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A shell-model calculation for A =27, 28, and 29 nuclei has been carried out in a truncated
Od6)t-let~i-Odtgt basis space with a modified-surface-6-interaction Hamiltonian. A com-
parison of the calculated results for level energies, single-nucleon spectroscopic factors
and E2 and Ml transition strengths in 2~Al, 288i, and 298i with the corresponding experimen-
tal values indicates that a unified and quantitive explanation of nuclear structure around A
=28 can be obtained via shell-Inodel techniques.

I. INTRODUCTION

Vfe present here R description of a shell-model
calculation for the mass region A. =2'7-29 and
some specific results for "Al, "Si, and "Si. In
associated papers are presented: (l) a detailed
study of E2 and M1 decays for all nuclei of this
region using the present wave functions, ' and (2)
theoretical predictions based on the present work
for the level energies, wave functions, and spec-
troscopic factors in 2~Mg, "Al, "Mg, and 29Al. '

Despite e&ensive experimental investigation'
(and in another sense, because of it) and a multi-
tude of strong-coupling and weak-coupling collec-
tive-IQodel calculations, lt seems fair to SRy thRt

a fuQy satisfying and internally consistent under-
standing of the nuclear structure around "Si has
not yet been achieved. The structure of "Al
seems better described in a weak-coupling pic-
ture ' built on the 2' first excited state of "Si
than it does in a simple ¹ilsson picture" with
the usual assumption of a px'olate ground-state ro-
tational band. However, either of these simple
approaches leaves many significant features un-

explained, and even more complicated co1lective-
model calculations irivolving mixing' of Nilsson
bands or rotation-vibration mixing still fail to ac-
count for important aspects of the experimental
situation. A, recent suggestion' has been that an
oblate-shRpe assumption fol the 10w-lying states
of Al can produce an accountlllg fol B(E2) and
spectroscopic-factor observations.

The enex'gy levels of "Si are clearly not typical
of eithex' the simple rotational or simple vibra-
tional model. Calculations have been carried out

with Hartree-Pock" and SU, '2 techniques with
some success. Projected Hartree-Pock tech-
niques together with vibration-interaction cor-
rections" ' give a better accounting for energies
and B(E2) properties in "Si, but the single-parti-
cle characteristics of these wave functions have
not been thoroughly explored yet.

. The structure of "Si is generally well accounted
for with either a straightforward band-mixed
Nilsson calculation" "or with an intermediate
core-coupling appx oach'7 x8 and seems to offer the
least resistance to theoretical interpretations of
any set of phenomena in this region.

A particularly interesting feature of this region
ls thRt Sl hRS long been known to l equire Rn ob-
late deformation for a Nilsson-type interpretation"
Rnd A1, to the extent that the game model ap-
plied, seemed to require a prolate shape. Har-
tree-Pock calculations for "Si tended to yield am-
biguous results concerning the shape of this nucle-
us until measurements of the quadrupole moment
of the J"=2' first excited state indicated oblate-
ness. Thus one outstanding challenge to a theory
for the region is to predict, rather than incorpo-
rate as parameters, the phenomena correspond-
ing to this nominal change of shape occux'ring in
the progression from ~7A1 to "Si.

Our present study presents a simultaneous, in-
ternally consistent treatment of this mass region,
in which the only essential variation between 2~A, l,
"Si, and "Si is the change in active particles
from 11 to 12 to 13. %'8 examine level energies,
single-nucleon-transfer properties, and electro-
magnetic decays. The results are in consistent
reasonable accord with experimental data and
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seem to indicate that a comprehensive quantita-
tive theory for all these nuclei can emerge natu-
xally from a single microscopic shell model.

II. GENERAL COMMENTS

EQ order to keep to a minimum ambiguities de-
volving from parameters in the theory which are
not known a Priori, we work mit:h a "modified'*-
surface-5-interaction (MSDI) model Hamilto-
nian. "" The specification of this HamOtonian
x'equires setting values to seven parameters: The
three single-particle energies of the sd shell,
Z(d„,), E(s„,), and E(d,~,), two strengths Vr, for
the T= I and T=O surface-5-interaction (SDI) in-
teractions, and tmo values C~, for the T = 1 and 7*

= 0 monopole "modifications" to the SDI. Of these
seven parameters only four (the two splittings of
the single-particle energies and the two strengths
Vr} affect the aspects of nuclear structure which
are of intex est to us here, namely wave functions
and the energy spacings within a system of given
A, and 7.'. The other parameters of the Hamilto-
nian serve to produce correct ground-state bind-
ing energies with respect to changes of 3 and T.

gn a manner analogous to previous studies'2 '4 of
nuclei ln the Q = 18 22 RQd Q = 30 39 regions me
have determined values for the parameters of the
MSDI Hamiltonian by requiring a simultaneous
least-squares fit between energies of low-lying
states in "Al, "Si, and "Si and the corresponding
shell-model eigenvalues. The shell-model ma-
trices were constructed with the computer codes
described by French, Halbert, Mcorory, and
Wong Rnd the pRl Rmeter seRx'ch vfR8 CRrx'led out
with the code of Glaudemans and Wildenthal. "
The parameter values obtained for this region (see
Table I) are reasonably consistent with the corre-
sponding values obtained for the other mass re-
gions of the sd shell. Obviously, with such a tight-

ly constrained assumption for the shell-model
Hamiltonian me cannot hope for extremely high
accuracy in reproducing experimental energies.
However, previous successes with the MSDI lead
us to hope that the general features of experimen-
tal level sequences, spacing, and densities can be
accounted for with this Hamiltonian and that many
essential features of the wave functions will be in
accord with measured observable values, regard-
less of the mass region.

One key to a successful shell-model calculation
is an adequate model space. There is ample ex-
perimental evidence that all three gd-shell orbits
are important in lom-lying levels of nuclei around
"Si and are vital to a realistic theoretical treat-
ment of their structure. At the same time, it is
practically impossible to work in an unrestricted
0ds/, -1s„,-0d»~ space. We have met this prob-
lem by the simple expedient of restricting the
numbers of nuc1.cons which are allowed to be ex-
cited out of the 1d,/, orbit in the model space.

The configurations (dsy2) ~(syg2) 2(dsy2)@ which
are included in these calculations are: for "Al,
all 11-particle combinations for which n, ~ 8; for
"Si, all 12-particle combinations for which g, ~ 8;
and for 3'Si, n, =8, n, =4, e, = 1, and all 13-parti-
cle combinations for which n, & 9. We think that the
numbers of d», holes included in these spaces is
very nearly the minimum necessary for success-
ful results. Even these spaces constitute very
severe truncations, and the poorly understood ef-
fects arising from this aspect of the present cal-
culations are an additional reason, aside from the
simple Hamiltonian, mhy highly accurate agree-
ment between calculated observable values and ex-
periment is not expected. To some extent, how-
ever, we mould hope that the parametrized shifts
of the single-particle energy splittings compen-
sate for some truncation effects. (Indeed, the

TABLE I. Parameters of MSDI Hamiltonians as empirically optimized for shell-model calculations in 0d&/2-18&/2-0d3/2
spaces.

Mass range

Full f-T'-$ model
space

&2-~2-j space with
truncation on
number of d&/2 holes

f-$-$ space with
«2 ds/2 holes

Fu11 f $~2 model-
space

V(T =1)

0.954

0.948

0.906

V{2'=0)

0.774

0.646

-3.16

-3.65 -0.19

0.770 -1.470 -7.56 -6.03 -3.96

-2.00 +0.65

C (T =1) C (T =0) E(d5/2) E(sg/2) E(d3/2)

a Reference 22.
b Present work.

c Reference 24.
d Reference 23.
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gross truncation effect of reduced binding energies
is evidently compensated for in part by more tight-
ly bound single-particle orbits. )

III. RESULTS AND DISCUSSION

The three types of experimental data which we
use to test our model wave functions are level ex-

citation energies, single-nucleon spectroscopic
factors, and E2 and M I moments and transition
rates. For each type of observable we discuss the
results for each mass in turn, to emphasize that
the single formulation of the nuclear structure
problem used here has the capability of explaining
what have usually been considered as quite dispa-
rate sets of phenomena.

TABLE Q. Energies and single-nucleon spectroscopic factors for states of A. =27, T =T~ ( 'Al- Si.) The calculated
and observed binding energies relative to 60 (with Coulomb effects removed) are listed for ground state, and the ex-
citations of the other states, relative to these ground-state values, are listed for excited states. Asterisks denote ex-
perimental level energies used in the determination of the optimum MSDI Hamiltonian parameters. Experimental ener-
gies enclosed in parentheses indicate the lack of a firm experimental spin-parity assignment. A reference footnote to
an experimental S factor refers to the entire column of data under that entry. The experimental energies are taken
from 27A1. The target state for the stripping transitions is the J"=0+, T =1 ground state of 28Mg. The target state for
the pickup transfers is the J"=0+, T =0 ground state of Si.

Calc.

2.85

Expt.

0.84~

3.68*

100x (2J& +1}S,(stripping)
Calc. Expt.

10

100xS. (pickup)
Calc.

98c

Expt.

