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Shell-model calculations are performed on the normal parity states of Op-shell nuclei with 3 = 6—14. The
Hamiltonian is diagonalized in the full Op basis, and the eA'ective two-body interaction is computed from

the Sussex relative harmonic-oscillator matrix elements. The second-order corrections to the two-body

matrix elements are calculated for all intermediate states up to 2 Ice excitation energy. The
harmonic-oscillator size parameter is taken to be constant at 1.7 fm for all nuclei, and the p3/2 p]/2
single-particle energy splitting is determined for each mass number by a least-squares rms fitting to the

experimental spectrum. Static and dynamic properties of the energy levels are calculated and found to be
usually in good agreement with experiment.

I. INTROD&JCTION

The basic problem in any feasible shell-model
calculation is to determine the effective two-body
interaction appropriate for the chosen configura-
tion space. The most appealing method is, of
course, to compute this interaction directly from
the free nucleon-nucleon scattering phase shifts,
without introducing any parameters. The pioneer-
ing work of Kuo and Brown, ' ' using the Hamada-
Johnston potential, has yielded very promising
results, and today a number of successful shell-
model calculations, based on the Kuo-Brown in-
teraction, exist for several nuclear regions. "

An interesting alternative to the Kuo-Brown
method has been suggested by Elliott and his col-
laborators at Sussex. '' By making some rea-
sonable assumptions about the smoothness and
range of the potential, they are able to deduce the
relative harmonic-oscillator matrix elements
directly from the phase shifts without ever con-
structing an explicit form for the interaction. In
spite of a number of applications with the Sussex
matrix elements (see, e.g. , Ref. 8), they have
rarely been used in any detailed shell-model cal-
culations. In the present work, we shall apply an
effective Sussex interaction to the normal parity
states of the OP shell, computing not only energy
levels, but also numerous other observables
which have been measured and exist in the litera-
ture.

Our primary reason for choosing the OP shell
is that a comprehensive investigation of these
states, employing realistic two-body forces, has
so far not been performed. One previous calcu-
lation, using an effective Hamada-Johnston poten-
tial, was carried out in this region by Halbert,
Kim, and Kuo, ' but they computed only the energy
levels. Some qualitative comparisons with this
work will be given in the last section. We shall
also compare our results with the successful work

of Cohen and Kurath, "who determined their two-
body effective interaction by a least-squares fit-
ting of up to 17 free parameters. Even though
their method for obtaining an effective interaction
is the opposite of ours, it will be shown in the
present work that most of our computed observ-
ables are very similar to theirs.

Other shell-model calculations have been per-
formed in this region and must be briefly men-
tioned at this time. For example, the intermedi-
ate coupling calculations"'" yield quite satisfac-
tory results provided one allows the spin-orbit
term to gradually increase throughout the shell.
Also, the least-squares technique of Cohen and
Kurath has been extended by Goldhammer and co-
workers" to include some three- and four-body
effective forces. In most cases, very good agree-
ment with experiment is obtained.

In Sec. II we present the necessary theory for
constructing the Hamiltonian matrices and for
computing the effective two-body matrix elements
(2BME 's). The theoretical energy-level fittings
for each nucleus are then presented in Sec. III.
We further test the wave functions in Sec. IV by
comparing radiative transitions, spectroscopic
factors for one-nucleon-transfer reactions, static
dipole moments, and P-decay rates with experi-
ment. Finally, in Sec. V we discuss the results
and present comparisons with other shell-model
calculations.

II. THEORY

The construction and diagonalization of the en-
ergy matrices were performed with the Oak Ridge-
Rochester shell-model codes, '4 which require the
two-body matrix elements to be expressed in the
jj-coupling scheme. The "bare" two-body matrix
elements corresponding to the first diagram of
Fig. 1 have been computed from the relative har-
monic-oscillator matrix elements tabulated in
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Ref. V. The necessary transformation from I S-
to jj-coupling, as well as the Brody-Moshinsky
transformation between the center-of-mass and
relative frame, has been carried out along the
lines as described in Ref. 1.

