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Results are presented of calculations made in the full space of sd-shell-model wave func-
tions for positive-parity states in the nuclei with A =34-38. We employed in this work sev-
eral different effective Hamiltonians, some of which had two-body parts obtained by reaction-
matrix techniques from the Hamada-Johnston scattering potential. The observables calculated
were energy-level spectra, single-nucleon spectroscopic factors, and E2 and M1 moments and

transition strengths. These calculations yield fair-to-good agreement with many of the ob-
served nuclear-structure data in this mass region.

I. INTRODUCTION

This paper presents the results of shell-model
calculations for positive-parity states of nuclei
with mass numbers A =34 through 38. The model
vector space is defined by a complete set of many-
particle basis states for A —16 nucleons distrib-
uted among the three single-particle orbits Od„„
1s„„and Od„,. The model core is (Os)'(Op)".
The two-body parts of most of the Hamiltonians
which we use in this space are derived by reaction-
matrix techniques' from the Hamada-Johnston nu-
cleon-nucleon scattering potential. ' Following the
current terminology, we shall refer to such Hamil-
tonians as "realistic. "

One purpose of our work mas to test how mell the
experimentally determined properties of A =34-38
nuclei could be reproduced by using currently
available realistic interactions. Our present A
=34-38 study is the natural extension of a similar
study made earlier for A =18-22.'' As tests of a
realistic interaction, the A = 18-22 and A = 34-38
projects differ in that they emphasize different
aspects of the interaction. For A =18-22, the
model nuclear wave functions tend to be dominated
by components in which all active nucleons occupy
the Od„, and 1s„,orbits. Thus for A = 18-22, the
one- and two-body matrix elements of the effective
Hamiltonian which are most important (and most
severely tested) are those involving only the Od„,
and Isy/p orbits, while matrix elements involving
only the Od„, orbit are less important. But in the

A = 34-38 region, where the Od„, orbit is "effec-
tively" filled for most low-lying states, matrix
elements which involve the Od„, and 1sy/2 orbits
are the most important. Thus, studies of the A
= 18-22 and A = 34-38 regions complement each
other as tests of realistic interactions designed
for use in (ls, Od)" '6 shell-model calculations.

Techniques for calculating realistic shell-model
effective interactions are far from perfect"; but
they have improved since the time we calculated
realistic interactions for this A =34-38 study, and
presumably they will be improved further in the
future. We realized at the start of this project
that there would be uncertainties and imperfections
in any particular realistic Hamiltonian that we
could obtain, and for that reason we decided to ex-
amine the shell-model results from several alter-
native Hamiltonians. We have used four different
realistic effective interactions, calculated in four
slightly different ways, and with each of these re-
alistic interactions we have tried two alternative
sets of single-particle energies. In addition, me
have used some two-body interactions of a consid-
erably different character, i.e., interactions de-
rived from considerations other than nucleon-nu-
cleon scattering data. All in all, we have calcu-
lated shell-model results from 10 different (1+2)-
body effective Hamiltonians.

In this paper we shall compare these alternative
sets of shell-model results with each other and
with experimental data. These comparisons offer
some information about the probable characteris-

1266



CALCULATIONS WITH A 1s, Od SHELL MODEL. . . 1267

ties of a "correct" effective Hamiltonian. Further-
more, they enable us to characterize the various
observables as to their sensitivity to details of the
Hamiltonian. Thus, these comparisons indicate
what kinds of observed phenomena can be conve-
niently organized in terms of an sd shell model.
For such observables we think it is worthwhile to
display our calculated values even in cases where
reliable measured values are not yet available. In
discussing these displays we shall mention some
experiments pertinent to further tests of sd-shell-
model predictions.

The first major shell-model study of the nuclei
A = 34-38 was made by Glaudemans, Wiechers,
and Brussaard, ' as part of a comprehensive treat-
ment of the A = 29-39 region. Their shell-model
basis consisted of the complete set of (s„,)"(d„,)
states; the model core was (Os)'(Op) (Od, ~,) . An
effective Hamiltonian for this s„,-d, » vector space
can be specified by 15 two-body matrix elements
and the two single-particle energies. Glaudemans,
Wiechers, and Brussaard determined these 17 pa-
rameters by adjusting them so as to obtain a least-
square fit to observed energies for nuclei in the
range A = 29-39. In our work we have expanded the

sy/2 d3/2 vector space to allow for excitations from
the Od„, orbit to 1s», and Od„, orbits. The most
striking improvement obtained by this expansion is
the improved agreement of calculated and observed
properties for J"= -', states. More recently, Die-
perink and Brussaard' have published results from
a study for A =36-38, in which they use the same
fu11-sd-shell space that we do, but with a Hamil-
tonian derived from the nonlocal Tabakin two-nu-
cleon scattering potential. ' We shall compare
some of their results with our own.

II. DETAILS OF THE CALCULATIONS

A. Model Space

As already mentioned, the present calculations
employ a complete set of basis states, describing
active (ls, Od)" " structures outside a closed (Os)'-
(OP)" core. These shell-model calculations in-
volve the construction and diagonalization of Ham-
iltonian matrices, each matrix being characterized
by A, J, and T. (All such calculations were done
with the Oak Ridge-Rochester computer codes. ")
For A =38 and fixed IJ, T}, the sd-shell Hamiltoni-
an matrices have dimensions of about 3x3. These
dimensions increase rapidly as A decreases to-
ward the middle of the shell. For A =34, the ma-
trix dimensions range up to 537' 537.

Of the various limitations on our shell-model
basis, probably the most damaging is the exclu-
sion of configurations involving the negative-pari-
ty orbits Of„, and 1p~~, . Analyses of single-nucle-

on-stripping experiments" "on A =34 and A =36
targets indicate that, for A =35 and 37, states of
=2- or 3-MeV excitation account for large frag-
ments of the single-particle width for adding one

Of„, nucleon to the target state. The same state-
ment holds for adding one 1P», nucleon. Now,
since negative-parity configurations do not mix
with positive-parity configurations, the exclusion
of negative-parity (A —16)-particle basis states
does not affect our shell-model results for posi-
tive-parity nuclear states. But these results are
affected by the exclusion of positive-parity (A —16)-
particle basis states; in particular, those formed
by excitations of 2 (or 4, 6, . . .) particles from the
sd to the fP shell. Using the fact that in A =35 and

37, states involving at least one fp-shell particle
occur at excitations as low as =2 MeV, and invok-
ing a simple independent-particle approximation,
we see that states involving two fp-shell particles
can be expected to occur at excitations of =4 MeV.
Thus, at excitations near and above 4 MeV, we ex-
pect the experimentally observed level spectra to
be denser than that calculated from our pure-sd-
shell models. Of course, depending on the charac-
teristics of the "true" Hamiltonian, the true eigen-
functions will contain various mixtures of "pure-
sd-shell states" with states involving excitations
of even numbers of fP-shell particles; and such
mixing may cause other experimental-theoretical
differences besides the appearance of extra states
in the observed spectra.

In later sections, we shall discuss some particu-
lar ways in which our vector-space limitations
may affect the correspondence between experimen-
tal and calculated spectra. Now, in the present
section, we confine ourselves to a few general re-
marks about "intruder states" and effective opera-
tors.

Very probably, all of the true nuclear wave func-
tions for A =34-38 include significantly large com-
ponents involving fP-shell excitations (i.e. , signifi-
cantly large compared to the pure-sd-shell com-
ponents). Many effects of these fP-shell excita-
tions have presumably been buQt into our effective
Hamiltonian operators. Similarly, for some other
observables, besides energy, we need to use ef-
fective operators. For example, in calculations
of quadrupole moments and B(E2)'s, we use effec-
tive charges different from the free-neutron and
free-proton charges. Thus usage implies recogni-
tion that, when the model basis is restricted to
(Os)'(OP)" (ls, Od)" "configurations, the optimized
effective E2 operator differs from the "unrenor-
malized" E2 operator that would be appropriate for
calculating matrix elements between exact wave
functions. But, of course, the technique of using
effective operators has its limitations: It does not
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equip us to describe states whose very existence
depends upon the presence of extra-model config-
urations. Consider, for example, the lowest J'
=0', 2+, and 1' states of "Ar. In their true wave
functions, it may well be that components involving
two fp-shell nucleons occur with intensity =5O%

that of the "pure-sd-shell" configurations. Our
shell-model calculations, though they allow no ex-
plicit occupation of fp sh-ell orbits, nevertheless
account for many observed properties of these
three levels. However, our pure-sd-shell model
mould not be capable of accounting for the exist-
ence of an excited 0' state in which the intensity of
fP-excited components exceeds the pure-sd-shell
intensity by a factor of =10. Nucleon-transfer ex-
periments" indicate that this kind of 0' state lies
at 3.3&-MeV excitation in the real "Ar spectrum.
We use the name "intruder states" for such ob-
served levels (i.e. , observed levels which defy de-
scription within our model space). The frequency
of occurrence of low-lying intruder states gives
some indication of the appropriateness of the shell
model under consideration for use in a given nu-
clear-mass region.