'l

2

7
2

2

2.78

3.81

4.62

119.19

3.07

1.84

5.22

6.59"

01+

2.98~

(3.96)

119.27+

4 41

4.81'
2.21

4 58

40

312

40

30

34 70

750

70

150

2

2

U,

U

4.91

6,41

7.11

5 43e

5 67

7,17

(5.50) '
4.51'
6.51'

' Reference 28.
b Reference 27.

c Reference 30.
d Reference 31.

e Reference 29.
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A. Level Enery'es

The highly overdetermined nature of the empiri-
cal MSDI Hamiltonian implies that a successful
ealeulation of the general aspects of energy level
densities and spin sequences of these nuclei would
be a significant accomplishment in itself. Since
there are only four adjustable parameters rele-
vant to the excitation spectra, there is little like-
lihood that any combination of values could account
for the large amount of known energy level data if
the model did not encompass some essential de-
grees of freedom which underlie the totality of ob-
served phenomena of this region.

The level energies for ~A1-"Si, "Si, and "Si-
"P which are obtained in the present calculation
are presented and compared to experimental data
in Tables II-IV and in Figs. 1-3. In all cases,
only four states of each Z have been calculated.
%hile there are exceptions, we do not expect a
meaningful correspondence between model and ob-

served levels to persist past this point. The ex-
perimental and calculated ground-state energies
have been set equal in the figures, while in the
tables, experimental and calculated energies of
excited states are given relative to the respective
ground-state energies. The calculated and ob-
served (Coulomb effects subtracted) binding ener-
gies of the ground states are listed, relative to
60. Experimental energies are entered in the ta-

bles only when there seems ai quate experimental
reason to expect a correspondence between an ob-
served level and a. calculated state. Experimental
energies used in the search for the optimum MSDI
Hamiltonian parameters are marked with aster-
isks. In the figures, all known experimental lev-
els are included up to the maximum excitation en-
ergy plotted. All experimental information on en-
ergies and spectroscopic factors used in the pres-
ent paper which is not explicitly referenced has
been obtained from the compilation of Endt and
van der Leun. ' Information on electromagnetic

TABLE III. Energies md single-nucleon spectroscopic factors for states of & =28, y =0 (288i). The target state for
the strippingtransfersistheZ =$, T =aground state of ~A1. The target state for the pickup transfers is the jv=p,
7 =$ ground state of Si. Other conventions of the presentation are noted in the caption of Tabie ii.

Energy
Cale. Zxpt.

100x 8& (stripping)
(2Jy+ 1)
(2Z,-+ 1)

CRlc ~ Expt.
g=$ and/or P

Ca,lc.
100x 8~ (pickup)

Expt.
j = $ g =P and/or &

0
0
0
0

1
1
2

2
2
3
3

3

4

5
6
6

8
8

136.67
5.75
7.28
9.04
7.36
9.05
9.17

10.05
2.54
6.78
6.87
7.12
5.11
7.47
7.90
9.20
5.59
6.45
8.63
9.07
8.38
8.86
8.83

10.08
14.59
14.59

136.48*
4.98 +

69+

7.38*
7.42 +

7.93
6.28
7.80
8.59

4.62
6.89

~ ~ 106
~ ~ ~ 10
~ ~ ~ 1

0 ~ 9
1 0

17 0
4 1
4 0
2 9

11 8
13 3
27 0
23 5
20 5
42 0

1 0
59 6

2
1 1
3 0

~ ~ ~ 0
~ 0 0 3

20, 10

28, 28
12, 10
40, 41

88 50
10, 11

14, 14
24, 22
14, 13

50

2 0
98

0
7
1

107
10
22

1

45, ' 45'
12. 22

j 1

, , ~ c . .. d

~ ~ ~ ~ ~ 0

86, 87
a (25)
, 26

~ Reference 32.
Reference 27,

~ Reference 33.
Reference 34.



718 B. H. %ILDENTHAL AND J. B. McGRORY

properties is taken from the detailed compilation
given in Ref. 1.

1. Excitation Energies in 'A/- Si

The excitation energies of the calculated and ob-
served spectra of A. =27, T=-', are presented in
Table II and Fig. 1. Since information about "Al
is more complete than is the case for "Si, the "Al
energies are used in the figure and in the associ-
ated Table II. Of course, as far as energies and
spectroscopic factors are concerned, our isospin-
formalism results pertain equally to Al and ' Si.

At present'" "there are experimentally ob-
served levels in "Al which appear to be counter-

parts to each of the four calculated J=-,' states,
to the first three calculated J= —,

' states and to the
four calculated -', states. Some of these corre-
spondences (mainly to the higher-lying states) are
based solely on energy proximities, but most are
buttressed by correlations in other observables.
The largest deviations between theory and experi-
ment in this group occur for the second J= —,

' and
second J= -', states. The model energies predict-
ed for J= T' and Y states also match up well with
six experimentally determined energies for lev-
els with these spins. In particular, only one J= T7

state and one J= T state are predicted to occur in
the low-energy part of the spectrum, thus hope-
fully adding a final chapter to a long story of the-

TABLE IV. Energies and single-nucleon spectroscopic factors for the states of A =29, T = $ (tsSi-t~P). Experimental

energies are taken from SSi. The target state for the stripping transfers is the J=0+, T =0 ground state of Si. The

target state for the pickup transfer is the J"=0, T =1 ground state of Si. Other conventions of the presentation are
noted in the caption to Table II.

i
T

2

Energy
Cale. Expt.

144.82 144.93*

4 83 4 84+c

5.51 6.44 ~

100 105 ~

100x (2J&+ 1)S&(stripping)
Calc. Expt.

100x S& (pickup)
Calc.

123

10,

t 2j

Expt.

80b 70b 20 c 68d

2

3

2

2

2

2

2

11
2

6.99

1.96

2.82

5.55

6.14

1.80

3.61

4.43

6.10

4.37

4.56

5.97

6.58

5.11

6.33

6.79

7.54

6.66

8.50

9.12

(5 93) ge

(6.11) '
2.034

3.07*

4.89+ b'~

6.72'

4.08 '

5.28 '~

5.81'

474 '

5.65'~

236

66

12

295

&5

73

35

275

70, 120, 80, 70

17, 21, 8, 13

170, 170, 170, 177

10, 18, 8, 8

100, 100, 100, 119

40, 35

Reference 38.
b Reference 39.
c Reference 37.

d Reference 33,
Reference 40.

f Reference 16.
g Reference 41.
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I

9+ 7

7+
II

)+ ( I )

I+

7I

5+
II

5+

9+
I+

oretical controversy and experimental confusion
over whether the 3.00-MeV experimental level
had J = T or &. Two and possibly three J = Y states
have been located experimentally in "Al, but the
model spectrum is not simply correlated with
these data if the measured aud calculated B(E2)
xates are also considered. This matter will be
discussed in more detail later.

The energy level predictions from the present
calculation for A, =27, T = —,

' can be summarized as
quite successful in accounting for the density of
levels of various spins in the first 6 MeV of exci-
tation and as moderately successful in ordering
the states of the spectrum according to J. The
typical deviations between calculated and ob-
served excitation energies are large enough to
cause several inversions in order in the model
spectrum.

0
CALCULATED

FIG. 1. Observed (as in 27A1) and calculated spectra
of A =27, 2'=$. All observed levels up to 6 MeV of ex-
citation, and calculated states uy to the fourth of each
J value which fall within this same range, are entered.
The numbers listed are two times the 4 values of the
states.

5+
4+

5+

Excitation Energies of r8Si

The excitation energies of the calculated and ob-
served spectra of A. = 28, T =0 are presented in
Fig. 2 and in Table HI. The level sequence of 'Si
is marked by a scarcity of levels below 6 MeV ex-
citation. Above 6 MeV, numerous positive-parity
states are found. The model spectrum for 2'Si re-

$+
7+
9+

7

2+
p+

2
2' + 3'

0+ I+—
2+

2
2'

4+

5+I+ I+

0
4+

2

0+
28SI CALCULATED

FIG. 2. Observed and calculated spectra of A. =28, g
=0. All observed levels up to 8.5 MeV of excitation and
calculated states up to the fourth of each J value which
fall within this same range, are entered.

29SI CAI CULATED

FIG. 3. Observed (as in 298i) and calculated spectra
of A =29, 1' =$. All observed levels up to 6 MeV of ex-
citation, and calculated states up to the fourth of each
J value, are entered. The numbers listed are 2 times
the j values of the states.
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produces the density distribution of levels quite
mell. Deviations between individual correspond-
ing pai*rs of calculated and observed energies are
typically 0.5 to 1.0 MeV. These discrepancies
are quite a bit larger than those observed in the
shell-model studies of other portions of the sd
shell previously referred to. On the other hand,
the excitations here are larger than those typical-
ly studied in higher- and lower-mass nuclei of the
shell. In summary, the model spectrum comes
quite close in predicting the total number of lev-
els observed in the first 8-9 MeV of excitation.
In addition, all experimentally observed levels
of known J have possible counterparts at qualita-
tively the right places in the model spectrum.
Nonetheless, the deviations between some model
and observed excitation energies are large enough
to cause concern about the detailed value of the
associated model wave functions. Hence recourse
would have to be made to spectroscopic fac-
tors" 3~ ' and electromagneti. e data"" before
more than qualitative success could be claimed
for this system, if it were considered independent
of "Al and "Si.

3. Excitation Energies of Si- P
The excitation energies calculated and observed

for A = 29, T = -', are presented in Fig. 3 and Table
IV. The experimental values are taken from the
spectrum of "Si. The 16 experimentally observed
levels which have probable 4' assignments'" "
all have possible counterparts in the model spec-
trum. The typical deviations between model and
experimental pairs is comparable to the situation
for "Al. Again, the over-all density of levels is
predicted quite well, although some steps in the
experimental sequence of observed J values are
inverted in the model spectrum.