Because of the limited configuration space, we
have also computed various corrections to the in-
teraction via degenerate perturbation theory. " In
the present work, we shall limit our calculations
to the second-order terms of all possible 2k~
corrections. The three possible kinds are shown
in Fig. 1 and are commonly referred to as the
three-particle-one-hole, four-particle-two-hole,
and two-particle corrections, respectively. The
explicit formulas for these corrections can be
found for instance ln Ref 1. There are two

types of two-particle corrections that need to be
considered, these being (1)both particles excited
1lia& to the 1s-Od shell, and (2) one particle re-
maining in the OP shell and the other excited 2k'
to the Of -1P shell.

Numerical values for each of the 15 two-body
IIlatI'1x 818II1811'ts (2BME s) Ileeded 111 'tile px'88811t

calculation are shown in Table I for a representa-
tive oscillator length of b =1.7 fm. The "bare"
matrix elements are listed in column 2, and the
three second-order corrections of Fig. 1 are
given in columns 3 through 5. In computing these
corrections, we assumed all energy denominators
to be exactly 2)IoI (28.4 MeV for b = 1.V fm). By
summing columns 2 through 5, we obtain the final
effective matrix elements, as tabulated in column
6.

III. ENERGY LEVELS

In performing the energy-level calculations we
at first allowed two parameters to vary, these be-
ing (1) 8, the energy separation between the p,~,

and pI~, single-particle states, and (2) b, the
harmonic-oscillator size parameter. The effec-
tive 2BME's for the OP shell were calculated for
all oscillator parameters between b = 1.4 fm and
b =1.8 fm in steps of O. l fm. We then computed
the normal parity states of the OP shell for these
five values of 5 and for different e values between
0.0 and 9.0 MeV. Excitation energies were fitted
relative to the ground state of each mass number
A. From these results, we observed that the cal-
culated levels varied greatly with ~, but changed
very slowly as a function of b (with the exception
of mass A =8 as will be discussed shortly). Fur-
thermore, it was found that the optimum value of
5 was 1.V fm. Therefore, in the present work,
we shall use a constant b value of 1.V fm and treat
only e as a free parameter. This idea of having
a constant size parameter for all Op-shell nuclei
is supported by Wilkinson and Mafethe, "who have
carried out an analysis of three different experi-
mental quantities for all OP-shell nuclei and found
virtually no change in the nuclear size throughout
the entire shell.

As seen from Fig. 2, most of our calculated
levels are in good agreement with the experimen-
tally observed ones. The optimum values of e,
which are displayed in Fig. 2 below each theoreti-
cal spectrum, were determined to the nearest
0.10 MeV by a y

2 fitting procedure. The only ex-
perimental states not taken from the standard re-
view articles" are the levels at E„=2.9 MeV in
'Be, E„=8.5'l MeV in "8, and E„=10.3 MeV in

TABLE I. The two-body matrix elements in the form
(ab; JT (V(cd; JT) are shown for the Op shell along with
their perturbative corrections. The numbers a, b, e,
and d represent 2J, , 2J&, 2Z, and 24&, respectively.
All matrix elements are calculated for the oscillator
length parameter b =1.7 fm and expressed in MeV.

-1.541
-4.060
-3,020
-1.453

-0.055
-0.158
-0.276
+ 0.315

-0,303

-0.838 -2.546
-0.764 -4.982
-0.414 -4.013
-0.170 -1.308

0 b a b
) [ )i Jll Tll

0
() Ib a b

il +3.528 +0.059
-1.539 -0.276

+ 0.316 + 0.562 + 4.465
-0.127 -l.942

C d c d c d e d
Ji Jl I)

+1.676 + 0.026
-3.606 -0,643

-0.138
-0.214

+0.437 +2.001
-0.176 -4.639

3 1 3 1-10
-20
-11
-21

-4.770 +0.196
-5.350 + 0.156
-0.728 + 0.544
-2.542 + 0.522

—0.888 -0.923
-1.255
-0.051
-0.261

-6.385
-6.449
-0,235
-2.281

3 1 1 1-10 +0.942 + 0.256 +0.389 -0,174 +1.413

FIG. 1. Diagrams representing the various second-
order perturbative corrections to the unperturbed in-
teraction V,
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-0.170
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-0.289
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'C, which are obtained from more recent
papers. " '

It is worth noting that our fitted values of c
change dramatically in the middle of the shell.
For A ~ 9, e fluctuates between 2.6 and, 4.8 MeV,
and is reasonably close to the value 2.6+ 0.4 MeV
obtained from the experimental 'He spectrum. '

For A. ~ 10 nuclei, however, the e values are con-
siderably higher and are all approximately con-
stant at around '7 MeV.

