced as far as the order of magnitude is
concerned.

B. &2 transition strengths

We find a quite good agreement between experiment
and calculation? for nuclei with 4 <13. The theoretical
values are obtained with the values bzep =3.63 e fm? and
b?-e,=0.18 e fm?, that follow from the fit of the quadru-
pole moments in the determination of the interaction.

Reasonable values could not be obtained for several of
the &2 transitions in the nuclei with 4 = 14. Despite the
rather good reproduction of the spectra for these nuclei,
one finds in particular for '°O that the (0+2)%» model
space is too restricted to explain some very strong transi-
tions. For a correct description of these strengths we ex-
pect that the inclusion of 4%w components in the wave
functions is very important.

VII. Logft VALUES

Most of the allowed S decay takes place between states
with predominantly a Ofio character. There exists a
reasonable agreement between theory and experiment.’
The most serious problem seems to consist of the logft
values for transitions between the 07 states in the mirror
nuclei *C and 0, and the first 17 state in "*N. The ap-
plied operator?® leads to the same logf? value for both
transitions. The calculated transition strength is several
orders of magnitudes larger than the experimental
strengths, which show strong retardation.

VIII. FORM FACTORS

To describe electron scattering, form factors are in-
dispensable. A form factor F can be separated into two
parts F; and F, the longitudinal and transverse form
factor, respectively. These form factors contain all
nuclear-structure information and are a function of the
transferred momentum ¢. The longitudinal form factor
F, is a sum over coulomb form-factor components,
denoted by F,, while the transverse form factor Fy con-
sists of a sum over electric and magnetic form-factor
components, denoted by Fg, and Fy,, respectively. The
multipole order A satisfies the relation

|, —J/ SA<J,+J, (M

with J; and J, the spin of the initial and final state, re-
spectively. The form-factor components can be obtained
by means of a multipole expansion of the fourier trans-
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form of the transition matrix elements. These are the
matrix elements of the nuclear charge and current-
density operators. For a more detailed discussion of form
factors we refer to other publications.?*?’

Two corrections will be applied to the calculated form
factors. The first one is a result of the center-of-mass
motion that is included in any shell-model wave function
of a nuclear state. For harmonic-oscillator radial wave
functions it has been shown,?® that this effect can be ex-
actly compensated for. The correction?* consists of the
multiplication of any calculated shell-model form-factor
component with a simple factor f ., (q)

fem (@)=e?0?744 )

The second correction concerns the finite size of nu-
cleons. Instead of assuming that nucleons are point par-
ticles, one has to multiply the obtained form factor by a
single-nucleon form factor Fj(q) to correct for this
effect. We use the two-pole form factor?’

5 -2

(855 MeV )? )

This correction factor is an approximate expression for
the single-nucleon form factor, i.e., the form factor that
represents the internal structure of the nucleon. It is ap-
plied to all form-factor components. No corrections for
meson exchange currents or relativistic effects are includ-
ed.

In Figs. 29-31 we compare as typical examples some
longitudinal and transverse form factors obtained from
the 0%iw!® and the present (0+2)#iw wave functions with
experimental data. Form factors for several other states
can be found in Wolters.> Bare-nucleon transition opera-
tors are used, i.e., the proton charge e, and neutron
charge e, were fixed to le and Oe, respectively. Besides
the bare values for the proton and neutron dipole mo-

o
2

107!

u'; 1 1I 1 2i 1 Ja T J
q (fm_l)

FIG. 29. Longitudinal form factor for elastic scattering on
the J7=0", T=0 ground state of “He. The solid line is ob-
tained in the (0+2)#w space, while the dashed line shows the

Ofiw result. The points represent the experimental data (Refs.
28 and 29).
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ments were applied, p, =2.79uy and p, =—1.91puy, re-
spectively. To avoid the introduction of more parame-
ters, as state-dependent b values, we use the harmonic-
oscillator size parameters b =1.71 fm and b =1.75 fm
for the Ofiw and (0+2)fiw model spaces, respectively.
These values are the same as those used for the calcula-
tion of ground-state charge radii; see Sec. IV. However,
this choice is not necessarily optimal.