B. Realistic Two-Body Interactions

In the full (Os, 1d)" '8 vector space described
above, we have used 10 alternative model Hamil-
tonians. Each is a (1+2)-body operator. In each
case, the two-body interaction part, V, is speci-
fied by a set of 63 two-body matrix elements be-
tween normalized antisymmetrized states,

(j,j,JT
I ~lj,j,JT),

where each j, can be d„„s„„ord„,.
Earlier work" 4 has shown that for A =18-22,

many experimentally observed features can be re-
produced by shell-model calculations in a full
(1s, Od)" "vector space, using a realistic effec-
tive interaction that was derived' for A =18 from
the Hamada- Johnston potential. In the present A
=34-38 study, several of our alternative Hamil-
tonians incorporate realistic interactions obtained
by procedures very simQRr to that used in generat-
ing the aforementioned A = 18-22 interaction. This
generation procedure is designed to convert a hard-
core scattering potential into a two-body interac-
tion that is suitable for use in shell-model calcu-
lations. The "conversion" is needed to make up
for omissions in the shell-model basis. The gen-
erated realistic effective interaction has two
pRrts:
(1) a "bare Gmatrix, " d-esigned to incorporate the
influence of very-high-energy independent-particle
states omitted frora the explicit shell-model basis;
Plus

(2) some perturbative "renormalization" correc-
tions, designed to incorporate the influence of
rather low-lying independent-particle states omit-
ted from the shell-model basis.

First we discuss some general features of the
bare-G contributions to our realistic Hamiltonians.
In the generation procedure' which we have used,
the bare-G part is calculated by a combination of
reference-spectrum" and Moszkowski-Scott sepa-
ration" methods. In the separation method, we

have used closure approximations with effective-
energy denominators, and we have made further
approximations in treating the Pauli and dispersion
terms. When the A = 18 prototype of these bare-G
calculations was first performed, ' all these approx-
imations taken together seemed to constitute a sat-
isfactory and economical way to evaluate bare-G
matrix elements. Indeed, the calculated numeri-
cal results were very similar to results calculated
by more accurate and arduous methods" (in the
case of those matrix elements for which the more
accurate answers were available). However, some
time after the generation and use of our A =18-22
and A =34-38 realistic effective interactions, it
was discovered that an error had been made in

generating the bare-G contributions. In the treat-
ment of 'S,-'S, second-order contributions from
the long-range tensor force, the separation meth-
od should lead to values near 400 MeV for E,«,
the effective-energy denominator. But values of
F.,&&

near 200 MeV were used in the A=18-22 cal-
culation, and in the present calculation. Happily,
recent calculations" indicate that a more accurate
over all treatm-ent of the tensor force (including
better approximations for the Pauli operator and
the 'S,—D, cross terms) yields total matrix ele-
ments which lie within 10%%u~ of the ones used here.

Thus, it seems that fortuitous cancellations ac-
count for the agreement between the bare-G part
of the A =18-22 interaction and a "more properly
calculated" bare-G part. But since very similar
procedures were used in generating both the A
=18-22 and A =34-38 bare-G matrix elements, we
feel justified in hoping that in our A =84-3& inter-
action too, the bare G is close to a "more properly
calculated" bare-G part.

Next we discuss possible faults in the renormal-
ization methods we have used. In the realistic A
=18-22 interaction"'4 and in our realistic A
= 34-38 interactions, the renormalization terms
are limited to selected second-order corrections.
For many years there have been uncertainties and
controversy about zohich Parts of a complete sec-
ond-order shell-model correction should be includ-
ed. (Compare for example Ref. 1 and the work of
Kuo and Brown. ~) Also, there have been doubts
about whether the restriction to second-order cor-
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rections is justified. Indeed, recent quantitative
work" demonstrates that there is no clear justi-
fication for omitting higher-order corrections.

But again we fall back on very pragmatic consid-
erations. We know that for A =18-22, the combi-
nation of 6-matrix and renormalization techniques
used in Ref. 1 produced an interaction which,
when used in sd-shell-model calculations, allowed
good reproduction of A = 18-22 experimental data.
Since we have used a similar combination of pro-
cedures to produce "realistic" interactions for A
=34-38, it seems reasonable to suppose that these
new interactions could be successful when used in
sd-shell models for A =34-38.

In summation, we acknowledge several nontrivi-
al faults and uncertainties in our "realistic" inter-
actions, but we hope that these interactions have
the major features of a "properly calculated" G

matrix. Furthermore, since these interactions do
represent an attempt to relate nucleon-nucleon
scattering data with nuclear-structure data, and
since we know of no other sd-shell interactions
for which this attempt can be confidently declared
"properly fulfilled, "me shall continue to call these
interactions realistic.

In the paragraphs below, we describe the major
mays in which we changed the procedure of Ref. 1
before generating realistic interactions for A
=34-38. Then, at the end of this section, we tab-
ulate the two-body matrix elements of the result-
ing A = 34-38 interactions.

In generating some of our A =34-38 realistic in-
teractions, we used a harmonic-oscillator param-
eter of 1~=12.5 MeV. For others we used S~
=11.0 MeV. These values 12.5 and 11.0 replaced
the larger value Ice = 14.0 MeV that had been used
in Ref. 1 to generate the A =18 interaction. The
change from I'co =14 MeV was made so as to take

into account an increase in nuclear size from A
=18 to A=26. (One commonly used rule is Ku&

=41A "' MeV. ")
In generating some of our A =34-38 realistic in-

teractions, we used exactly the same renormaliza-
tion procedure as was used in Ref. 1 for the A =18
interaction. This renormalization procedure in-
corporates selected second-order 28~ corrections,
all calculated in the particle formalism. Figures
1(a)-1(c) show the particular corrections which
were included. (These are added to the bare-G
part of the realistic interaction. ) We shall use the
abbreviation 12.5p to denote the complete two-body
realistic interaction calculated with fed = 12.5 MeV
and particle-formalism renormalizations. Simi-
larly, we use 11.0p to denote the realistic interac-
tion calculated with Scv = 11.0 MeV and particle-
formalism renormalizations.

In generating some other A =34-38 realistic in-
teractions, we renormalized by using hole formal-
ism instead of particle formalism. Figures 2(a)-
2(c) show these hole-formalism corrections.
Strictly speaking, the diagrams of Fig. 2 show con-
tributions to a hole-hole interaction, rather than
a particle-particle interaction. But a hole-hole in-
teraction operator, when converted to a particle-
formalism representation, generally has zero-
body, one-body, and two-body parts. Hence in our
renormalization calculations, we take the Aeo-
body part of the hole-hole interaction that is ob-
tained by summing the operators symbolized by
Figs. 2(a)-2(c). (This operation, of "taking the
two-body part, " is trivial to perform because the
desired particle-particle matrix elements are just
equal in sign and magnitude to the hole-hole ma-
trix elements from which they are determined. }
We use the abbreviation 12.5h to denote the two-
body interaction calculated with Ice =12.5 MeV and

0 i& 1l2

(b} (c) (e )

FIG. 1. Diagrams symbolizing some of the second-order 2k'-renormalization contributions to a realistic effective
interaction appropriate fox' use in particle-form~bsrn sheB-model calculations. For our full-sd-shell model, Ill hnes
with upgoing arrows symbolize particles in active orbits (M, 1s) or higher orbits (Of, 1p, 1d, 2s), while all lines with
downgoing arrows symbolize holes in lower-than-active orbits (Os, 1p). In diagrams (c) and (d), the intermediate-state
lines are labeled so as to distinguish between two related cases. In case (c), both intermediate-state particles occupy
orbits 1Sco above the active orbits. In case (d), one intermediate-state particle occupies an active orbit whih. the- other
occupies an orbit 2Scu above the active orbits. Diagram (a) represents both of twe related cases: the case in which the
bubble symbolizes a particle 1Ãu above the active orbits plus a hole 1~ below the active orbits, and the case in which
the bubble symbolizes an active particle plus a hole 28~ below the active orbits.
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hole-formalism renormalizations. Similarly, we
use 11.0h to denote the two-body interaction calcu-
lated with Sv = 11.0 MeV and hole-formalism re-
normalization.