The most noticeable variance between experi-
ment and theory in Fig. 2 occurs for the lowest
O'T =0'1 states in the A = 6, 10, and 14 nuclei,
which are all predicted roughly 2 MeV lower than
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FIG. 2. Comparison of experimental and theoretical shell-model spectra for A=6-14 nuclei. States are labeled by

J,T for even nuclei and 2 J,2T for odd nuclei. Experimental states with known unnatural parity are not shown. The

P3/2 p $/2 separation energy, e, is indicated below each calculated spectrum, and the oscillator length is held constant

at b=1.7 fm.
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their experimental values. %'e were unable to
raise the relative positions of these levels signifi-
cantly by varying either z or b. This is shown for
the A=6 nucleus in Fig. 3, where we see that the
O'T =0'1 state is at least 1.5 MeV below experi-
ment for all positive values of e. We cannot give
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FIG. 4. The theoretical energy levels of Be displayed
as a function of the oscillator length b. The energy sep-
aration E is held constant at 4.0 MeV. Only those exper-
imental levels of positive or uncertain parity below 20
MeV are shown. The shaded areas of two of the states
indicate large reduced widths caused from e decay. The
states above 16 MeV have considerable isospin mixing.
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FIG. 5. Magnetic dipole moments for Op-shell nuclei. Solid lines indicate experimental values, and dashed curves
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horizontal axes indicate the optimum values of e determined by the energy-level fittings of the previous section. All
moments, except for the J"T=1+0 state in 8, are for the ground states of the various nuclei. Notice that the energy
scales for nuclei with A 10 are displaced upwards relative to those of & ~ 9 by 3.0 MeV.
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a definite explanation for this variance. However,
it should be noted that other physical properties
connected with these J'T =0+1 states are well
predicted with the present model, as will be shown

in the next section. We have also found that our
interaction produces wave functions similar to
those of other effective OP-shell interactions. ""

Another large discrepancy in Fig. 2 occurs for
the mass A =8 spectrum, where we are unable to
predict the observed splitting between the lowest

three "o.-cluster" states of 'Be and the other
states observed above E„=16 MeV. A plausible
explanation for this variance is that the lowest
three levels, which are known to be highly de-
formed a-cluster states, contain relatively large
admixtures from shells outside the present con-
figuration space. Consequently, we chose to omit
the lowest three states in our fitting procedure,
and to normalize our theoretical levels to the
experimental J"=2' state at 16.63 MeV. With

TABLE II. Magnetic dipole transitions for normal parity states in odd-A nuclei. The states
are characterized by the quantum numbers 2 J', 2T and their experimental excitation energies,
All states shown have negative parity. Levels followed by the letters A or T signify that the
experimental state has not yet been observed, and that the excitation energy is (1) taken from
the observed analog state in the mirror nucleus, or (2) computed from the present work, re-
spectively. All theoretical strengths are presented to three significant figures, or five deci-
mal places, whichever comes first.

Final state Initial state
Nucleus 2J, 2T [E„(MeV)] 2J, 2T [E„(MeV)]

B(M1) transition strengths (p&2)
(6-16)2BME Present Experiment

'He
'Li
7Li

7Be

'Be

31(0.00)
31(0.00)
31(0.00)

11(0.48)

31(0.00)

11(O.43)

31(0,00)

51(2.43)

11(2.9)

31(o.oo)

51(2.33)

11(2.9)A

11(2.e)
11(-4)
11(0.48)
51(6.56)
51(7.48)

(31)(9.6)
33(11.13)
31(9.6)
33(11.13)

11(O.43)
51{6.51)
51(7.19)

(31)(9.9)
83(10.79)

(31)(9.9)
33(10.79)