B. Single-Nucleon-Transfer

Characteristics

The single-particle characteristics of nuclear
levels, as implied by spectroscopic factors ex-
tracted from measurements of the angular distri-
butions of single-nucleon-transfer direct reactions,
comprise a critically important set of experimen-
tal features that a mieroseopie shell-model calcu-
lation should reproduce. That is to say, if such
model wave functions do not account for the essen-
tial features of the observed single-particle char-
acteristics of the states in question, there seems
little point in pursuing questions involving elec-
tromagnetic decays (for which less clear relations
between observed or calculated values and a spe-
cific component or sets of components in the mod-
el wave function exist) and questionable meaning

to agreements obtained between calculated and ob-
served level energies. There are presently avail-
able data on both stripping and pickup to each of
the systems we consider in this paper. Hence a
thorough critique of this aspect of the calculations
is possible.

In conjunction with our discussion of calculated
and observed spectroscopic factors, we will refer
to tables listing and identifying major components
of the various calculated wave functions. These
wave function listings are of interest from a vari-
ety of viewpoints, of course, but seem most rele-
vant to ideas involving single-nucleon transfer.

In Tables II-IV, spectroscopic factors are list-
ed in the isospin representation; i.e., 3 is intend-
ed, not C'9. Hence, for example, the sum rule
limit on pickup from "Si is Q, S, = 12. The fact
that Qt 2S,. =9.5, as obtained from the 12 states
listed in Table II, merely reflects the amount o~

strength fragmented into the several hundred high-
er-lying states not listed in the tables.

We are not primarily concerned with absolute
agreement between experimentally obtained and
calculated spectroscopic factors, but rather at-
tach primary importance to relative values from
state to state. We regard 25% agreement be-
tween relative trends as good agreement for
strong states and 50% as adequate for weak states.
As it happens, absolute agreements typically fall
within this range also.

Single-Nucleon Transfer to
A =ST, T=p

The relevant experiments populating "Al-"Si
are proton stripping on "Mg and proton or neu-
tron pickup on "Si. Experimentally determined
spectroscopic factors and predictions are given in
Table II. Stripping experiments show very defin-
itely that the "single-particle" Od„» lg„» and
Od, » states of &=2'1, T= ~, relative to the A=26,
8'=0, 7=1 ground state, are, respectively, the
2+ ground state, the —,

' first excited state, and the
Second ~ state in the spectrum. The calculations
predict exactly this behavior. The quantitative
values are in good agreement for —,

'+ and —', , while
the predicted —,

' strength may be somewhat low,
The predictions for weakly excited states are in
general accord also.

An inspection of observed pickup strengths to
the —,

"and —,
"states shows agreement with model

predictions and consistency with the pictures of
these states drawn from the stripping results.
The —,

"ground state is well represented both as
a d,~, hole xn "81and as a d», particle on "Mg.
The first —,

' state can likewise be considered in
terms of a 8», hole or particle.
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TABLE p. Major components of A =27, T =~ wave functions, A model state is labeled by its mass number g),
twice its total angular momentum (2J), twice its total isospin (2J), its calculated binding energy (E), and an ordinal
number which denotes whether it is the first, second, third, etc. lowest state for the particular A, , J, T combination
in question, Also noted are the number of core particles in the model (16 here) and the dimensionality (number of
basis states) for this A, J, T. Following this first line of information the eight largest (absolute magnitude) amplitudes
of the wave function are listed and identified. Under each "amplitude" value is a triplet of columns, one for each of the
three sd-shell orbits. The information in these columns serves to completely specify the basis vector associated with
the particular amplitude in question as follows. The "configuration" triplet gives the occupation number for each of
the orbits. The 2(S-shell J's) triplet gives the angular momentum to which the particles in the single orbita (shells)
are separately coupled. The 2(coupled J's) doublet then gives first the angular momentum J&2 which results from cou-
pling the angular momentum of shell 1 (Od»2) to that of shell 2 (ls&/&) and then gives the total angular momentum J
which results from coupling J~2 to the angular momentum of shell 3 (Ode/&). The 2(8-shell T's) triplet and the 2{couyled
T's) doublet give analogous information about the isospin eouplings. The S-S seniorities triplet lists the seniorities of
the particle couyling within each orbit. The concluding information given about the state comes on the last two lines
afl;er the components have been listed. The percentage of the total wave f'unction structure that ia identified in the pre-
ceding listing is noted on the first of these lines, and on the second (and last line for the particular state in question)
we list the average occupation number for each orbit as calculated from the complete wave function.

A =27, 2J"= 1+, 2T =1, 8=118.688, eigenvector No. 1 of this A, J, T. Model core=16, dimension=165.

Amplitude
S-shell labels
Configuration
2(S-shell J's)
2(coupled J'a)
2(S-shell T's)
2(coupled T's)
S-S seniorities

0.725
5/2 1/2 d3/2

10 1 0
0 1 0

1 1
2 1 0

1 1
0 1 0

-0.341
dSQ 51/2~/2

8 3 0
0 1 0

1 1
0 1 0

1 1
0 1 0

-0.262
5/2 $1/2 34,

9 2 0
1 2 0

1 1
1 0 0

1 1
3 2 0

0230
So 1/2~/2
10 1 0

2 1 0
1 1

0 1 0
1 1

2 1 0

-0.192
5/2 1/2~/2
8 1 2
0 1 0

1 1
0 1 2

1 1
0 1 0

0.179
d5/2 SIC 34

9 2 0
1 0 0

1 1
1 2 0

1 1
3 0 0

-0.171
de $1/2 "3/2

8 1 2
0 1 0

1 1
4 1 2

3 1
0 1 0

-0.136
de $1/2 d3/2

9 1 1
5 1 3

4 1
1 1 1

2 1
1 1 1

Listed components account for 88.0% of the wave function.
The occupation numbers are: (d5/2}=9.32, {s~/&}=1.37, (d„/2}=0.30.

A=27, 2J~=3+, 2T =1, E=118.163, eigenvector No. 1 of this A, J, T. Model core=16, dimension=297.

Amplitude
S-shell labels
Configuration
2(S-shell J''s)
2(coupled J's)
2(S-shell T's)
2(coupled T's)
S-S seniorities

0.640
ds/2 $1/2 d /2

10 1 0
4 1 0

3 3
2 1 0

1 1
1 0

0.288
ds/2 $1/2 dm

10 1 0
2 1 0

3 3
0 1 0

1 1
2 1 0

0.271
5/2 1/2 3/2

9 2 0
3 0 0

3 3
3 2 0

1 1
3 0 0

-0.258
5/2 1/2 d3/2

8 3 0
4 1 0

3 3
2 1 0

1 1
2 1 0

-0.218
ds/2 $1' d3/2

8 3 0
4 1 0

3 3
0 1 0

1 1
2 1 0

0.180
dS~S1~@n

9 2 0
5 2 0

3 3
0 0
1 1

3 2 0

-0.156
5/2 $1% d3/2

9 2 0
5 2 0

3 3
1 0 0

1 1
2 0

-0.156
5QSl/2 3

8 3 0
2 1 0

3 3
1 0
1 1

2 1 0

Listed components account for 76.1% of the wave function.
The occupation numbers are (d5/2} 9 23 (s f/2} 1.49, (d)/2} =0.28.

A=27, 2J~=5+, 2T =1, E=119.187, eigenvector No. 1 of this A, J, T. Model core=16, dimension=376.

Amplitude
S-shell labels
Configuration
2P -shell J's)
2(coupled J's)
2P -shell T's}
2(coupled T's)
S-S seniorities

-0.664
dS/251/2 4
11 0 0

5 0 0
5 5

1 0 0
1 1

1 0 0

-0.340
dS/2510 4

9 2 0
5 0 0

5 5
1 2 0

1 1
0 0

0.236
ds/2 S1/2 d3/

9 2 0
5 0 0

5 5
3 2 0

1 1
1 0 0

-0.207
5/2 1/2, d3/2

10 1 0
6 1 0

5 5
0 1 0

1 1
2 1 0

-0.204
de $1+ d3/2

9 0 2
5 0 0

5 5
1 0 2

1 1
1 0 0

-0.201
5/2 1/2 3/2

10 1 0
4 1 0

5 5
2 1 0

1 1
2 1

0.170
5/251/244
9 0 2
5 0 0

5 5
3 0 2

3 1
1 0 0

-0.139
54 1/ 3/

9 2 0
3 2 0

5 5
1 0 0

1 1
3 2 0

Listed components account for 78.5% of the wave function.
The occupation numbers are: (ds/2} =9.90, (s1/2} =0.76, (d3/2} =0.34.
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TABLE V (Continued)

A =27, 2J~=3+, 2T =1, E=116.411, eigenvector No. 2 of this A, J, T. Model core=16, dimension=297.

Amplitude 0.523
8-shell labels
Configuration 10 0 1
2(S-shell J's) 0 0 3
2(coupled J's) 0 3
2(8-shell T's) 2 0 1
2(coupled T's) 2 1
S-S seniorities 0 0 1

Listed components account for
The occupation numbers are:

0,420
d5/2 Sl/2 d3/2

10 1 0
2 1 0

3 3
0 1 0

1 1
2 1 0

0.306
5/2 1/2 3/2

9 2 0
5 2 0

3 3
1 0 0

1 1
1 2 0

0.248
dsn ~in 4n

2 1
0 0 3

0 3
0 2 1

2 1
0 0 1

72.6% of the wave function.