As we shall next explain, our p and h interac-
tions are nonidentical because they exclude non-
identical subsets of all the two- and three-body
terms in the complete set of second-order 21'u

shell-model corrections.
Figures 1(d) through 1(f) show some of the sec-

ond-order 2k& renormalizations which we exclud-
ed in constructing our A =34-38 p interactions
12.5p and 11.0p. Figure 1(d) shows that we have
omitted some two-body terms associated with the
excitation of one sd-shell nucleon to the sdg shell.
Figures 1(e) and 1(f) show that we have omitted
all of the three-body terms. Now, three-body
terms do not enter into the sd-shell calculations of
energies or wave functions for A =18 (two active
nucleons). However, the omission of three-body
terms does affect the sd-shell-model results for
A & 18, and this omission may become more impor-
tant as A (and hence the number of interacting nu-
cleon triplets) increases. In our p interactions,
the only other omitted Mco second-order terms are
those which would exactly cancel each other if the
harmonic-oscillator orbits accurately satisfied
certain Hartree-Fock conditions. In practice such
terms cancel each other approximately.

Our h interactions, 12.5h and 11.0h, formally
exclude a different subset of 2Sco second-order
terms Figu.res 2(d) through 2(f) show some of the
omitted terms. Note, for example, that our p in-
teractions formally exclude all contributions from
excitation of a Od nucleon to the 2s-1d-Og shell,
whereas our h interactions include some of the sec-
ond-order contributions from this kind of excita-
tion. Similarly, our h interactions formally ex-
clude all contributions from excitation of a Os nu-

cleon to the 1s-Od shell, whereas our p interac-
tions include some of the second-order contribu-
tions from this kind of excitation.

It could be argued that our h interactions are
somewhat preferable to our p interactions when it
comes to using them in A = 34-38 sd-shell calcula-
tions. First, in the A =34-38 model nuclei the
number of active "hole triplets" is much smaller
than the number of active "particle triplets";
hence the neglect of three-hole terms seems pref-
erable to the neglect of three-particle terms. Sec-
ond, for A = 34-38 the Hartree-Fock cancellations
assumed in generating the h interactions are more
appropriate than those assumed in generating the

p interactions. However, because of all the pre-
viously mentioned faults and uncertainties in the
generation of our realistic interactions, these ad-
vantages of our h interactions over p interactions
cannot be taken seriously.

Therefore we shall consider all four interactions
11.0p, 11.0h, 12.5p, and 12.5h as a Priori equal in
merit. We presume that each of them has the fla
vor of a "properly calculated" realistic interac-
tion, and our preferences among them will be
based solely on the nuclear-structure results to
which they lead.

Table I lists the two-body matrix elements of the
four interactions 11.0p, 11.0h, 12.5p, and 12.5h.
When we use all four interactions with the same
set of single-particle energies, we find noticeable
differences among the resulting energy-level spec-
tra. However, we can make these spectral differ-
ences rather small by using an appropriately dif-
ferent set of single-particle energies with each of
these four different realistic interactions.

C. Single-Particle Energies in the Realistic
Hamiltonians

To specify the one-body part of our effective
Hamiltonians, we shall use these three independent

1l2

(a ) (b) (c ) (d) (e )

FIG. 2. Diagrams symbolizing some of the second-order 2k' -renormalization contributions to a realistic effective
interaction appropriate for use in hole-formalism shell-model calculations. For our full-sd-shell model, all lines with
downgoing arrows symbolize holes in active orbits (Od, 1s) or holes in lower orbits (Os, Op), while all lines with upgoing
arrows symbolize particles in higher-than-active orbits (Of, 1p, 1d, 2s). In diagrams (c) and (d) the intermediate-state
lines are labeled so as to distinguish between two related cases. In case (c), both intermediate-state holes are in orbits
1k' below the active orbits. In case (d), one intermediate-state hole is in an active orbit while the other hole is in an
orbit 2k~ below the active orbits. Diagram (a) represents both of two related cases: the case in which the bubble sym-
bolizes a hole 1k' below the active orbits plus a particle 1k' above the active orbits, and the case in which the bubble
symbolizes a hole in an active orbit plus a particle 2@cd above the active orbits.
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TABLE I. Values of the 63 two-body matrix elements (jt j&~V~ j&j4)z r of the interactions used in the present investi-
gation. The units are Mev. The phase conventions are explained in Ref. 4. The six numbers marked Identification
show the values of 2j&, 2j2, 2 j&, 2j 4, 2J, and 2T .

Identification 11.0h 12.5h 11.0p 12,5p MSDI 12.5pA,

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
51
51
51
51
51
51
51
51
51
51
51
51
53
53
53
53
53
53
53
53
53
53
53
53
53
53
53
53
11
11
11
11
11
13
13
13
13
13

55
55
55
55
55

02
20
42
60
82

51
51
53
53
53
53
11
11
13
13
33
33
33
33
51
51
51
51
53
53
53
53
13
13
33
33
53
53
53
53
53
53
53
53
11
13
13
13
13
33
33
33
11
11
13
33
33
13
13
13
13
33