51(2.43)
11(2.9)
31(5.11)T
51(7.07)T
33(14.39)
31(5.11)T
71(6,66)
51(7.07)T
33(14.39)
31(5.11)T
33(14.39)

51(2.33)
11(2.9)A
31(5.11)T
51(7.O7) T
33(14.67)
31(5.11)T
71(6.66)A

51(7.O7) T
33(14.67)
31(5.11)T
33(14.e7)

2.33
3.35
4.44
0.000 64
0,0393
0.0680
0.0852
0.002 41
0.116

3,28
0.001 08
0.0461
0.0799
0.0852
0.005 83
0.116

0.404
2.35
0,330
0.001 77
0.201
1,84
0.395
0.302
0.322
0,0541
0.0251

0.495
3.30
0.487
0.005 44
0,201
2.59
0.455
0.425
0.322
0.0885
0.0251

2.33
3,35
4.42
0.000 36
0.0851
0.105
0.0764
0.007 78
0.225

3.28
0.000 03
0.105
0.139
0.0764
0.007 97
0.225

0.422
2.48
0.398
0.0143
0.111
1.79
0,334
0.376
0.310
0.0500
0.0200

0.528
3 ~ 44
0.574
0.0215
0.111
2.51
0.417
0.534
0.310
0.0903
0.0200

4.75 + 0.24
0.42

0,184+ 0.082
0.17+0.09

3.43 ~ 0.33

0.745 + 0.096

0.63+ 0.13 ~

0.211+ 0.051 ~

J. C. Adloff, K. H. Souw, and C. L, Cocke, Phys. Rev. C 3, 1808 (1971).
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this normalization, we see from Fig. 2 that the
three lowest states appear to be about 3 MeV too
high. The experimental spectrum of 2C also con-
tains states (at 7.35 and 10.3 MeV) of presumably
n-cluster nature. " %e again predict these states
several MeV too high, as do other shell-model
calculations. ' "

As noted earlier, the A =8 system was different
from all others considered, in that the computed
levels had a strong dependence on the oscillator
parameter b. In Fig. 4 we display the energy
levels of 'Be as a function of b (e is constant at
4.0 MeV). We notice that the "shell-model"
states above E„=16MeV remain relatively con-
stant, but that the spacing between these states
and the three lower collective states definitely
improves a,s one decreases b to the value of 5 =1.4
fm. In lieu of the above discussion, however, we

a,re forced to conclude that this excellent agree-
rnent achieved at 5 =1.4 frn is quite accidental,
and that b =1.7 fm is a more physical value for
this nucleus.

For nuclei with mass numbers A ~ 11, we see
from Fig. 2 that there are many low-lying normal
parity states between 6 and 12 MeV which are not
predicted in our present work. These states are
presumed to have large contributions from the
1s-Od shell. Also, it should be noted that for the
mass A =9 system we predict two states below 8
MeV which have so far not been observed, We
feel confident that these levels do exist, since
previous shell-model calculations predict similar
states at about the same energy. "" In fact, the
first successful observation of the lowest J"T= ~ &

state in We was motivated primarily by early
shell-model calculations. "

TABLE IH. Magnetic dipole transitions for normal parity states in even-A nuclei. The
states are characterized by the quantum numbers O'T and their experimental excitation ener-
gies. All states sholem have positive parity. See caption of Table II for other details,

Final state Initial state
Nucleus JT fE„(MeU)j JT [E„(MeU)]

13 (M1) transition strengths (p&2)
(6-16)2BME Present Experiment

'Be

8Li

$0B

10(0.00)

Ol(3.56)
oo(o.oo)

2O(2.9)

21(o.oo}

21{o.oo)

3o(o.oo)

01(1.v4)
10(2.15)

01(3.56)
20(4.57)
21(5.36)
10(6.0)
20(4.57)
21(5.36)
10(6.0)
11(17.64)
10(18.15)
21(16.63)
20(16.93)
11(17.64)
10(18.15)
31(19.2)
3O(19,2)
11(O.98)
31(2.26)
11(0.78}
31(2.17)
20(3.59)
20(4.V7)

21(5.1V)