(d„,) =9.22, (8«,) =0.95, (d„,) =0.83.

-0.194
dS/2 Sl/2 d3/2

9 1
1 1 3

0 3
1 1 1

2 1
3 1 1

-0.168
~sn ~in d3n

8 2 1
2 2 3

0 3
2 0 1

2 1
2 2 1

-0.165
d5/2 Sl/2 d3/2

8 2 1
0 0 3

0 3
4 2 1

2 1
0 0 1

-0.164
dS/2 Sl/2 d3/2

10 0 1
2 0 3

2 3
0 0 1

0 1
2 0 1

A=27, 2J~=7+, 2T =1, E=-117.347, eigenvector No. 1 of this A, J, T. Model core=16, dimension=389.

Amplitude
8-shell labels
Configuration
2(8-shell J's)
2(coupled J's)
2P -shell T's)
2(coupled T's)
8-8 seniorities

-0.694
dS/2 1/2 d3/2

10 1 0
8 1 0

7 7
2 1 0

1 1
2 1 0

-0.264
5/2 1/2 3/2

8 3 0
8 1 0

7 7
2 1 0

1 1
2 1 0

0.244
dS/2 $1/2 d3/2

8 3 0
8 1 0

7 . 7
0 1 0

1 1
2 1 0

0.215
dS/2 Sl/2 d3/2

9 2 0
9 2 0

7 7
1 0 0

1 1
3 2 0

-0.20I
5/2 1/2 3/2

10 1 0
6 1 0

7 7
0 1 0

1 1
2 1 0

0.139
5/2 1/2 3/2

8 1 2
8 1 0

7 7
0 1

1 1
2 1 0

0.137
5/2 1/2 3/2

8 1 2
8 1 0

7 7
2 1 2

1 1
2 1 0

-0.135
5/2 1/2 3/2

10 0 1
6 0 3

6 7
0 0 1

0 1
2 0 1

Listed components account for 75.4% of the wave function.
The occupation numbers are: (d5/2) =9.36, (@&&2)=1.37, (d3&2) =0.36.

A=27, 2J~=9+, 2T =1, E=-116.427, eigenvector No. 1 of thisA. , J, T. Model core=16, dimension=351.

Amplitude
8-shell labels
Configuration
2 {8-shell J's)
2(coupled J's)
2(S-shell T's)
2(coupled T's)
8-8 seniorities

0.657
d,n s,n dan

10 1 0
10 1 0

9 9
0 1 0

1 1
2 1 0

0.290
dS/2 Sl/2 d3/2

10 1 0
8 1 0

9 9
2 1 0

1 1
2 1 0

0.254
dS/2 Sl/2 d3

9 2 0
9 0 0

9 9
1 2 0

1 1
3 0 0

0.217
dS/2 $1/2 3/2

8 3 0
10 1 0

9 9
2 1 0

1 1
2 1 0

0.192
d5n sin 3n
10 0 1

8 0 3
8 9

2 0 1
2 1

2 0 1

0.170
d5n sin 4

1 2
10 1 0

9 9
2 1 2

3 1
2 1 0

-0.153
5/2 1/2 3/2

9 2 0
9 2 0

9 9
1 0 0

1 1
3 2 0

-0.142
dS/2 $1/2 d3/2

8 3 0
8 1 0

9 9
0 1 0

1 1
2 1 0

Listed components account for 73.6% of the wave function.
The occupation nun1bers are: (d5/2) =9.34 (s)/2) = 1,28, (dp/2) =0,38,

The experimental results for pickup to the —,
"

states are in clear disagreement with the remodel

predictions and also, at first glance, seem to be
inconsistent with the stripping data. The first —,

"
state is more strongly populated in pickup than

the second by a factor of 2. While the experimen-
tal results for the second observed —,

"state are
roughly in agreement with the calculated spectro-
scopic factor for the second model —,', and con-
sistent with the stripping strength to this same
level, the observed strong pickup cross section
for the first —,

"state appears to be inconsistent
both with the small predi. cted value and with the
small experimental stripping strength for this
state. The inconsistencies between the stripping
and pickup data for the lowest —,

"level have stimu-
lated the suggestion" that the observed pickup

strength is to be attributed to some non-single-
step process, rather than to the direct, single-
step transition assumed in the extraction of spec-
troscopic factors. This sort of phenomenon is
always difficult to rule out. Effects of this mag-
nitude, should they manifest themselves with any

frequency, could severely abridge the usefulness
of single-nucleon-transfer data, to say the least.
In this present instance, the possibility is excep-
tionally troubling in that a long string of experi-
ments with different projectiles and at different en-
ergies have all noted basically the same strength
of excitation for this level.

From the viewpoint of the present calculations,
the discounting of the observed pickup strength of
the first —,

"level, on the grounds of reaction-
mechanism effects, is, of course, appea. ling.
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TABLE VI. Major components of A=28, T =0 wave functions. The conventions of the presentation are explained in
Yable V.

A =28, 2J"=0+, 2T =0, E=-136.664, eigenvector No. 1 of this A, J, T. Model core =16, dimension 132.

Amplitude
S-shell labels
Configuration
2(S -shell J's)
2 (coupled J''s)
2(S-shell T's)
2(coupled T's)
S-S seniorities

0.519
dsn sla 5/l

12 0 0
0 0 0

0 0
0 0 0

0 0
0 0 0

-0.510
dgn Sln

10 2 0
0 0 0

0 0
2 2 0

0 0
0 0 0

-0.312
dgn $1n d3n

10 0 2

0 0 0
0 0

2 0 2
2 0

0 0 0

-0.266
d,n sin dhn

10 2 0
2 2 0

0 0
0 0 0

0 0
2 2 0

0.196
sn 1/l 4n
8 4 0
0 0 0

0 0
0 0 0

0- 0
0 0 0

0.184
"sn sin dsa
9 3 0
1 1 0

0 0
1 1 0

0 0
3 1 0

0.159
G~n S1n d3n

8 2 2
0 0 0

0 0
4 2 2

2 0
0 0 0

-0.157
sn $1n d3n

10 1 1
4 1 3

3 0
2 1 1

1 0
2 1 1

Listed components account for 81.9% of the wave function.
The occupation numbers are: (d&/2) =10.14, (s f 2) =1.27, (d3/2) =0.59.

A=28, 2J"=0+, 2T =0, E=-130.911, eigenvector No. 2 of thisA, J, T. Mojlel core=16, dimension=132.

Amplitude
S-shell labels
Configuration
2(S-shell J's)
2(coupled J's)
2(S-shell T's)
2(coupled T's)
S-S seniorities

-0.410
dsn la dsa
10 1 1
4 1 3

3 0
2 1 1

1 0
2 1 1

0.407
sn 1n 3n
12 0 0
0 0 0

0 0
0 0 0

0 0
0 0 0

-0.397
d~n $1n d3n

'8 4 0
0 0 0

0 0
0 0 0

0 0
0 0 0

0.321
dsa s,a dsn

10 2 0
0 0 0

0 0
2 2 0

0 0
0 0 0

-0,272
dl/5 $1/l sn

9 3 0
,1 1 0

0 0
1 1 0

0 0
3 1 0

0.239
dsn sla ln

8 2 2
0 0 .0

0 0
0 2 2

0
0 0 0

0.233
d5n .$1/1 Cf3n

8 3 1
4 1 3

3 0
Q 1 1

1 0
2 1

0.187
dgn $1n d3n

9 2 1
5 2 3

3 0
1 0

1 0
1.2 1

Listed components account for 81.5% of the wave function.
The occupation numbers are: (d5/2) =9.46, (s&/2) =1.80, (d3/2) =0.75.

A=28, 2J"=2', 2T =0, E=129.301, eigenvector No. 1 of this A, J, T. Model core=16, dimension=299.

Amplitude
S-shell labels
Configuration
2(S-shell J's)
2(coupled J's)
2(S-shell T's)
2(coupled T's)
S-S seniorities

0.566
ds/l $1/l sa
10 2 0

2 2 0
2 2

0 0 0
0 0

2 2 0

0.294
d5/5 Sln sn

10 1 1
2 1 3

3 2
0 1 1

1 0
2 1 1

-0.225
de $1n 63n

9 3 0
1 1 0

2 2
1 1 Q

0 0
3 1 0

0.222
d5n sin dsn
10 1 1
4 1 3

3 2
2 1 1

1 0
2 1 1

0.204
sa $1/1 sn
9 2 1
3 0 3

3 2
1 2 1

1 0
0 1

0.182
dsn sla sn
10 1 1

0 1 3
1 2

2 1 1
1 0

0 1 1

0.180
QQ Sln d3n

10 1 1
2 1 3

1 2
0 1 1

1 0
2 1 1

-0.158
d5/l Sl/l sn

8 3 1
4

3 2
0 1 1

I 0
2 1 1

Listed components account for 63.8% of the wave function.
The occupation numbers are: (d5/2) =9,41, (sg/2) =1.75, (d3/p) =0.83.

A=28, 2J~=4+, 2T =0, E =134.127, eigenvector No. 1 of this A, J, T. Model core=16, dimension=474.