42
60
20
42
60
8 2

0 2
20
20
42
0 2

20
42
60
40
42
60
62
40
4 2

60
6 2

40
42
4 2
60
20
2 2
4 Q

4 2

60
62
80
8 2

20
20
2 2
40
42
20
42
60
02
20
20
02
20
20
2 2

40
42
20

55 10 0

-2.6534
—1.2465
-0.8619
-0.8230
—0.0001
—2.8901
—0.7665
—1.2480

2.7201
-0.4371
1.4337

-1.0782
-1.1136
—0.7377
—0.2256
—0.6828

3 %3237

1.2420
—0.7762
0.4374

-0.5670
—1.0016
—2.7087
0.1788

-1.0336
-0.2737
1.0170

—0.0782
-1.8110
-1.2169
-0.6031
—0.0475
—5.4251
0.0694

-3.4205
-0.0480
-0.9233
0.2600

—2.8942
—1.2742
1.6025

-1.6691
-0.0658
-1.1415
-0.5452
-0.3122
-0.7898
1.5990

-1.7365
—2.7802
0.5786

—0.7759
—0.0100
-2.5384
0.2515

—1.2843
-0.3724
0.9123

—2.4698
—1.0650
—0.9611
—0.8393
—0.0471
—3.2282
—0.8085
—1.3442

2.7282
—0.4491

1.5833
-1.1758
—1.0875
—0.6855
-0.2266
—0.7356
—3.4629

1.2593
-0.8220

0.4519
—0.5799
—1.0927
-3.0604
0.1837

-1.1513
-0.2359
1.0852

-0.1083
-2.0890
-1.3649
—0.6535
-0.0869
—5,3891

0.0861
-3.8224
—0.0432
—0.9752
0.1966

—3.2877
-1.3783

1.5515
-1.8027
-0.1087
-1.2170
-0.5902
-0.1808
-0.8667

1.8379
-1.7098
-2.8457
0.5792

-0.6933
-0.1243
-2.8257

0.2853
-1.4193
—0.3747
0.9463

—2.4171
—1.1729
-0.7831
-0.7327
0.0113

—2.7316
—0.6914
-1.2373

2.8367
-0.3721

1.4474
—1.0620
—0.9280
—0,6588
—0.2088
—0.6486

3 pl 717
1.3943

—0.7447
0.4127

—0.5075
—0.9842
-2.7135
0.1555

-1.1022
—0.2450

0.9329
—0.0274
-1.8696
—1.1733
—0.5818

0.0498
—5.3785
-0.1331
—3.4995
-0.1510
—0.8975
0.1825

—3.1524
—1.3147
1.6435

—1.5368
—0.0330
—1.2354
0.5912

-0.2263
-0.7775
1.5658

—1.8139
—2.8372
0.3386

—0.7302
—0.0344
—2.5181

0.1669
-1.2224
—0.2827
0.7370

-2.2766
-0.9790
-0.8799
-0.7269
-0.0323
—3.0479
—0.7416
-1.3368

2.8734
—0.3841
1.6060

-1.1738
—0.8938
—0.5859
—0.2170
—0.7169
—3.3550

1.4574
-0.8010
0.4262

—0.5203
-1.1110
-3.0699
0.1493

—1.2315
—0.2158

0.9998
—0.0488
-2.1718
—1.3349
—0.6419
0.0295

-5.3266
-0.1367
—3.8860
-0.1664
—0.9606
0.1122

—3.5935
—1.4490
1.6018

—1.6509
—0.0654
—1.3372
—0.6623
—0.0712
-0.8646

1.8108
-1.8186
-2.9245
0.2866

—0.6906
—0.1306
-2.7934
0.1668

—1.3606
—0.2924
0.7384

-2.4180
-2.4351
-0.1972
-2.1643
0.1866

-2.3593
-0.8705
—0.5034
0.6878

—0.4653
0.2251

-0.5483
-1.6621
-0 .4486
—0.2563
-0.7108
-2.3505
0.4458

-0.5025
0.1300

-2.1210
-0.6907
-2.5759
0.4608

-0.40 53
-0.6155
0.3875
0.0

-0.3714
-0.9402
-0.6648
0.0839

-3.1825
0.4608

-2.3593
0.1318

-2.0993
0.4608

—2.3593
-0.6359
0.6782

-0.3391
0.0

-0.4964
-0.5025
-0.2145
-0.3553
0.1501

-0.4988
-2.1968
0.0

-1.3571
0.2398

-2.5759
0.4608

—2.2726
-0.3069
0.4795

-2.3408
—1.1443
—0.7016
-0.9904
0.2931

—2.4069
-0.8703
-0.8158

1.7536
—0.4508

0.9801
-1.3776
-1.0490
—0.3576
—0.1324
—0.8414
—3.9374

0,8895
—0.9401

0.2601
-0.8643
-0.9729
—2.4204
0.5062

—0.7516
—0.2533

0.6102
—0.0573
—1.3254
—1.5666
—0.7533
0.0180

—3.7976
0.1706

-2.9184
0.1357
1,1331
0.4627

—2.7399
-1.3695

0.9776
-1.0075
—0.0768
—0.8161
-0.7773
—0.0435
-1.Q 147

1.1051
—1.8033
—2.3316

0.1749
—0.8105
—0.0797
—2.2516

0.5268
1y37 72

—0.0122
0.4506
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TABLE I (Continued)

Identification 11.0h 12.5h 11.0p 12.5p MSDI 12.5pA

59
60
61
62
63

13
33
33
33
33

33 42
33 02
33 20
33 42
33 60

-0.3023
—1.2258
-0.5352

0.1681
-2.0968

—0.2676
-0.9288
—0.4141
0.2099

—2.3239

-0.2223
-1.0602
—0.5902
0.0556

—1.9693

-0.1952
—0.8197
-0.4922
0.0571

—2.1795

—0.5428
—1.4584
—2.2726
0.0770

-2.2726

—0.2291
-0.6310
—0.8472

0.3980
-1.8769

parameters:

TABLE II. Experimental energies of states used in
determining the parameter values of the least-squares
Hamiltonians. Energies marked b are nuclear binding
energies with respect to ~60. Energies marked e are
excitation energies with respect to the lowest state of
A, T.

A, T J
&Expt.
(MeV) A, T J

35 i 3
2 2

36, 0 0

216.32 b

1.21 e

1.75 e

2.65 e

2.65 e

3.00 e

231.57 b

37 $ 240.34 b

1.40 e

2.78 e

37, $ ~) 235.22 b

t.73 e

2 3.09 e

1.98 e 38, 0 3 252.38 b

4.43 e

4.45 e

0.45 e

1.70 e

36, 1 2 224.96 b 38, 1 0 252.21 b

36, 2 0

0.79 e

1.16 e

220.67 b

2.17 e

cc4 40)&e

5.55 e

3.25 e 39, ~
~& 265.47 b

2.50 e

7.50 e

4.58 e

40, 0 0 281.09 b

5/2 P 1/2 5/2 t 3/2 1/2 '

Here e5/2 is a single-particle energy, while E'y/2

—e»2 and E3/2 Ey/2 are single-particle-energy
sp/ittings. This choice of parameters leads to the
following convenient separation of roles. The mod-
el nuclear wave functions, and also the calculated
excitation energies for fixed A, depend only on the
two splittings E,/2 E5/2 and E3/2 Ey/2 It is true

that all three parameters affect the calculated
binding energies with respect to "O. However,
suppose that e5/2 is changed by ~c5/» while &y/2

—e»2 and E3/2 Ey/2 are held fixed; then every cal-
culated binding energy is changed by &e„,& (A —16),
while the model nuclear wave functions and excita-
tion energies remain unchanged.

In working with Hamiltonians having "nonadjusted"
realistic two-body interactions, we deemphasize
ground-state binding energies and emphasize wave
functions and excitation spectra. We do this be-
cause we realize that our realistic two-body inter-
actions are quite imperfect, and because we know
that small changes in the two-body matrix elements
tend to produce binding-energy changes which are
larger (in MeV} than the excitation-energy
changes. ' In keeping with our emphases on wave
functions and excitation spectra, we pay little at-
tention to e5/2 but instead concentrate on the split-
tings c„2—e5/2 and ~3/2

For A = 34-38, the "appropriate" single-particle-
energy splittings are not nearly so well defined as
they were for A =18-22. At: the lower end of the
sd shell, there seems little reason not to use the
spacings of the first —,', —,', and & levels of "0
as single-particle-energy splittings in sd-shell
calculations for the next few heavier nuclei. In-
deed, earlier shell-model studies have shown that,
when used with realistic interactions, these "0
spacings are nearly optimum for reproducing ob-
served nuclear energy-level spectra for A = 18-22.4

But it is not obvious that these "0 splittings re-
main appropriate after 20 or so particles have
been added to "0. Roughly speaking: 20 added nu-
cleons could significantly change the state of the
16-particle core, and thereby change the effective
interaction between the extracore nucleons and the
16-particle core. Furthermore, because the d„,
shell is almost fully occupied in low-lying sd-mod-
el states of A =34-38, small errors in our realis-
tic two-body d„,—d»2 and s,/2 d5/2 matrix ele-
ments might cause effects which could be roughly
canceled by shifts in the single-particle energies.

We also considered the possibility of determin-
ing single-particle splittings from observed A = 39
data rather than A =17 data. For a given two-body
effective interaction, the observed excitation of
the lowest J =-,' state of "K-"Ca allows a straight-
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forward "empirical" determination of the single-
particle splitting f3/2 f y/2 However, the A =39
data are inadequate to allow similar determina-
tions of 6 y/2 f 5/2 and 6 5/p Pickup experiments
indicate that in A =39 the "d,/, hole state" is se-
verely fragmented and its centroid is not well de-
termined. Thus, this simple empirical approach
to fixing the one-body part of the effective Hamil-
tonian is not really satisfactory.

Because of such ambiguities in choosing the "cor-
rect" one-body operator, the energy-level calcula-
tions with each of our four realistic interactions
were carried through with two alternative sets of
single-particle splittings. First, we used split-
tings taken from the observed "0 spectrum: E'y/2

—E5/2 = 0.87 MeV and e, /2 E]/2 4.21 MeV." Sec-
ond, we used splittings which were least-squares-
adjusted so as to give a best fit, not just to the ob-
served single-hole spectrum in A =39, but rather
to 23 data describing observed excitation energies
in A =35 to 39. These 23 excitation energies are
shown in Table II; they are marked with an e.
Note that each of these 23 data is an excitation en-
ergy referred to the ground state of same A, T.
[All least-squares fits were done with a computer
program'3 written by Glaudemans and one of us
(B.H.W. ).]

In labeling Hamiltonians, we use the tag ASPE to
denote adjusted single-particle-energy splittings.
Each complete realistic Hamiltonian operator is de-
noted by the combination of a two-body label (e.g.,
12.5p) and a one-body label (either "0 or ASPE).
For example, 12.5p+ASPE denotes the Hamiltoni-
an whose two-body part is 12.5p, and whose one-
body part is the result of least-squares-adjusting
the two single-particLe-energy splittings.

Table III lists the optimized single-particle-ener-
gy splittings for each of our four realistic ASPE
Hamiltonians. We see that for the purpose of fit-
ting A =35-39 spectra, the two 11.0 interactions
"prefer" to be associated with splittings E']/2

= 3 MeV, while the two 12.5-MeV interactions pre-
fer cz/2 E5/, = 2 MeV. However, with respect to
the splitting ~3/2 E'y/2 the h interactions group
themselves together by preferring ~,/2 Ez/2 2 4
MeV, while the p interactions prefer c3/, -Ey/2
=3.5 MeV. In all of these four ASPE cases, the
optimized splitting E / f 5/2 is at least an MeV
larger than the "Q value 0.87 MeV, while the op-
timized splitting ~», —e„,is 0.6 to 2.0 MeV small-
er than the "0value 4.21 MeV.