4o(6.o3)
01(1.74)
1O(2.15)
20(3.59)
20(4.7 7 p

21(5.1V)
1O(2.15)
20(3.59)
20(4.77)
21(5.1V)
20(4.77)
21(5.1V)

15.0
0.002 39
0.128
0.0111
0.0323
7.56
0.406
0.195
0.000 26
0.184
0.000 55
0,0335
0.000 40
0.0710
0.000 20
4.62
0.678
3.59
0.770
0.000 00
0.0318
0.0515
0.004 54

12.6
0.005 11
0.000 734
0,001 29
0.000 02
0.709
0.0199
0.00138
3,37
0.000 395
3.67

16.4
0.000 45
0.007 60
0.000 92
0.0323
7.21
0.199
0.305
0.000 87
0.277
0.000 85
0.0885
0.000 52
0.163
0.000 52
5.06
0.578
3.97
0.707
0.0132
0.0201
0.000 78
0.005 14
6.27
0.0193
0.0114
0.005 66
3.41
2.46
0.005 34
0.001 31
0.2 95
0.00136
1.34

13.5 + 1,0

0.09+0.08

0.26
0.04+ 0.04

0.063 + 0.019

0.22
0.066

9.1 + 4.6

0.001 32 + 0.000 24

0.100+ 0.020
O.O069*O.OO12

0.39+ 0.15
0.0018+0.0006
0.0119+0.0022

0.76+ 0.16
0.105+0,052

0.0244 + 0.0045

6.1 + 1.2

4.17+0.88
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IV. TESTING THE WAVE FUNCTIONS

A. Magnetic Dipole Moments

The magnetic dipole moments were computed by
using the "bare" values for the gyromagnetic
ratios. The results are shown in Fig. .5 where we
display the theoretical moments (dashed curves)
as a function of the single-particle energy splitting

All experimental moments are taken from Ref.
17 with the exception of the "8 ground-state mo-

ment, "and the static moment of the O'T =1'0
state in "B at E„=O.'i2 MeV. 22

For most mass numbers, there is good agree-
ment between experiment and theory when one
uses the values of c determined by the energy-
level fittings of Sec. DI (which are indicated in
Fig. 5 by arrows on the horizontal axes). Even
the computed dipole moments for the single-hole
states of the A=15 nuclei, which might be ex-
pected to have large contributions from the 1s-Od

TABLE IV. Magnetic dipole transitions for negative-parity states in odd-A nuclei. See
caption of Table II for details.

Final state Initial state
Nucleus 2J, 2T tE„(MeV)] 2J2T [E„(MeV)]

B (M1) transition strengths ( p, &2)

(6-16)2BME Present Experiment

3N

31(o.oo)

11(2.12)

51(4.44)

31(0.00)

11(2.00)

51(4.31)

11(0.00)

31(3.6S)

11(0.00)

31(3.51)

11(2.12)
51(4.44)
31(5.O2)

31(8.5v)
51(S.93)
13(13.O2)

31(5.O2)

31(8.5v)
13(13.02)
31(5.02)
71(6.74)
31(8.57)
51(8.93)

11(2.oo)
51(4.31)
31(4.79)
31(8.11)
51(8.42)
13(12.45)
31(4.79)
31(8.11)
13(12.45)
31(4.V9)

71(6.48)
31(8.11)
51(8.42)

31(3.68)
11(8.86)
31(9.90)
33(15.11)
51(7.55)
11(s.s6)
31(9.90)
33(15.11)

31(3.51)
11(8.92)
31(9.52)
33(15.07)
51(V.39)
11(8.92)
31(9.52)
33(15.OV)

1.80
0.517
1.35
0.002 74
0.384
0.992
0.994
0.135
0.150
2.79
0.0118
0.108
0.008 48

1.22
0.359
0.994
0.000 17
0.493
0.992
0.808
0.0848
0.150
2.06
0,0182
0.154
0.0214