Amplitude
S-shell labels
Configuration
2p-shell J's)
2(coupled J's)
2(S-shell T's)
2(coupled T's)
S-S seniorities

0.591
dsn s,n dsn
11 1 0

5 1 0

1 1 0
0 0

1 1 Q

-0.399
d,n sin dsn

9 3 0
5 1 0

4 4
1 1 0.

0 0
1 1 0

0.276
dgn $1' G3n

10 2 0
4 0 0

4
2 2 0

0. 0
2 0 0

0.216
dl/5 $1/5 4
10 2 0

6 2 0

0 0 0
0 0

2 2 0

-Q.204
dsn Sln 5/l

9 1 2
1 0

4
1 1 2

2 0
1 1 0

-0.159
dsn sin d

8 4 0
4 0 0

4
0 0 0

0 0
2 0 0

-0.157
d~n $1n d3n
10 1 1

0 1 3
1 4

2 1 1
1 0

0 1 1

-0.143
sn $1n 3
9 1 2
5 1 0

4 4
1 2
2 . 0

1 1 0

Listed components account for 74.3% of the wave function.
The occupation numbers are: (d5/2) =9.80, (s&/2)=1.71, (d3/2) =0.48.
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TABLE VI (Continued)

A=28, 2J~=4+, 2T=0, E=129.889, eigenvector No. 2 of this A, J, T. Model core=16, dimension=474.

Amplitude
S-shell labels
Conf lgur'ation
2(S-shell J's)
2(coupled J's)
2{S-shell T's)
2(coupled T's)
S-S seniorities

0.441
5/2 $1/2 3/2

10 1 1
0 1 3

1 4
2 1 1

1 0
0 1 1

-0.292
5/2 1/2 3/2

10 2 0
2 2 0

4
0 0 0

0 0
2 2 0

-0.239 -0
5/2 1/2 3/2 d5/2

8 3 1 11
0 1 3 5

1 4
0 1 1 1

1 0
0 1 1 1

.230
Sl/2 3/2

0 1
0 3
5 4
0 1
1 0
0 1

0.218
'

5/2 1/2 3/2

10 2 0
4 0 0

4
2 2 0

0 0
2 0 0

—0.210
"sn $1n dsn

9 2 1
5 0 3

5 4
1 2 1

1 0
1 0 1

0.200
d5/2 $1/2 d3/2

9 2 1
5 2 3

3 4
1 0 1

1 0
1 2 1

0.179
dsn svl 3a

9 2 1
5 2 3

5 4
1 0 1

1 0
1 2 1

Listed components account for 55.4% of the wave function.
The occupation number s are: (d 5&2)

= 9.31, (sg/2) = 1.58, (d3/2) = 1.3.1.

A =28, 2J~=6+, 2T =0, E=131.553, eigenvector No. 1 of this A, J, T. Model core=16, dimension=511.

Amplitude
S-shell labels
Configuration
2(S-shell J's}
2(coupled J's)
2(S-sheD T's)
2(coupled T 's)
S-S seniorities

-0.532
ds/2 sin sn
11 1 0

5 1 0
6 6

1 1 0
0 0

1 1 0

0.327
d5/2 S,/2 d3/2

9 3 0
5 1 0

6 6
1 1 0

0 0
1 1 0

-0,250
d5/2 S,/2 d3/2

11 0 1
5 0 3

5 6
1 0 .1

1 0
1 0 1

0.243
ds/2 $1/2 sn

9 1 2
5 1 0

6 6
1 1 2

2 0
1 1 0

-0.218
5/2 $1/2 d3/2

9 2 1
5 0 3

5 6
1 2 1

1 0
1 0 1

-0.188
5/2 $1/2 sn

10 1 1
8 1 3

7 6
2 1 1

1 0
2 1 1

-0.170
d5/2 sl/2 d3/2

10 1 1
6 1 3

5 6.
0 1 1

1 0
2 1 1

-0.169
dsn s,n dsn

10 2 0
6 2 0

6 6
0 0 0

0 0
2 2 0

Listed components account for 65.2% of the wave function.
The occupation numbers are: (ds&2) =9.77, (s&&2) =1.38, (d&&2) =0.84.

A =28, 2J~=S+, 2T =0, E=131.080, eigenvector No. 1 of this A, J, T. Model core=l6, dimension=523.

Amplitude
S-shell labels
Configuration
2(S-shell J's)
2(coupled J's)
2(S-shell T's)
2(coupled T's}
S-S seniorities

0.459
ds/1 sin sn
10 2 0
10 2 0

8 8
0 0 0

0 0
2 2 0

-0.405
d5/2 $1/2 d3/2

11 0 1
5 0 3

5 8
1 0 1

1 0
1 0 1

0.293
5/2 $1/2 d3/2

10 2 0
8 0 0

8 8
2 2 0

0 0
2 0 0

-0.266
"sn $1n dsn

9 3 0
9 1 0

8 8
1 1 0

0 0
3 1 0

-0.227
/2 $1/2 d3/2

9 2 1
5 0 3

5 8
1 2 1

1 0
1 0 1

—0.179
dsn $1a dsn

10 1 1
8 1 3

7 8
2 1 1

1 0
2 1 1

-0.167
5/2 $1/2 d3/2

8 4 0
8 0 0

8 8
0 0 0

0 0
0 0

-0.151
d5/2 $1/2 d3/2

10 1 1
4 1 3

5 8
2 1 1

1 0
2 1 1

Listed components account for 66.6% of the wave function.
The occupation numbers are: (d5&2) =9.55, (s&&2) =1.66, (d3&2) =0.80.

Indeed, calculations of spectroscopic factors be-
tween the 2+ first excited state of "Si and the
4=27, 7= —,

' states show that this ~' level should

be populated quite strongly, relative to its neigh-
bors via a process involving an initial inelastic
scattering followed by pickup. At the same time,
an examination of the model wave functions sug-
gests an alternative explanation of the problem.
From inspection of Table 7 it can be seen that
the lowest —,

"and —,
'' states in A=2V are most

simply characterized as (ds/2)"$ 5/2 and

state best characterized as (ds/2)20$» 2(ds/2)'$ „,
is, as expected from the calculated stripping
spectroscopic factors, the second —,

' state. Now

the expectation that the same states of odd-mass
nuclei should be excited strongly in stripping

and pickup arises both from general empirical
experience and the theoretical idea that parti-
cles mix into 0' ground states in pairs. Thus the

(d,/2)20(s», )' and (d„,)"(d„,)' states are expected
to be populated most strongly in pickup because

(ds/ 2) $0(sl/2) J-o ~d (d5/2) $=0(d3/2) $=0

ponents are expected to be the largest admixtures
to the predominantly (ds/2)23$ 0 ground state of 2'Si.

Indeed, this conventional picture is just what our
calculation predicts (see also Table VI) and ac-
counts for our spectroscopic factors being "con-
sistent" between stripping and pickup.

The dominant component of the fs3st /t = 2V, J'

s'tate ls (ds/ ) $3 r 1(gl/2) $1/2 Tllis compo
nent is unreachable via stripping from "Mg. On

the other hand, it can be reached from a
(5/2) 1-3 r1(Sl/ )2Z-1/3(3/2) $-3/3
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TABLE VQ. Major components of A =29, T =
2

wave functions. The conventions of the presentation are explained in
Table V.

4=29, 2J"=1+, 2T =I, 8=144.820, eigenvector No. I of this A, J, T. Model core='16, dimension=202.

Amplitude
S-shell labels
Configuration
2(S-shell J's)
2(coupled J's)
2(8-shell T's)
2(coupled T's)
S-S seniorities

0.673
Sf2 1C 4
12 I 0

0 I 0
I I

0 I 0
I I

0 I 0

-0.394
5/2 l/2 3/2

10 3 0
0 I 0

I I
2 I 0

I I
0 I 0

-0.279
5/2 1Q 3/1

11
5 I 3

4 I
I I I

0 I
I I I

-0.262
dsn sin sn

10 I 2
0 I 0

I I
2 I 2

3 I
0 I 0

0.208
d5~ Sl/2 dg/2

10 3 0
2 I 0

I I
0 I 0

I I
2 I 0

-0.153
dsn sla sn
10 2 I
4 0 3

4 I
2 2 I

0 I
2 0 I

0.127
d5/2, $1/2 de

9 3 I
5 I 3

4 I
I I I

0 I
I I

-0.116
54 $14 de

11 0 2
5 0 4

5 I
I 0 2

I I
I 0 2

Listed components account for 85.1% of the wave function.
The occupation numbers are: &d5/2) =10.89, (s&/2) =1.59, (d3/2) =0.52.

A. =29, 2J~=I+, 2T =I, E=I39.988, eigenvector No. 2 of this A, J, T. Model core=16, dimension=202.

Amplitude
8-shell labels
Configuration
2(S-shell J's)
2(coupled J's)
2(S-shell T's)
2(coupled T's)
8-8 seniorities

0.486
ds/s sin sn
10 3 0

0 I 0
I I

2 I 0
I I

0 I 0

0..409
de Sln da/2

12 I 0
0 I 0

I 1
0 I 0

I I
0 I 0

-0.261
5D l/2 3/2

9 4 0
I 0 0

I I
I 0 0

I I
3 0 0

-0.248
"sn ssn dsn
10 I 2

0 I 0
I

2 I 2
I I

0 I 0

-0.230
d5g Sl~ d3~
10 2 I
4 0 3

4 I
2 2

2 I
2 0 I

-0.211
dsn ssn dsn
9 3 I
5 I 3

4 I
I I I

0 I
I I I

-0.192
dsn sia de
10 2 I
4 2

2 I
2 .0 I

2 I
2 2 I

-0.177
dsa sin sa
10 2 I
4 2 3

4 1
2 0 I

2 I
2 2 1

Listed components account for 69.9/0 of the wave function.
The occupation numbers are: (d5/2)

=10,06, (s& 2) =2.19 (d3/2) 0

A, =29, 2J~=3+, 2T =I, 8=142.863, eigenvector No. 1 of this', J, T. Model core=16, dimension=359.