Remember that these ASPE splittings have been
optimized to fit 23 excitations in A =35-39. It
turns out that the optimized values for ~3/, —fy/z
are rather different from those that would have
been derived by requiring an exact fit to the ob-
served excitation of the lowest J= a state in "K-

'Ca, viz. 2.5 MeV. All four realistic interactions,
each with its own set of ASPE splittings, yield val-
ues near 3.4 MeV. The same four interactions,
when used with "0 single-particle-energy split-
tings, yield values ranging from 4.0 to 5.2 MeV.
The excitation of the "d,/, single-hole centroid" in
"Ca is not well established experimentally. It is
probably ='7.50 MeV." All four realistic interac-
tions, when used either with "O or with optimized
single-particle-energy splittings, yield A = 39 split-
tings which are consistent with this known experi-
mental information about the d„, centroid. (For
details about the A =39 shell-model results, see
Table III.)

D. Hamiltonians with "Least-Squares"
Interactions

Several studies"4 "have indicated that shell
models using the surface 5 interaction (SDI) are
often rather successful in reproducing observed
nuclear-structure features. We have used a modi-
fied surface 5 interaction'" "(MSDI) in some of
our calculations for A = 35-39. These MSDI calcu-
lations were made partly because of our interest
in this particular kind of interaction, and partly
because we wanted to generate an alternative set
of shell-model results, based on a Hamiltonian of
completely dissimilar origin, with which to com-
pare the results from our realistic Hamiltonians.
We shall use the label MSDI to signify not just the
two-body interaction, but rather the complete (1
+ 2)-body Hamiltonian incorporating an MSDI two-
body operator.

Both the one-body and two-body parts of the
MSDI were adjusted (via the Glaudemans-Wilden-
thal search code") so as to fit experimentally de-
termined level energies. The complete MSDI
Hamiltonian has seven adjusted parameters: the
three single-particle-ener gy parameter s, the
strengths of the T =0 and T =1 surface 5 interac-
tions, and the T =0 and T =1 "monopole constants"
which are added to the respective diagonal two-
body matrix elements. (These two monopole con-
stants modify the SDI, to yield MSDI. ) The four
two-body parameters are called Ap Ay Bp and

B,. Their definitions are given in previous publi-
cations~" as part of a precise description of the
MSDI form.

During the construction of the MSDI, the two SDI
strengths A, and A, and the two splittings e», —e„,
and E3/2 cz/2 were all simultaneously adjusted to
produce a least-squares fit to the 23 excitation en-
ergies shown in Table II. The three remaining
parameters, Bp Bg and E'5/2 do not affect the cal-
culated values of these 23 excitation energies.
Therefore these three remaining MSDI parameters
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were simultaneously adjusted to fit 11 empirically
determined values for ground-state nuclear binding
energies. These 11 values are listed in Table II,
each marked with a b. They are all binding ener-
gies with respect to "O, and in all cases the mea-
sured total values" were corrected for Coulomb
contributions according to a method described
elsewhere. "

Finally, we constructed and used one other
Hamiltonian having "least-squares" two-body ma-
trix elements. This final Hamiltonian, called
12.5@4, incorporates an adjusted version of our
realistic interaction 12.5p. The entire (1+2)-
body operator 12.5pA has seven adjusted parame-
ters. We constructed 12.5pA by exactly the same
procedure that we constructed our Hamiltonian
MSDI, with the following important exception. In
constructing the MSDI we adjusted the strengths of
the SDI T = 0 interaction and the SDI T = 1 interac-
tion, but in constructing 12.5@4 we adjusted the
strengths of the 12.5p T = 0 interaction and the
12.5p T=1 interaction.

For the MSDI, the optimized two-body parame-
ters turned out to be A, =0.38 MeV, A, =0.96 MeV,
Bp —1.82 MeV, and B, = 0.4 6 MeV . The analogous
results for 12.5pA were A, =0.61 MeV, Ay:1 ~ 17
MeV, B,=-0.55 MeV, and B, =0.33 MeV. Table I
shows the associated two-body matrix elements,
and Table III lists the optimized single-particle-
energy parameters. Note that for our Hamiltonian
12.5pA, the optimized single-particle-energy split-
ting s 63)2 6»2 and e 3/2 6 gyp fall within the same
range of values as was obtained for the realistic
Hamiltonians 11.0h+ASPE, 11.0p+ASPE, 12.5h

+ASPE, and 12.5p+ ASPE. For our Hamiltonian
MSDI, the optimized splitting E3,2 E'])2 falls with-
in the range optained for these ASPE realistic
Hamiltonians, but the optimized splitting E'y, 2 E'5, 2

is a few MeV larger. All these least-squares op-
timized splittings differ from the "O splittings
(see Table III for details). The Hamiltonians
12.5pA and MSDI are more successful than our
other Hamiltonians in fitting the observed A = 39
excitation E(—, ) —E(~ ) = 2.50 MeV. For both
12.5pA and the MSDI, the optimized single-parti-
cle energy e», is a few MeV more negative than
the "O value.

III. RESULTS

In Sec. A we discuss only the simplest features
of the energy-level spectra, . In Sec. B we discuss
detailed results for individual nuclei and levels.

A. Overview of Theoretical-Experimental
Agreement for Level Energies

We start this section with a general comparison
between the observed energy-level spectra and the

spectra calculated from our eight realistic Hamil-
tonians. Subsequently we shall add some general
remarks about the results obtained from our two
more extensively adjusted Hamiltonians, 12.5pA

and MSDI.
Figure 3 shows the lowest few T= z energy levels

for A = 35, 37, and 39 as calculated from the eight
Hamiltonians involving realistic interactions. The
corresponding results for A =36 and 38 are shown
in Fig. 4 (with T= 0 levels shown as solid lines,
and T= 1 levels as dashed lines). In each of Figs.
3 and 4, the four columns on the left result from
using single-particle-energy splittings taken from
the observed "O spectrum, the four columns on
the right result from using the least-squares-ad-
justed single-particle-ener gy splittings, and the
central column is taken from experimental data.
These figures show only the lowest few calculated
and experimentally observed levels. (For A =38
we have drawn a modified version of the experi-
mentally observed T=1 spectrum, as we shall dis-
cuss later. }

First, we stress the qualitative successes of the
theoretical results. For all the calculated spectra
in Figs. 3 and 4, there is fair-to-good agreement
with the available experimental data. Thus in the
experimentally observed spectrum for A =35 T= &,

3+ I+ 5+
the lowest three levels have the sequence & -2 -&,
and all eight models give this sequence. For the
A = 37 T= & system the experimental sequence is
3+ I+ 5+
2 -~ -unknown-& . Five of our realistic Hamil-
tonians give a sequence &'--', '--,' '--,' ', consistent
with experimental data. The other three realistic
Hamiltonians invert two members of this sequence
(either the second and third members, or the third
and fourth members). In the A = 36 7= 0 spectrum,
the calculated excitation energies of the first 0',
2, and 4' states are in good agreement with ex-
perimental data. The experimentally observed
splitting between the T=0 and T= 1 ground states
of A = 36 is reproduced within 1 MeV. For the low-
est four levels of the A =36, T=1 system, seven of
our eight realistic calculations give a sequence 2—
3'-1'-2', consistent with the available experimen-
tal data. The other calculation inverts the two up-
per members. For A =38, the J'T sequence of the
first seven Expt. levels in Fig. 4 is reproduced by
six of the eight realistic calculations. In the other
two realistic calculations only one inversion mars
the agreement.

Next, we mention one general way in which our
realistic Hamiltonians seem to have difficulty in
matching observed ener gy-level data. Consider
the energy separation between the lowest —,

' and
states in a given odd-mass nucleus (4 =35, 37,

or 39). Let n be the discrepancy (in MeV) between
the calculated version of this separation, and the
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observed separation. Figure 3 shows that for a
fixed choice of realistic Hamiltonians, 6 increases
with A. When the "O single-particle-energy split-
tings are used, we find -0.1 & 6 ~ 0.7 MeV in A
=35, then 0.1 ~ 6~ 1.4 MeV inA =37, then 1.5= 4
~ 2.7 MeV in A = 39. When the adjusted single-par-
ticle-energy splittings are used, we find smaller
discrepancies but the same general trend, viz. 4
= —0.6 MeV for A = 35, then 6 = -0.1 for A = 37,
then 6 =0.8 MeV for A =39. Thus, when the single-
particle-energy splittings are changed from their
"0values, the incompatibility between the A=35
and A = 39 results is diminished but not entirely
abolished. This behavior of 6 suggests that there
is no mass-independent set of single-particle en-
ergies which will work with any one of our realis-
tic interactions to yield good fits to observed ex-

citation energies throughout the entire region A
=35 through 39. Dieperink and Brussaard' ob-
served something of this same difficulty when they
treated A = 37 and A = 39 simultaneously, and this
difficulty led them to use different single-particle-
energy splittings for the different masses.