1.19
0.913
0,272
0.734
0.004 65
0.000 06
0.220
0.522

1.62
0.714
0.130
0.734
0.003 83
0.0163
0.220
0.522

1.40
0.574
1.39
0.123
0.604
1.47
0.877
0.352
0.0508
2.22
0.0390
0.604
0.0307

0.888
0.390
1.00
0.188
0.778
1.47
0.691
0.312
0.0508
1.59
0.0552
0.769
0.0570

0.906
1.06
0.565
0.884
0.001 72
0.009 57
0,0112
1.22

1.34
0.800
0.347
0.884
0.001 27
0,000 05
0.008 81
1.22

1.198+0.067
0.56 + 0.25
1.16+0.23

0.099+ 0.041
0.525 + 0.070

0.56 + 0.11

0.0072

0.763+ 0.070

1.32
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shell, are very close to their experimental values.
The worst discrepancy occurs for the mass A =11
nuclei.

B. Nl Transitions

Because of the over-all excellent agreement be-
tween the experimental and theoretical dipole mo-
ments, we again use the "bare" g factors in com-
puting the M1 transition probabilities. Our pres-
ent calculations are compared not only with ex-
periment, but also with the strengths determined
from the (6-16)2BME interaction of Cohen and
Kurath" (hereafter referred to as CK). The re-
sults for the lower half of the OP shell are dis-
played in Tables II and III for odd A and even A,
respectively. Even though our method of comput-
ing the effective interaction is completely differ-
ent from CK's approach, we see from the corre-
spondence between the two theoretical transition
strengths that our wave functions are very similar.
The primary exception to this over-all agreement
occurs for the "Bnucleus in Table III, where we
find large deviations between the two theories, as
well as between both theories and experiment, for
the transitions involving the lowest J"T =1'0

states at 0.72 and 2.15 MeV. In our present work,
we find that these two eigenvectors almost com-
pletely exchange their wave-function components
between e = 5 and e = 8 MeV, and thus we conclude
that the character of these two eigenvectors is
largely undetermined in both theoretical calcula-
tions. Indeed, Warburton et al."have studied
this problem in detail by comparing CK's (8-16)
POT wave functions with M1 and E2 transition
probabilities, as well as several E2/M1 mixing
ratios. They find that a 16% mixing in intensities
for both the lowest two O'T =1'0 and 2'0 wave
functions in "Byields theoretical numbers that
are in much better agreement with experiment.
The transition strengths for nuclei in the upper
half of the OP shell are displayed in Tables IV and
V for odd A and even A, respectively. Again, we
find good agreement for most of the levels con-
sidered, even though we might expect (sd)' com-
ponents in some of the wave functions.

All transition strengths in Tables II through V
are given in p, ~', and must be multiplied by the
factor 0.56 (=8v/45) in order to be expressed in
terms of Weisskopf units. '~ The experimental
values presented for some of the transitions are

TABLE V. Magnetic dipole transitions for positive-parity states in even-A nuclei. See
caption of Table III for details.

Nucleus
Final state Initial state B(3f1) transition strengths (pz )

J'T [E„(MeV)] JT [E (MeV)] (6-16)2BME Present Experiment

L2B

'4N

00(0.00)

2O(4. 44)

10(12.V1)

11(o.oo)

21(0.95)

11(0.00)

21(0.00)

10(0.00)

01(2.31)
10(3.95)

10(12.21)
11(15.11)
1O(12.V1)
11(15.11)
21(16.11)
21(18.84)
2O(15.58)T
11(15.11)
21(16.11)
O1(1V. VV)

21(18.84)
20(15.58)T

21(O.95)
o1(2.72)
21(3.76)
21(3.76)

21(o.9v)
01(2.72)A

2 1(3.76)A
21(3.76)A

o1(2.31)
1O(3.95)
20(7.03)
21(9.1V)
1O(3.95)
2o(v. o3)
21(9.17)