In the Ofio model space the G0 form factors in all p-
shell nuclei are independent of the wave function. The
only freedom, apart from the finite-size correction, is the
scaling along the g axis which is effected by varying the
size parameter b. For “He the 0w form factor is given
by

F(g)=e " *F, (q)f e (@) (4)

where F(g) and f,, (q) are defined in (3) and (2), re-

2
-5 Fr -4 -3 -2 -1
10 10 10 10’ 10’

10-6

L

1 1 1

q (fm™) ;

FIG. 30. Longitudinal (top) and transverse (bottom) form

factor for the first J7=17; T=1 state of Li. The points

represent the experimental data (Refs. 30 and 31). See also cap-
tion of Fig. 29.
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FIG. 31. Transverse form factor for elastic scattering on the
J™=1""T=1 ground state of *C. The points represent the
2 7 8 p p

experimental data. (Refs. 32 and 33). See also caption of Fig.
29.

spectively. The 2#iw admixtures in the ground-state wave
function gives considerable additional freedom, leading to
the form factor for the *He ground state that has the
form?*

2

+B

4
b

F(g)=|1+a|=L e‘b242/°Ffs(q)fC,m.(q) ,

bq
2

(5)

where a and B are determined by the structure of the
wave functions. A sufficiently negative value of a would
result in a node in the form factors. Since S is in general
negligible, one finds the node at about

i \-1122 6
g=(—a) b (6)

Since the minimum is found experimentally at g=3
fm ™!, see Fig. 29, and the value of b we used is 1.75 fm,
we find that

a=—bf2=—0.124. (7)
q
However, from our wave functions we deduce

a=+0.213, i.e., there is no node. On the other hand the
current positive value of a leads to a significant decrease
of the charge rms radius, which improves agreement with
experiment; see Sec. I'V.

The general behavior of the various form factors for
ground states and excited states is reproduced to some
extent in both the O%iw and (0+2)%iw model space. For
instance the form factor for the first 1~ state in i is
reproduced quite well; see Fig. 30. Serious discrepancies
between theory and experiment occur, however, in the
transverse form factors Fr(g) for the J"=31" ground
state of °C; see Fig. 31.

With the present assumptions about effective charges,
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nucleon g factors and b values the differences between the
0#%iw and (0+2)#%w results are generally less than a factor
of two for the regions where F(g) does not vary too
strongly with g. Larger deviations between the two sets
of wave functions are found in the high-q region. An ex-
tension of the model space from 0fiw to (0+2)fiw, which
is shown to be quite successful for energies, static mo-
ments and transition rates, does not considerably improve
the calculated form factors.

It may thus be concluded that the present deviations
between experimental and theoretical form factors prob-
ably stem from an effective interaction that is not op-
timal, a still too small model space, or should possibly be
attributed to relativistic effects or mesonic degrees of
freedom which are not taken into account in the present
description.

IX. CONCLUSIONS

The conclusions from the present approach to corre-
late a large number of observables in 4 =4-16 nuclei
with a mass-independent phenomenological interaction
are summarized in the following points.

(1) Properties of many intruder states can be repro-
duced correctly.

(2) The 2#%w admixtures are substantial. For the
1g6round states they increase from 20% for “He to 44% for

0.

(3) The description of predominant Ofiw states is often
improved considerably. This holds in particular for elec-
tric quadrupole moments and &2-transition strengths.
Only very small effective charges are required to repro-
duce the experimental values of these observables.

(4) The description of nuclei at the lower and upper
end of the p shell should be further improved by the in-
clusion of N#iw components with N =24, This holds in
particular for '°O.

(5) The discrepancies between theory and experiment
for form factors are not solved by the inclusion of the
2#iw components. Possibly the current model space is
still too small or relativistic and/or mesonic effects play a
significant role.

For a similar description of nonnormal-parity states
one needs to include 1#w and 3#iw components in the
wave functions. Therefore to reproduce both normal-and
nonnormal-parity states in the same space, the model
space must be expanded to a (0+1+2+3)%w space.
This should be feasible with present-day computer facili-
ties.

Much more information about results of the present
calculations can be found in Wolters,?> which is available
upon request.

This work was performed as part of the research pro-
gram of the Stichting voor Fundamenteel Onderzoek der
Materie (FOM) with financial support from the Neder-
landse Organisatie voor Wetenschappelijk Onderzoek
(NWO). The numerical calculations for this work were
performed on a CDC-205 computer with financial sup-
port from the Stichting SURF through the Nationaal
Fonds gebruik Supercomputers (NFS).
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