We can also consider numerical indices (i.e.,
rms deviations} for evaluating the over-all success
of our models in reproducing experimentally ob-
served energy-level data. Table III shows these
numerical indices. For each of our 10 Hamiltoni-
ans, column 3 of Table III lists the rms deviation
from the 23 excitation energies of Table II. Note
that when "O single-particle energies are used,
all four realistic interactions are qualitatively suc-
cessful in fitting observed excitation energies but
the two p interactions are noticeably more success-
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II.Qh+'0 II.Qp+ Q I2.5p+ 0 EXPT.

35
(CI-Ar)

II.OhiASPE I2.5hiASPE II.Op+ASPE l2.5p.ASPE

FIG. 3. The lowest few levels of the T = 2 systems of A =35, 37, and 39. This Qgure is intended to illustrate qualita-
tive and general trends of the calculations. (Quantitative results for these systems are presented in other figures and
in tables. ) Results from the eight calculations which used realistic two-body matrix elements are presented here, in
juxtaposition to schematic experimental spectra obtained by averaging results from the T =+ 2 and -2 mirror systems.
Known negative-parity levels are omitted from the experimental column, as are the details at higher excitation energies.
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Recall that each of our realistic ASPE Hamilton-
ians has only taboo free parameters affecting excita-
tion energies, while the Hamiltonian 12.5' has
four free parameters affecting excitation energies.
As Table III shows, these extra degrees of free-
dom bring some small improvement to the excita-
tion-energy fit. The Hamiltonian MSDI, which also
has four Iree parameters affecting excitation ener-
gies, gives an over-all fit that is slightly better
than the 12.5pA fit. Both the MSDI and 12.5pA

succeed in simultaneously fitting the spacings be-

ful than the two h interactions. %hen adjusted sin-
gle-particle-energy splittings are allowed, this
superiority of p Hamiltonians to h Hamiltonians
disappears and the fits to excitation energies all
become slightly better than the best fits obtained
with "0 single-particle energies. None of our re-
alistic Hamiltonians was adjusted to fit binding en-
ergies, and all these realistic Hamiltonians give
poor fits to the 11 ground-state binding energies
listed in Table II. (Some examples are shown in
later tables. )
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- ——--—2
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4
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2

- ——--- t2l 222 - —————22-
Q)

- ————.0 0 ——0-0
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Z l2-
0

IO-

ox
LLI

2

- ——--- 2 ——-2————-- 2t

3
- ————-3 I

3
- ————-- 3
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&l.Oh+ 0 t2.5h+ 0 II.Op+ Q
l7

l2.5pi Q
l7

EXPT. ll.O h+ ASPE l2.5h+ASPE I l.Op ASPE 12.5p.ASPE

FIG. 4. The lowest few levels of the T =0 and T =1 systems of A =36 and 38. This figure is intended to illustrate
qualitative and general trends of the calculations. {Quantitative results for these systems are presented in other figures
and in tables. ) Results from the eight calculations which used realistic two-body matrix elements are presented here,
in juxtaposition to schematic experimental spectra taken from data on Ar, Cl, K, and Ar. Known negative-parity
levels are omitted from the experimental spectra, as are the details at higher excitation energies in a given T spectrum.
For each mass value, the results for T =1 levels are denoted by dashed lines and the T =0 levels by solid lines. In the
experimental column, the energy splitting between T = 1 and T = 0 systems has been corrected by subtracting estimates
of the Coulomb contributions to the measured splittings between

~ Tg ) =1 and Tg =0 systems. The second J~ =2+, T =1
level in the experimental A = 38 column does not correspond to a single observed level but rather to a centroid of three
observed levels. Also, a 0+ state observed at 3.38 MeV has been omitted. {See Sec. IGB2 of the text. )
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tween the first —,
' and first 2 states in A =35, 37,

and 39.
Each of the Hamiltonians 12.5pA. and MSDI has

two further parameters (besides the four afore-
mentioned ones) affecting ground-state binding en-
ergies. These extra parameters allow the 12.5pA

and MSDI to give excellent fits to empirically de-
termined ground-state binding energies. (Details
are given in later tables. )

There is no one choice among our 10 Hamiltoni-
ans which is markedly superior to all the others in
fitting energy-level spectra. Four of the Hamilton-
ians were selected for more extensive investiga-
tion, in that we used their wave functions to calcu-
late spectroscopic factors and electromagnetic ob-
servables. The four so selected were 12.5p+ "0,
11.0h+ASPE, 12.5pA, and MSDI.

B. Detailed Comparison with Experimental
Results

In this section we consider in detail the energies,
spectroscopic factors for single-nucleon transfer,
and magnetic dipole and electric quadrupole ob-
servables as calculated from the two Hamiltonians
12.5p+ "O and 11.0h+ ASPE. Some results from
the Hamiltonians 12.5pA and MSDI will be consid-
ered too, but less thoroughly. We shall discuss
each A, T system in turn, starting with A = 38 and
proceeding downward to A = 34. By combining in-
formation about spectroscopic factors with infor-
mation about excitation energies, we shall attempt
to establish correspondences between model states
and observed states up through about 5 MeV of ex-
citation in each system. Also, we shall compare
calculated and observed values for E2 and M1 stat-

ic moments and transition strengths. During our
discussions we shall refer to tables showing the
dominant components of the model wave functions,
for selected nuclear states, as obtained from the
Hamiltonian 12.5p + "O. We emphasize the results
obtained from the two Hamiltonians 12.5p+ "0 and

11.0h+ASPE, partly because of our interest in
their realistic origins and partly because they
seem to be more successful than either 12.5pA or
MSDI in matching the experimental data on spec-
troscopic factors and electromagnetic observables.

We report B(E2)'s in units of e' F', and quadru-
pole moments in units of e F'. In calculating elec-
tric quadrupole moments and E2 transition
strengths, we assume added effective charges of
0.5e. That is, the charge of the neutron is taken to
be 0.5e, and the charge of the proton to be 1.5e.
The radial wave functions are assumed to be of the
harmonic -oscillator form, with Fi~ = 41A "' MeV.
Our main motivation for these choices was that
these same assumptions yielded reasonably good
agreement between calculated and measured val-
ues for the nuclei A =18-22. All magnetic dipole
matrix elements are calculated by using the free-
neutron and free-proton magnetic moments. Again,
this choice was suggested by results in the A
= 18-22 region, 4 where calculations with free-nu-
cleon magnetic moments seemed to give reason-
able answers. Numerical values for B(M1)'s are
presented as 100 times the value in units of p,~'.

Spectroscopic factors are presented in the iso-
spin formalism. That is, when we say S, we
mean S, not C'S. E.g., the sum-rule limit for
d„, pickup is 12, not 6. Experimental S factors
are presented with the experimentalist's own ab-
solute normalization, where available.

TABLE III. Goodness-of-fit values and related parameters. In the last three columns, E( +) is the energy of the
ground state of A = 39 relative to t60 (with Coulomb contributions ignored), while E(&~+) and E(g) are excitation ener-
gies with respect to the ground state of A =39. The columns headed Goodness of fit refer to deviations from the 23
excitation energies listed in Table II.

Hamiltonian rms
dev

(Mev)

Goodness of fit
av.

abs.
dev.

(MeV)

Single-particle-energy splittings
6 f/P 5/2 3/2 5/2 3/2 f /2

(Me V) (Me V) (Me V)

Calculated energies
of states in A = 39

E(3+) E(g+) E(~)
(Me V) (Me V) (Me V)

11.0h + ~70

11.0p+ ~70

12.5h+ ~'0
12.5p+ F70

11.0h+ ASPE
11.0p +ASPE
12.5h +ASPE
12.5p +ASPE

12.5pA

MSDI

0.96
0.58
0.89
0.51

0.33
0.32
0.41
0.44

0.27

0.24

1.22
0.71
1.15
0.64

0.43
0.41
0.51
0.51

0.38

0.30

0.87
0.87
0.87
0.87

2.95
2.80
2.02
2.26

2.43

4.82

5.08
5.08
5.08
5.08

5.18
6.14
4.55
5.86

5.10

7.27

4.21
4.21
4.21
4.21

2.23
3.34
2.53
3.60

2.67

2.45

276.54
279.05
295.34
300.87

267.50
263.96
294.41
289.83

265.62

265.58

5.20
4.09
5.22
4.03

3.22
3.23
3.55
3.43

3.13

2.45

7.71
6.56
8.46
6.99

7.82
7.62
7.93
7.77

7.48

7.27
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In our tabulations of wave functions, the conven-
tions of the presentation are as follows. A particu-
lar model level is labeled by its mass number A,
twice its total angular momentum J, twice its iso-
spin T, its calculated binding energy with respect
to "O, and an ordinal number denoting whether it
is the 1st, 2nd, 3rd, or 4th lowest state for the
particular A, J, T combination in question. Also
listed is the dimensionality of the state vector.
Each component whose intensity exceeds 2% (am-
plitude ~0.1414) is then listed. Under each ampli-
tude value is a triplet of columns, one column for
each of the three sd orbits. The entries in these
three columns identify the basis vector associated
with the amplitude. Thus, the entries marked
Configuration show the particle partition n„n„
n, in the three orbits. The entries marked 2(S-
shell d's) show the single-shell angular momenta