0,004 66
0.816
0.002 43
0.0301
0.543
0.166
0.002 09
2.80
0.265
6.65
1.96
0.0156

0.269
0.162
0.166
0.555

0.154
0.710
0.0495
0.747

0.003 12
0.000 05
0.0277
2.96
3.42
0.000 24
0.0195

0.004 57
0.969
0.002 90
0.0660
0.542
0.328
0.002 73
2.59
0.134
5.60
1.97
0.0205

0.194
0.176
0.276
0.143

0.119
0.711
0.0987
0„241

0.0693
0.001 76
0.0275
2.91
2.97
0.001 00
0.0669

1.100+0.079

0.33 + 0.14
0.369+ 0.060

0.195+ 0.057

0.0582 + 0.0086
0.000 82 + 0.000 17

0.0221 + 0.0040
0.975

2.78+ 0.26
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FIG. 6. Single-nucleon spectroscopic factors of the OP -shell nuclei for both pickup and stripping reactions. The
mass numbers of the target and residual nuclei, as well as the spin-isospin for the ground state of the target nucleus,
are presented to the left of each graph. Each of the possible final states is then displayed along an energy axis, and

is designated by both its spin-isospin quantum number and its experimental excitation energy in the residual nucleus.
The first two bars for each transition indicate the magnitude of the spectroscopic factors predicted by the present work
and by CK (Ref. 25), respectively. The shaded and nonshaded areas of the bars indicate contributions from transferring
a nucleon from the p3/2 and p f/2 single-particle orbitals, respectively. Experimental spectroscopic factors, which are
presented for some of the transitions as solid bars, were determined from the following papers. For pickup reactions:
Refs. 26, 27 for A =6 and A = 7 targets; Refs. 12, 26-28 for the A =9 target; Refs. 26, 28-31 for the two A=10 targets;
Refs. 26, 28, 31, 32 for the A =11 target; Refs, 26, 33, 34 for the A =12 target; and Ref. 35 for the A =13 target. For
stripping reactions: Ref. 36 for the A=6 target; Refs. 12, 36 for the A=7 target; Refs. 36, 37 for the A =9 target;
Refs. 29, 33, 36, 38 for the two A =10 targets; Refs. 36, 37, 39 for the A =11 target; and Refs. 36, 40 for the A =12
target.
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TABLE VI. Comparison of theoretical and experimen-
tal logft values for allowed Gamow-Teller P decays. An

asterisk indicates that the state involved has same JT
quantum numbers as that of a lower level.

they therefore do not present any serious dis-
agreement between experiment and theory.

D. Single-Nucleon Spectroscopic Factors

A p( JpT p) A. (JT) (6 16)2BME
Present

work Experiment

8He(01) 8Li(10)
VBe(——)~ Lj(1 1)

8He(02) 8Li(11)
Li(21)— ( 0) )

8B(2]) 8Be(20
pLi(2 2) 8Be(3 2)

-'Be(-.'-,')
Be(3 1)g

SBe(5 1)g

C (01) B(10)
10B(] p) g

12B(11) C(00) $
N(11)~ C(00) J

12B(11)~ 12C(20)
N(ll) C(20) f

12B(11) 1~C (00)~ )
12N(11)—"C(pp) *j'

"N(11)—"C(10)
13B(33) 13C(1 1)

13C(3 1)
13C(5 1)
13C (1 1)g

13C(3 1)g

14C(p1)—'4N(1O)

14p(p1) —«N(10)
"P(01) "N(10)*

2, 88
3.49
4.26

5.27

5.05
5.10
5.40
6.65
4 44
2.93
4.11

4.12

5.07

3.53

3.65
3.90
4.80
5.24
4.40
4.02

4.92

2.94

2.86
3.50
4.01

5.00

5,54
5.07
5.42

5.81
4 58
3.46
3.10

4.04

4.84

3.58

3.70
3.82
4.12
4.63
4.87
3.77

4, 32

3.00

2 .904
3.538

4,0+ 0.4
5.617
5.657

5 12~0 02' 5 5+0.2
5.00+O.O56 5.2+O.2 b

5.97+O.2' 5.2+O.2b

3.055+ 0.002
~3 9'

4.075 + 0.02
4.117+0.02
5.10+ 0.03
5.06 + 0.04
4.14+ 0.10
4.34+ 0.06
3,54+ 0.15
4.02+ 0.02
4.47+ 0.05
5.37+ 0.09
4.63 + 0.08

~

~9,03
7,330 + 0,006
3.08 + 0.06

~ Y. S. Chen, T. A. Tombrello, and R. W. Kavanagh,
Nucl. Phys. A146, 136 (1970).