Amplitude
8-shell labels
Configuration
2(S-shell J's}
2(coupled J's)
2(S-shell T's}
2(coupled T's)
S-8 seniorities

-0.529
d,n s,n dsn

12 0 I
0 0 3

0 3
0 0 I

0 I
0 0 I

0.449
dsn sla sa
10 2 I

0 0 3
0 3

2 2 I
0 I

0 0 I

0.357
dsa $)n sn
11 2 0

2 0
3 3
0 0
I I

I 2 0

0.275
dsn ln sa
10 2 I

2 2 3
0 3

0 0 I
0 I

2 2 1

-0.202
d5~ Sl

9 3 I
I I 3

0 3
I I I

0 I
3 I I

-0.175
dsa sin sn

8 4 I
0 0 3

0 3
0 0 I

0 I
0 0 I

0.166
d5/2 Sln 4~
10 0 3
0 0 3

0 3
2 0 I

2 I
0 0 I

-0.141
"sn ssa dsn

11 I I
5 I 3

4 3
I I I

0 I
I I I

Listed components account for 80.4% of the wave function.
The occupation numbers are: (d5/2) =10.52, (sl/2) =1.43, (de/2) =1.05.

A. =29, 2J~=3+, 2T =I, E=141.997, eigenvector No. 2 of thisA, , J, T. Model core=16, dimension=359.

Amplitude
8-shell labels
Configuration
2(S-shell J's)
2(coupled J's)
2 (S-shell T's)
2(coupled T's}
8-8 seniorities

0.532
dsn sin dsn

11 2 0
5 2 0

3 3
0 0
I I

I 2 0

0.487
5/2 l/2 3/2

11 I I
5 I 3

4 3
I I I

0 I
I I I

-0.287
d5& Sln dan

9 3 I
5 I 3

4 3
I I I

0 I
I I I

-0.212
dsn sin sn
10 3 0
4 I 0

3 3
2 I 0

2 I 0

0.195
5e Sle d

10 2 I
6 2 3

4 3
0 0 I

0 I
2 2 I

0.160
dsn sin sn
10 2 I
4 0 3

4 3
2 2 I

0 I
2 0 I

0.136
l2 $1/2 de

9 4 0
3 0 0

3 3
I 0 0

I I
3 0 0

-0.132
dsn sla sn
10 2 I
0 0 3

0 3
2 2 I

0 I
0 0 I

Listed components account for 74 8% of the wave function.
The occupation numbers are: (ds/2& =10.27, &st/2& =1.90, &d3/2& =0,83.
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TABLE VII (Contsn55ed)

A=29, 2J"=5+, 2T =1, E=143.024, eigenvector No. 1 of this', J, T. Model core=16, dimension=442.

Amplitude
S-shell labels
Configuration
2(S-shell J's)
2(coupled J's)
2(S-shell T's)
2(coupled T's)
S-S seniorities

-0,623
5n $»s sa

11 2 0
5 0 0

5 5
1 2 0

1 1
1 0 0

-0,326
~5/2 $~n ~an

9 4 0
5 0 0

5 5
1 0 0

1
1 0 0

-0.307
5/2 1/2 3n

11 2 0
5 2 0

5 5
1 0 0

1 1
1 2 0

=0.211
dsn sva dsn

10 3 Q

6 1 0
5 5

0 1 Q

1 1
2 1 0

0.195
5/2 1/2 3n
9 2 2
5 0 0

5 5
1 2 2

3 1
1 0 0

0.176
dsa s,a de
10 3 0

4 1 0
5 5

2 1 0
1 1

2 1 0

-0.164
5/2 ln ~an

ll 0 2
5 0 0

5 5
1 0

1 1
1 0 0

0.154
dstl $5a 54
11 1 1
5 1 3

4 5
1 1 1

0 1
1 1 1

Listed components account for 75.2% of the wave function.
The occupation numbers are: (ds/2) =10.25, (s&&2) =2.23, (d3/2} =0.52.

&=29, 2J"=5+, 2T=1, E=141.214, eigenveetor No. 2 of this A. , J, T. Model core=16, dimension=442.

Amplitude
S-shell labels
Configuration
2(S-shell g's)
2(coupled J's)
2(S -she11 T 's)
2(coupled T's)
S-S seniorities

-0.566

sa sly 515

11 1 1
5 1 3

4 5
1 1 1

0 1
1 1 1

0.394
de S,a dsn

9 3 1
5 1 3

1 1
0 1

1 1 1

-0.305
5/2 I/2 3/2

11 2 0
5 2 0

5 5
1 0 0

1 1
1 2 0

-0.246
dsa $5' sa
10 2 1

4 0 3

2 2 1
0 1

2 0 1

-0.225
d5/2 $1l2 42
10 2 1

6 2 3

0 0 1
0 1

2 2 1

0.152
5/2 $14 50
8 4 1
4 0 3

4 5
0 0 1

0 1
2 Q 1

-0.141
5n )n 3n
9 3 1
3 1 3

4 5
1 1

0 1
3 -1 1

0.129
d5n, n dan

10 2 1
8 0 3

8 5
2 2 1

0 1
2 0 1

Listed components account for 73.9@ of the wave function.
The occupation numbers are: (d5&2) =10.07, (s&&2) =1.82, (d3&2) =1.11.

4=29, 2J~=5+, 2T =1, E=140.394, eigenvector No. 3 of this A, , J, T. Model core=16, dimension=442,

Amplitude
S-shell labels
Configuration
2(S-shell J's)
2(coupled J's)
2(S-she11 T's)
2(coupled T's)
S-S seniorities

0.535
de $54 sa
11 2 0

5 2 0
5 5

1 0 0
1 1

1 2 0

-0.248
5n $1/2 dan

ll 1 1
5 1 3

4 5
1 1 1

0 1
1 1 1

-0.232
d5n $)n ~an

11 2 0
5 0 0

5 5
1 2 0

1 1
Q

0.232
d5n $1/2 dan

11 1
5 1 3

4 5
1 1 1

2 1
1 1 1

0.229
d5n $~n "3n
11 1 1

5 1 3
6 5

1 1 1
0 1

1 1 1

-0.226
sa spa sa

11 0 2

5 0 0
5 5

1 0 2
1 1
0 0

-0.183
n $)n dan

11 1 1
5 1 3

6 5
1 1 1

2 1
1 1

0.136
dsn incan
10 2 1

6 2 3
6 5

0 0 1
0 1

2 2 1

Listed components account for 61.1% of the wave function.
The occupation numbers are: (ds/2) =1041, (s&/2) =1.64, (de&2) =0.95.

component in "Si. Thus if such a component had

a moderate amplitude in "Si, then the absence of
stripping strength to the first ~ together with
the presence of pickup strength to the same state
would be easily accounted for. As we will see
later, there seems no other grounds to suspect
qualitative error in the wave function of this low-
est 2 state of 2~Al-'78i. Thus we advance the
possibility that this combination of component am-
plitudes might also explain this puzzle. Questions
which then arise are "can the needed amount of
the (d„,)"(s»,)'(d„,)' component be introduced in-
to the ground state of Si without ruining other
features'" and "what aspect of the two-body inter-
action would need to be modified to best accom-
plish such an admixture'P"

In summary, with the exception of the pickup

strength to the lowest -', state, the present calcu-
lation very nicely predicts the single-particle
charaeteristies of "Al-"Si. There is some indi-
cation that the d, &, orbit is not quite as strongly
mixed into the ground-state and low-lying-excited-
state wave functions of the model as it should be.
It would seem desirable to attempt to definitive-
ly settle the question of pickup to the lowest —,

'
state from an experimental-reaction-theory stand-
point and to search experimentally for the fourth

state, which is predicted to have a significant
spectroscopic factor for stripping.

Z. Single-Nucleon Transfer to
A =28, T=O

The relevant experiments populating "Si are
proton stripping on "Al, and neutron pickup on "Si.
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Calculated spectxoscopic factors axe compared to
experimentally determined values in Table III.
Stripping to the ground state of "Si reveals the
same structure information as that obtained via
pickup from ' Si to the ground state of ~YAl- 7Si.
The stripping data are consistent with the results
of the inverse reaction and with our model results.
Stripping to the second 0' in the spectrum pro-
ceeds with an accurately predicted smaller in-
tensity.

While it seems futile to hope that experiment
can ever distinguish between a mixture of d3~2 and

d„, transfer in a single transition, relative l =2
(d„,+d„,) versus E=O (s„,) spectroscopic factors
can, with difficulty, be extracted for 2' and 3'
states, with l =0 values presumably being more
reliable, The model pxedictions for the 2' first
excited state look good in comparison to experi-
ment, in particular as regards the sI~, strength.
We note that the wave function for this state (see
Table VI) is most simply characterized as
(d»,}"~ »,(s„,)'~ „,. There is qualitative or
better agreement for other 2' states and for the
1' and 4' states. The s„~ contribution to the 3'
states is predicted to be concentrated into the
lowest such level, whQe experiment shows more
fragmentation.