J1 Jg J, to which the partic le s in the three separ-
ate orbits are coupled. The entries marked 2(cou-
pled J's) show first the resultant angular momen-
tum J» after coupling the d, of shell one (d„,)
to the d, of shell two (s«, ), and then the final re-
sultant 7», (which matches, of course, the J of
the state under consideration). The isospin rows
repeat the preceding two rows, but for isospin
rather than angular momentum. The entries
marked S-S seniority show the seniorities vy vg,

v, of the particles in the three separate orbits (the
three single shel/s). Underneath the information
about amplitudes, we show the percentage of the
total wave function that is accounted for in the
listed components. Finally, the line marked Oc-
cupation shows the average occupation numbers
n(d, »), n(s„,), and n(d», }as obtained from the
complete wave function.

Unless otherwise noted, experimental results
quoted in our discussion have been taken from the

compilation of Fndt and van des Leun. Other
measurements are individually referenced, usual-
ly in the tables. In each of our tables we show all
observed levels which have well-established J", T
and which fall below the highest energy listed, ex-
cept for those levels which we very strongly sus-
pect are "intruder states. " Observed levels which
do not have securely established J', T are tabulat-
ed only when we have good reason to suspect an as-
sociation with one of our model states. Observed
levels which have probable (but not established}
spins or parities are indicated by enclosing their
listed energies in parentheses. Observed levels
for which little or no experimental foundations ex-
ist for a particular J' assignment, but which on
the basis of our model analyses we think might
correspond to our model states, are indicated by
enclosing their listed energies in double parenthe-
ses. In Figs. 5-7, on the other hand, we include

all observed levels below the highest one shown,
except for those of established negative parity. In
addition, these figures show the lowest known neg-
ative-parity level in each A, T system.

We shall not discuss here the problem of decid-
ing what quantitative uncertainties to attribute to
various experimentally determined values. In gen-
eral, if theory and experiment agree within 25%%u&,

then we shall regard the agreement as "accept-
able. " This statement holds for B(E2)'s and
B(M1)'s, for static moments, and for the relative
values of spectroscopic factors determined from a
given nucleon-transfer experiment A(x, y)B.

2. A =38, T=O: K
(See Tables IV-VI, and Fig. 4)

Our calculations place only four T=0 states be-
low 4.5-MeV excitation in "K; they are 3', 1',
1', and 2'. The model wave functions of the J= 3'
ground state are quite simple, being ~90% (d», ) '
(see Table V). Therefore it should be strongly pop-
ulated by l =2 pickup from "K, and this is consis-
tent with available experimental data."" The cal-
culated magnetic moments for the 3' ground state
are in good agreement with the experimental value
(see Table XXVII). The electric quadrupole mo-
ment of this state has not been measured.

Unlike the 3' state, the lowest two 1' states and,
to a lesser extent, the lowest 2' state in "K have
calculated characteristics which are quite sensi-
tive to the details of the model Hamiltonian. Their
wave functions are quite mixed; for example in the
12.5p+ "0wave functions for each of the 2' states,
the configuration of highest intensity, (d,») ', ac-
counts for less than 50%%uo of the total intensity. All
of the realistic calculations give too high an exci-
tation energy for the first 1' state. In contrast,
the MSDI Hamiltonian puts the first 1' state too
low (even below the first 3' state). Experimental
spectroscopic factors for the lowest two 1' states
are in fair-to-good agreement with values calcu-
lated from the realistic Hamiltonians, but are in
definite disagreement with the corresponding
12.5' and MSDI results. More precise experi-
mental determinations of the relative spectroscop-
ic factors S(I=2) and S(I=0) to these levels would
be valuable for further discriminating between our
alternative Hamiltonians. Measurements of the
electromagnetic decay strengths of these states
would also be helpful (see Table VI).

The lowest two 1' states in "K have previously
been considered theoretically by Dieperink and
Glaudemans. " Their wave functions, obtained
with a modified realistic interaction based on the
Tabakin potential, are similar to ours. For these
1' states, the wave function from earlier d,»-s„,
calculations' are also rather similar to those from
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TABLE V. Major components of the wave functions of states of A =38 as calculated with the 12.5p+ VO Hamiltonian.
The conventions of the presentation are explained in Sec. III B of the text.

A=38, 2J~=2+, 2T =0, E=281.619, eigenvector I of this A, J, T.

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

D5
11

5

—0.418
$1

0
5

0
I
0

D3
7
3
2

1
0
I

D5
12

0

—0.150
Sl

2

2

2

0
0
2

D3
8
0
2

0
0
0

D5
12

0

-0.551
$1

3
I
I
I
I
I

D3
7
3
2

I
0
1

D5
12

0

0.707
$1

4
0
0
0
0
0

D3
6
2

2

0
0
2

Listed components account for 100.0 per cent of the wave function ~

Occupation (D 5) = 11.63, (SI) = 3.65, g) 3) = 6.52 ~

A =38, 2J'=2+, 2T =0, E=281.225, eigenvector 2 of this A, J, T.

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

0.206
D5 $1 D3
10 4 8

2 0 0
2 2

0 0 0
0 0

2 0 0

-0.631
D5 $1 D3
11 4

5 0
5 2

I 0 I
I 0

I 0 I

-0.196
D5 $1 D3
12 2 8

0 2 0
2 2

0 0 0
0 0

0 2 0

-0.304
D5 SI D3
12 3 7

0 I 3
I 2

0 I I
0

0 I I

—0.654
D5 SI D3
12 4 6

0 0 2

0 2
0 0 0

0 0
0 0 2

Listed components account for 100.0 per cent of the wave function.
Occupation (D5) =11.52, (S I) =3.83, (D3) =6.65.

A=38, 2J" =4+, 2T =0, E=279.682, eigenvector I of this A, J, T.

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

D5
11

5

—0.249
SI

3
I
4
I
0
I

D3
8
0
4
0
0
0

D5
11

5

—0.601
$1

4
0
5
0
I
0

D3
7
3
4
I
0
I

D5
12

0

-0.760
SI

3
I
I
I
I
I

D3
7
3

I
0
I

Listed components account for 100.0 per cent of the wave function.
Occupation g) 5) =11.58, (SI) =3.36, (03) =7.06.

A=38, 2J~=6+, 2T =0, E=283.151, eigenvector I of this A, J, T.

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

D5
11

5

-0.207
SI

4
0
5
0
I
0

D3
7
3
6
I
0
I

D5
12

0

0.978
SI

4
0
0
0
0
0

D3
6
6
6
0
0
2

Listed components account for 100.0 per cent of the wave function.
Occupation Q75) =11.96, (SI) =4.00, g)3) =6.04.
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TABLE V (Confinued)

A =38, 2J"=0+, 2T =2, E =282.347, eigenvector 1 of this A, J, T.
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

D5
10

0

—0.247
$1

0
0
0
2

0

D3
8
0
0
0
2

0

D5
12
0

-0.963
Sl

4
0
0
0
0
0

D3
6
0
0
2

2

0

Listed components account for 98.8 per cent of the wave function.
Occupation (D5) =11.88, (Sl) =3.98, (D3) =6.15.

A=38, 2J"=2+, 2T =2, E=276.388, eigenvector 1 of this A, J, T.

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

D5
12

0

1.000
$1

3
1
1
1
1
1

D3
7

3
2

1
2

1

Listed components account for 99.9 per cent of the wave function.
Occupation (D5) =12.00, (Sl) =3.00, (03) = 7.00.

A =38, 2J"=4+, 2T =2, E= 280.790, eigenvector 1 of this A, J, T.

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

D5
12
0

—0.977
Sl

4
0
0
0
0
0

D3
6
4
4
2
2

2

Listed components account for 95.5 per cent of the wave function.
Occupation g) 5) =11.96, ($1) =3.98, (D3) = 6.06.

A=38, 2J =4+, 2T=2, E=277.252, eigenvector 2 of thisA, J, T.