~ Reference 18.
J. M. Freeman, J. G. Jenken, and G. Murray, Phys.

Lett. 22, 177 (1966).

taken from (1) energy level reviews, " (2) a com-
pilation of electromagnetic transitions for A. & 40
nuclei, and/or (2) recent experiments not in-
cluded in the review articles. For the latter case,
references are listed at the bottom of the tables.

C. Gamow- Teller Matrix Elements

In Table VI, we compare experimental and theo-
retical values of logft for allowed Gamow-Teller
P decays. All experimental numbers are taken
from the nuclear data review articles of Ref. 17,
except for those otherwise referenced in the table.
We again present not only our results, but those
of CK's (6-16)2BME case, "for means of compari-
son. We see that both sets of theoretical numbers
are in good agreement with each other, as well
as experiment. The largest discrepancy occurs
for the theoretical logft transitions from '~C and
'~O to the ground state of '4N, which are much
smaller than experiment. However, as has been
pointed out by CK,"these weak P decays are very
sensitive to the details of the wave functions, and

The first systematic tabulation of theoretical
spectroscopic factors for 0P-shell nuclei was per-
formed in 1967 by CK" using their wave functions
of Ref. 10. However, no attempt was made by
them to compare their results with the meager
data available at that time. In recent years, how-
ever, a wealth of experimental information has
been obtained, and we shall therefore compare our
present calculations to experiment, as well as to
CK's theoretical numbers of Ref. 25. The results
are displayed, by means of bar diagrams, in Fig.
6. The experimental spectroscopic factors were
found by analyzing the results of numerous papers
on both pickup 5 and strjppj. ng reactions.
One should be careful in not placing too much
emphasis on the apparent over-all good agreement
between experiment and theory, since some of the
experimental papers derived only relative spectro-
scopic factors and hence normalized their ground-
state transitions to those of CK's theoretical
values. " It is very encouraging, however, to see
the excellent agreement between our theoretical
values and those of CK's. As was the case for the
M1 transitions, the largest variance between the
two theories occurs for transitions involving the
lowest two J"1'=1'0 states of "B. Also, the
very small theoretical spectroscopic factors to
the second J"T = —,

'
—,
' state in the mass A=9 sys-

tem help explain why the level has not yet been
observed. This level is theoretically predicted by
numerous shell-madel calculatjonsio, x2, zs to be
around E,= 6 MeV. The largest discrepancy be-
tween experiment and theory in Fig. 6 occurs for
the pickup reaction from the J"I' =0 1 ground
state in "Be to the J'T = —,

'
—,
' state in 'Be. Since

the theoretical spectroscopic factor for this tran-
sition is zero from angular momentum coupling
alone, the large observed cross section (cf., Fig.
6) must proceed by indirect processes.

V. CONCLUSIONS

Our present calculations have shown that a
realistic interaction can satisfactorily explain
the properties of most normal parity states in the
OP shell, provided we allow the single-particle
energy splitting e' to vary for each mass number
A. All three types of second-order corrections
(cf., Fig. 1 and Table I) are found to be impor-
tant in determining the effective interaction. The
fact that we empirically find the harmonic-oscil-
lator size parameter b to be relatively constant
at 1.7 fm is significant, and helps explain why the
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many-parameter fitting procedures of Refs. 10
and 13 are so highly successful.

A comparison of our energy-level fitting proce-
dure with that of Halbert, Kim, and Kuo's' OP-
shell calculation using the realistic Hamada-
Johnston potential is also quite informative. For
example, these authors also find (as we do in the
present work) that the seemingly unphysical value
of 5 =1.4 fm yields the best results for the mass
A. = 8 spectrum. Such similarities as these indi-
cate that the Sussex and Hamada-Johnston poten-

tials are very similar in nature, even though the
Sussex 2BME's are much easier to compute. ''

For heavier mass regions, it is virtually im-
possible to use the many-parameter least-squares
method of CK. Consequently, for most heavy nu-
clei one must either employ a realistic interac-
tion or use a few-parameter Hamiltonian, such as
the modified surface 5 interaction. 4' Investigations
are presently underway involving the effective
Sussex interaction in several of these mass
regions. "
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