The information available from pickup experi-
ments to these same "Si states is more limited
because of the J = —,

' spin of the ground state of
"Si. The available data are in generally good
agreement with the model predictions.

In summary, the observed single-particle as-
pects of the lowest energy levels of "Si are well
accounted for in the present calculation.

3. 8222gl8-¹cf8022 Tt822sfst fo
A=S9, T=~

The A. =29, T =-,' system is xeached by proton
or neutron striyping on ~'Si and by neutron pickup
on soSi. Calculated and experimental'~ 39 results
are presented in TaMe IV. The results of strip-
ping experiments" identify the first —,', the first

and the first —,
"levels as "single-particle"

s»» d,», and d, ~, states relative to the "Si ground
state. The model predictions are in complete and
accurate agreement with the data. We note that
the "unclosed" nature of "Si revealed by these
stripping data, and by the pickup experiments on
the same nucleus as well, is uniformly well ac-
counted for.

The quantitative agreement between model pre-
dictions and results of pickup experiments is not
too good, although the qualitative aQocation of
strength between various states is acceptable.
The model correctly places the d»a hole strength

in the lowest -', level and predicts a large strength
for the third —,

"level. The ground state —,
' and

the lowest -', are predicted to be the strongest
levels excited. The model quite definitely fails
to put enough d, ~, strength into the low-energy
part of the A =30-29 spectra and does not mix the
d„,-hole strengths of the first and third —", states
enough. The nature of the various model wave
functions can be examined in Table VG.

C. Electric Quadrupole and Magnetic

Dipole Observables

The B(E2) and B(Ml) values for transitions be-
tween states in the A =27-29 region have been
calculated from the present wave functions under
various assumptions. The results presented in
this paper are restricted to Al, 'Si, and Si.
Bare-nucleon values are assumed for the M1 oper-
ator. Effective charges of e~ =1.5e and e„=0.5e
and harmonic-oscillator single-particle wave func-
tions (ff&8 =41A "'}are assumed for the E2 opera-
tor. All components of the wave function axe in-
cluded. In an associated paper, ' o e exte sive
calculated x'esults are px'esented and the sensitivi-
ties of the predicted values of these obsexvables
to different aspects of the calculation are investi-
gated.

The electric quadrupole moments for the ground
state (-', ') of "Al and the first excited state (2") of
"Sihave been measured. '~'" The predicted val-
ues for these observables, compared to the ob-
served values, are +13.8 efm versus +15.2 8 fm
for "Al and +14.3 efm' versus 18+6 efm' for "Si.
%e note that the signs of these moments imply a
change from a prolate to an oblate intrinsic quad-
xupole shaye in going from "Al to ' Si if simple
unmixed Nilsson orbitals are assumed for the in-
trinsic wave functions.

The observed magnetic dipole moments of the
"Al and "Si ground states (-,"and —,"', respective-
ly) are +3.64@.„and -0.5622„, respectively. The
Schmidt estimates are +4.74 and -1.91',„. The
values predicted from the present wave functions
are +3.75',„and = -0.64 p,„,respectively.

Thus, it appears that the few static yroperties
which are experimentally known in this region can
be well accounted for with the present wave func-
tions. In the following subsections we briefly note
comparisons between predicted B(E2)'s and
B(M1)'s and experimental values extracted from
lifetime and mixing ratio and branching ratio data.
Unannotated experimental results are taken from
the compendium presented in Table I of Ref. 1.
Ag1'eeIIlell'ts betweeII tlIeol'y alld expeI'IIIlellt of 30%
will generally be taken to indicate meaningful cor-
respondence between model and observed states.
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2'. 8/ect~omagnetic Transition
SA"e'plgN8 ipse AE

Calculated B(E2) and B(M1) values for 27Al are
presented in Table VIG and compared to available
data. Our results show a chain of strong E2 tran-
sitions connecting the —, ground state with the
first @', the first T, and the second l~l states.
The first &l state, first @3' state, and second &
state also all have sizable E2 strengths connecting
them to the ground state, and in addition signifi-
cant strengths for their own interconnecting tran-
sitions. The available data for transitions between
low-lying states are in general agreement with the
shell-model results with the exception that the low-
est ~v" level known experimentally {atE, =&.5&

MeV) exhibits a strong E2 transition to the first

TABLE VGI. B(E2) and 8 (Ml) values for transitions
connecting states J~ Rnd O~ of 27A1. Listed energies
are experimental values.

Initial stRte Final stRte 8(E2) (8 fm ) . $(M1) (pp )
J~ 8 Jp E Th. Expt. ~ Th. Empt,

&~' and &9 levels. However, it is the second mod-
el lz" state, at 5.25 MeV excitation, which has
this property, not the first l&", predicted at 3.91
MeV. The possible existance of another l&" level
in the 4-5-MeV region of excitation might be an
interesting question to pursue experimentally.

The patterns of predicted and observed B(M1)
values are not so easy to characterize as are the
B(E2)'s. About half of the transitions seem well
accounted for, while the remainder are missed
by factors of 2 to 5. In Ref. 1 it is shown that rel-
atively smaQ changes in the Ml operator can rec-
tify most of these discrepancies, but of course it
can by no means be ruled out that better wave
functions would suffice to yield better agreement
without an effective Ml operator. At any rate,
the Ml results, 'taken as a whole, do not indicate
any basic misidentification between model and ob-
served states in the low-lying spectrum~ and we
conclude that the essentials of the low-energy re-
gion (~4.5 MeV excitation) of the A =27, T =-,' sys-
tem are expl. ained with the present model.

Elect'omagneti c Tsunami tions ig $j
($)g o 84 ($)g

(&2)g 1.01 (&~)g

(f)g 1.01 (2)g

(j)g 3.31 ($)g

($)g 3.31 (f)g

($)2 3.73 ($)g

(&2)2 2,73 (p) ~

(75)2 3.73 ($)g

(1), 3.98 (j),
($)2 3.98 ($)i

(&))2 3.98 (f)g

(f)g 3.00 (f)g

(f)g 3 oo (12)g

(y~)2 3.68 ($)g

($)2 3.68 (12){

($)p 3.68 (i1)g

()ti) g 4.81 ($)g

(L.)(

(tt), 4.61 ($),

(p)2 (f)g

($)2 4.68 ($)g

(II-)2 (~g) g

($)2 (2)g

(&) 4-.41 (&)g

~ Qeference 1.

0,00 1.9 OP

s ~ ~

0 1 e e ~

1.5
0 0

04 si

2 5 o o a

2.9 31

0.5 0.9

0 6

04 ee

0.00 29 42

0.00 34 44

0.84 24 ~

0.00 61 53

0 0

0.16 0.02

0.15 0.15

0.06 0.11

0 0

0.02 0.5
0 0

1.09 0.59

0.08 0.38

0 17 neo

0 00

0 0

0.55 0.12

0 89

0 0

86 0 ~ ~

0 0

0 0

0.08 0.17

'09 e e s

0.06 0.02

0 0

0 05 ~ ~ ~

TABLE IX. B(E2) values for transitions connecting
states Op Rnd J p~ of, Si Listed energies Rl8 experl '

mental values.

Initial state plnal stRte B(g2) (8. fm )
O'„Eexp). (Me V) O'„Ee„p~ (Me V) Th. Expt. ~

1.78
4.62
4.98
6.69

6.89
8.33
8.33
6.89
7.38
7.38
7.38

0.00
1.78
1.78
1.78

1.78
0.00
1.78
4.62
0.00
1.78
4.98
4.62
4.62

0.00
1.78
4.98
4.98

2.2 3.5
0
0,2 0.2
4.5 &22

4.6 1.6
11 &12
0.0

ll 14
56

0.-0
16
8,4

20
16
1.6
2.4
8

37

geference 1.

Comparison of the calculated E2 strengths from
the "Si wave functions with present data (see Ta-
ble IX) raises several interesting questions. lt
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might first be noted that, among the lowest three
states, the shell-model results give a slightly
larger B(E2) for the 4 ' to 2 ' transition than for
the 2' to 0' transition. The measured values are
tentatively in accord with this relationship, The

,projected Hartree-Pock techniques of Castel and
Parikh'~ produce a larger 2' to 0' than 4' to 2'
strength. Second, the latest reported lifetimes
for the first excited 0' level yield a much greater
B(E2) for the transition to the 2' first excited
state than we. predict. This strength does not show
up in the third and fourth model 0' states either.
This represents a significapt faQure for the model.
Other straightforward calculations of "Si struc-
ture experience the same difficulty and it is only
with specially concocted wave functions that the
strength of this transition can be understood even
qualitatively.

The third question of interest concerns the high'-
er-spin states. There are at present two conflict-

ing reports"" on the lifetime of the 6' state ob-
served at 8.54 MeV. One reported value is in
good agreement with our predicted strength for
the first model 6' state (E„„=8.84 MeV) and the
other with our predi, ction for the second model 6'
state (E„„=10.08 MeV). Basicaiiy, the model re-
sults predict that the lowest 6' state is only weak-
ly related to the 0' ground state, first 2', and
first 4', while the second 6' is 'related much more
strongly to these same states, and hence, might
be called a "member of the ground-state band. "

If the experimental result which indicates a weak
B(E2) from 6' (8.54 MeV) to 4' (4.62 MeV) is cor-
rect, then the present results are in excellent
agreement for this level and, in addition, predict
the "ground-state band" 6' to lie in the vicinity of
10 MeV. If, on the other hand, the experimental
result which indicates a strong B(E2) for 6' (8.54-
MeV) to 4' (4.62-MeV) transition is correct, then
the first two 6' model states are inverted in ener-

TABLE X. B(E2) and B(M1) values for transitions connecting states J„and J„' of 298i. Listed energies are experi=
mental values.

Initial state
&expt.

J~ (MeV)

Final state B(82) a(M.)
E~~t (e fm ) (pg )

J, (MeV) Th. Expt. ' Th. Expt. ~

Initial state Final state &(82) &'(~1)
&exyt, &expt. (& fm ) (p g )

J'p (Me V) Jp (Me V) Th. Expt. ~ Th. Expt. 3

($)g 1.27

(&2)g 2.03

(&)( 2.03

($)~ 2.42

($)2 2.42

(&2)2 2.42

(&), 3.07

(i7)2 3.0V

($)2 3.0V

(j)g 4.08

($)( 4.08

(~2) g 4.08

(2 )g 4.08

(&2)g 4.74

($)g 4.74

4.74

($)~ 4.90

($)~ 4.90

(j)~ 4.90

(-,'), 4.83

4.83

(~2) g 0.00

($)g 0.00

(&2)( 1.27

($)g 0.00

{&2)( 1.27

(f)) 2.03

(f)g 0.00

($), 1.27

((), 2.03

(&2)j 1.27

(f)g 2.03

(f)2 2.42

(&), 3.07

(f)g 2.03

($)2 3.07

(~2)( 4.08

{~2)i 0.00

(f)( 1.2V

(f)g 2.03

($), 0.00

($)t 1.27

~ ~ ~

~ ~ ~

~ 4 ~

~ ~ 0

~ ~

40 ~ 0 0

50 105

0.2

10

0.3

6.0

0.03 0.07

0 0

0.01 0.02

0.15 0.14

0.30 0.23

0 47 ~ e ~

0 0

0.03 0.34

0 06 ~ ~ e

0 0

0 0

0 9

0.06

($)2 4.83

($)2

(j)2

($)2

{~)2

(~2)2

(II)2

(~q)g

(~)3

(L1)

(t)g

(0)

(p) (

(-")g

{~)3

1.8

(f)&
2.03 8.0

($)g 1.2 7 0.1

(f) ) 2.03

($)2 3.0V 1.8

(f) g 4.74 8 ~ 7

(f)g 2.03 1.2
(&), 3.07 2.5

(~), 4.08

(j)2 30

{~~)g 4.08 18

(~2)2 17

(~)) 4.08 0.9

($)2 2.2

(y)2 0.3

($)g 0.4

($) g 4.08 43

(f)2 1.0

(f)& 4.74 18

4.0

($)g 13

(f), 87

0 0

0 0

0 0

0 0

0 0

0 0

0 0
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gy by about +1 MeV. (We recall a, somewhat anal-
ogous situation with the ~v" model states in "Al.)

The predictions of the model indicate a breaking
up of any meaningful rotational band structure at
all after J=6, in that the 8'- 6'strength is shared
by three 8" states. Several other moderate B(E2)
values are predicted for transitions involving oth-
er excited states (with generally good agreement
with experiment) but no clear pattern of an excited
state band emerges from these calculations.

3. Elect omagnetic Transitions in Si

The early expectations'~ that a well-defined ro-
tational band should be formed from the —,

'' ground
state of "Sihas been qualitatively confirmed by
ensuing experimental work. Something like this
picture emerges from the shell. -model wave func-
tions (see Table X). Strong E2 transitions con-
nect the first &', second ~', first ~", and first ~"
model states, although none of the first four z
states seem related to this series in a clear way.
An excited state rotational band built on the first

level, which includes the second &', the first
z', the second z', and an z' level at 7.14 MeV,
has also been postulated, and evidence supporting
the idea has been accumulated. Again some as-
pects of this structure emerge in our shell model,
as strong B(E2)'s are predicted to connect the
chain of levels starting with the lowest z state
and proceeding through the second ~', the first &',
the third model ~', and the second model z' states.

Recent experiments have added other complica-
tions to the simple band picture by revealing
strong transitions between the ground-state band
levels and other levels. ""~ ~ These complexi-
ties have stimulated "band-mixed" Nilsson calcu-
lations"" which are able to successfully account
for the lack of clean separation between different
groups of levels. It can be seen that this "band-
mixed" aspect of '9Si emerges naturally from the
present calculation. Indeed, the shell model pre-
dicts somewhat too much mixing above the lowest
few levels on the basis of present experimental
evidence. The model results for the higher z and

states do not seem to be simply correlated with

the two main band sequences, but branching ratios
of the experimental states indicate that a large
amount of band mixing continues up through the
higher-spin members of the sequences and it is
not clear at present whether the model results are
in really serious disagreement or not.

IV. SUMMARY AND CONCLUSIONS

The present calculation produces level densi-
ties and spin sequences for the low-excitation re-
gions of the energy level diagrams of A =27, T = —,';

A=28, T=O; and A=29, T=-,' nuclei which are in
moderately good agreement with experimental ob-
servation. This agreement; is obtained with an em-
pirical zero-range-type interaction which is param-
etrized (for those aspects which pertain to level
excitation data) in terms of four variables. The
values of these variables were determined in a fit
to about half (20) of the presently assigned energy
levels in the A-T systems of interest. The values
obtained are consistent with values obtained in
similar studies of lighter and heavier nuclei in
the sd shell. The agreement between correspond-
ing model and experimental energies for states
not included in the fit is approximately as good as
for those states used in the fit. There is essen-
tially no evidence from the present comparison of
calculated and experimental level energies that
essential degrees of freedom have been omitted
from the calculation. This refers to the specifi-
cation of the form of the Hamiltonian, the restric-
tion of the model space to the sd shell, and the
specific truncation of the sd shell used. The only
clear cut exception to this evaluation is the anom-
alous strength observed experimentally for the
0; 2+, transition in "Si.

The characteristics of these nuclei which are
revealed by single-nucleon-transf er experiments
are almost universally mell accounted for by the
model predictions. The predicted occupation num-
bers (see Tables V-VII) of the three sd orbits in
the ground states of A = 27-29 (and by implication,
those of "Mg and "Si) agree with the average of
the experimental estimates to well within the ex-
perimental uncertainties for d,~, and s„,. The
predicted d, ~, occupation may be =30% too low;
predicted stripping and pickup 5 factors for this
orbit both tend to be somewhat lower than those
observed. There is no suggestion in our results
(or, of course, in nature) of massive emptying of
the d«, orbit into sz(2 and d„, orbits. Of course,
our space truncation would not allow a total popu-
lation inversion, but the occupation values actual-
ly obtained for the three orbits are not close to the
truncated-configuration-space limits.

The static electric quadrupole and magnetic di-
pole moments predicted with the present model
are in good agreement with measured values.
Predicted magnetic dipole transition strengths do
not consistently agree with experimental numbers,
but the discrepancies are not unexpected in view
of the strong cancellations which occur in evaluat-
ing this operator with shell-model wave functions.
The electric quadrupole transition strengths cal-
culated between low-lying states with the assump-
tion of 0.5e added charge for both the proton and

neutrons agree well with experimental values.
This is the same effective charge for the E2 oper-
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ator which gives satisfactory results for 3 =18-
22 and g = 35-38 shel. l-model calculations in a full
sd-shell basis, and for 3 = 30-34 calculations in
a truncated basis something like that used here.
Close inspection of the present xesults, however,
lndicRtes thRt R unlfox'ID incx'8Rse ln the chRx'ge
Rdded to the neutx'on Rnd px'oton in these cRlculR-
tions, say from 0.5e to 0.6e, would produce even
better agreement between theory and experiment.

Tile IIlodel 1'eslllts foI' B(E2) vallles give 11ttie
lndicRtlon of well-defined rotRtlonR1 bRnds in
these nuclei. This is in contrast to similar calcu-
lations fox' the lighter gd-shell nuclei in which the
well defined rotational-eke properties of the ex-
perimental spectra were equally apparent in
the shell-model results. A general prediction of
the present calculation which can and should be
tested with further experimental study is that
the "ground-state band" B(E2) strength is frag-
mented over several levels fox' the highex' J val-
ues. Although there has been a long history of
xotational model interpretations of A. = 2V-29,
the- status of experimental knowledge Rnd, in-
deed, the present stage of hand-mixed Nilsson-
model calculations both seem to indicate that
the mixing of rotational bands in this region is so
severe as to greatly abridge the usual benefits of

a Nilsson-model approach. Over-all, the degx'ee
to which "band-structure" can be discerned in the
experimental data for this region, and, more im-
portantly, the many aspects in which breakdowns
of pure band structure are evident, both emerge
naturally fx'om our very straightforward shell-
model approach.

In conclusion, energy level spectra. , occupation
numbers for the Sd-shell ox'bits, specifics of the
distribution of single-nucleon-transfer strength,
general trends of Ml transition strengths and con-
siderable detailed B(E2) data are all accounted for
here with a tightly unified approach that is consis-
tent with successful theories for the lighter and
heRviex' nuclei in the gd shell. It would seem thRt
with appropriate refinements of model Hamiltoni-
an and basis space which are now feasible, the
present techniques offer promise of giving an even
more accurate and complete accounting for the nu-
clear structure phenomena of this region.
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