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

D5
11

5

-0.192
Sl

3
1

1
2

1

D3
8
0
4
0
2

0

D5
11

5

-0.162
$1

4
0
5

1 0
1

1 0

D3
7

3
4
1
2

1

D5
12

0

—0.952
$1 D3

3 7
1 3

4
1 1
1 2

1 1

D5
12

0

0.156
$1

4
0
0
0
0
0

D3
6
4
4
2

2

2

Listed components account for 99.4 per cent of the wave function.
Occupation g)5) =11.92, (Sl) =3.06, (D3) =7.02.
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our full sd-shell calculations. Indeed, the d», or-
bit seems to be unimportant for T= 0 "K wave
functions within the first 5 MeV of excitation, with
the possible exception of the 2' state.

~ /y-~ Ca
(See Tables IV-VI, and Fig. 4)

The T= 1 states of A = 38 are observed in "Ar,
"Ca, and "K. Qf these three, "Ar has received
the most extensive experimental attention. All our
models give 0'-2'-2'-1'-0' as the sequence of the

lowest five T= 1 states. Our model wave functions
for these low-lying states are all very simple, as
indicated in Table V. The J'=0' ground state has
(d„,) ' as its dominant configuration. The second
0' state (not shown in Table V) is predominantly
(s„,) '. The first 2' state has (d„,) ' as its domi-
nant configuration, while the second 2' and the
first l' states are predominantly (s„,) '(d», ) '.
These five states comprise the d, / sz/2 part of the
A =38, T=1 spectrum. Their calculated spectro-
scopic factors, presented in Table IV, are direct

5. 36 5/2+

4. 62 3/2+

3 62

3.09 3. 10
( 5/2+j 7/2-

3.92

3.28

3/2+

5/2+

3.96 5/2+

3 7Q
l. 73 1/2+ 1.67 1/2+

2. 7v 1/2+

I o. oo 3/2+ 0. 00 3/2+ 0.00 3/2+

3 1 7
3 0 2 7

2. 80

2. 22

l. 61
1.vl

5/2+

3. 60

2. 62
2. 43

1.vv

5/2+

5/2+
7/2+

1/2+

3. OV

g8 2. 03

1.43

5/2+

7/2+ 5/2+

1/2+

0. 00 3/2+ 0. 00 3/2+ 0. 00 3/2+

Expt. I l.Oh+eSP E I 2.5p& 9
FIG. 5. Calculated and observed spectra of the A =37, T = ~ system (we have used ~ Ar as the experimental example)

and the T =~ system (for which we have used 7Cl). All observed levels of a given T which do not have definitive nega-
tive parity are plotted up to the slash marks. In addition, the lowest-energy observed negative-parity state is plotted
for each T value. In the experimental column, the energy splitting between T =2 and T = 2 systems has been corrected
by subtracting an estimate of the Coulomb contribution to the splitting measured between YCl and Ar ground states,
Further information on these systems is available in Tables VII and X.



C A L C U L A T I0N S W I T H A 1 s p
0 d SH E L L M O D E L 1283

reflections of their simple wave functions.
For the lowest two states, 0' and 2', model

spectroscopic factors for formation via single-nu-
cleon pickup and stripping are completely consis-

tent with experimental results. '"" Also, for the
2' -0' first-to-ground-state E2 transition in "Ar,
there is consistency between the measured" B(E2)
value 38+ S e'F' and the shell-model values 28 and

5. 80 2+

0+

4. 35

3.89

1+

2&

4. 52 4. 58

4. 20
~) 2I, (2, 1 )+

3. 12

3.88 Q+1+

2+

3p 3. 36

2. 89 2+

0+

2. 00
p+

0.00 Q+

0.00 p+

0.00

3. 12

2. 68
2. 50

1.95 1-96

1.60

1. 16

0. 78

0+

p+

(2)+ 2-

(1,2 )+

( 1 )+

(3)+

2. 71
2 Sp 2. 53

2. 18

1.84
l. 59

0. 980. 84

0. 00

3+
Q+

2+

1+
2+

3+
1+

2. 97
2.69

1.71

1.15

0.&3

0.00

2. 26

4+

0+
1+

3+

2+

1+

3+

2+

0.00

4. 96

4. 41
4. 18

2+

(2)+

4
( p

2
3-

S.58
S.39

4. 57

0+
2+

6. 11

5.31

3.74

0+

2+

RR 1.97 2+
2. 05 2+ 1.87 2+

0. 00 Q+
Q. 00 0 Qp Q+

6xpt. I I.OhiASPE I 2.5p' 0

FIG. 6. Calculated and observed spectra of A =36 for T =0, T =1, and T =2. We have used 3 Ar, Cl, and 6$ as the
experimental manifestations of these systems. All observed levels of a given T which do not have definite negative par-
ity are plotted up to the slash marks. In addition, the lowest-energy observed negative-parity state is plotted for each
T value. In the experimental column, the energy splittings separating the T =2, T =1, and T =0 systems have been cor-
rected by subtracting estimates of the Coulomb contributions from the measured splittings that separate S, Cl, and
NAr ground states. Further information on these systems is available in Tables XII, XVI, and XVIII.
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TABLE VI. Calculated B(E2) and B /f1) values for transitions between states of 4 =38. The notation J„,T labels
the &th-lowest state of given J and T in the model spectrum.

Initial
state
Jv~ T

Final
state
Jv, T 12.5p + Q

B(E2)
(e' F')

11.0h +ASP E

100 xB (M1)

12.5p + i ~O 11.0h+ ASPE

3sK

1g, 0
lp, 0
2g, 0
2g, 1

lg, 0
1), 0

2g, 0

2fy 1

1), 0
2(, 0
2g, 1

2, , O

2&, 1

3, , O

3g, 0
3g, 0

3&, 0

Og, 1
Og, 1
0(, 1
Og, 1

1g, 0
lg, 0
lg, 0

12, 0

1), 0

34.
0.3
7.8
8.4
0
0
0.8

12.

27.
4.5
0.3

10.6
0.3

38.
0.2
8.5

10.0

0
0
0.8

13.

29.
7.4
0.05

10.6
0.1

3sAr

0
0
0.00

0.8
7.7
0
0

0
0
0.00
0.06

0
0

0.04
0.2
0.5
0.1
0.01

2(, 1
22 1

Og, 1
Og, 1

28.
10.

29,
8.4

0
0

%. 3S I/2+

%. 2ij '%-29

3 81 3 89
S/2+ S/2

4 88
3/2. "2' S.397/2+ I /2+ S/2+

35

V. 19
p2 'I. 11

3.88
3.6P
3. %2

2. 9%
2. 72

I.99

I.S8

7/2-

( I/2+1

P2
3.78

3 P9
2. 8%

2. 46

2. 11

1.6S

p. pp

3/2+

S/2+

1.9V

I/2+

Q. PP

3/2+

5/2+
3/2+ I/2+ 3 2S3.P9

-2 79 2.87

7/2+
3/2+

3/2+
7/2+

3/2+ S 2

I/2+

3/2+

V. 12
3.89
3 6S 3.69

3.2P
2. 97
2. 71

1 7 2 2 7
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FIG. 7. Calculated and observed spectra of A =35, T =2, and T =2. We have used experimental data from 5Cl and
5S in this figure. All known levels of a given T which do not have definite negative parity are plotted up to the slash

marks. In addition, the lowest-energy observed negative-parity state is plotted for each T value. In the experimental
column, the energy splitting separating the T = 2 and T = 2 systems has been obtained by subtracting an estimate of the
Coulomb contribution from the measured splitting of the Cl and S ground states. Further information about these
systems is available in Tables XX and XXIII.
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29 e' F' obtained from 12.5p+ "O and 11.Oh+ ASPE.
At excitation energies higher than the first excit-

ed state, however, there are some significant dif-
ferences between the observed spectrum and our
s-d-shell spectra. These differences very probably
arise from the importance, in the 3-to-5-MeV re-
gion, of the sort of fp-shell intruder states we
mentioned earlier. The third observed level of
"Ar, at 3.38 MeV, is assigned" J"= O'. We have
omitted this observed state from the central col-
umn of Fig. 4, and from Table IV, because it ap-
pears to be a very clear example of an (sd) '(fP)'
intruder state. This characterization is suggested
by several theoretical studies"'" and presently
available experimental data. ""

Above the observed 3.38-MeV level, proton
transfer from a "K target yields four prominent
l =0 states in "Ar. These are seen at 3.94, 4.5 t,
5.16, and 5.55 MeV, with S(l =0) factors of 0.4,
0.9, 0.5, and 1.2, respectively. " But according to
our models, there are only two sd-shell states be-
low 9 MeV that are strongly populated by l =0 pick-
up. These are the second sd-shell 2' state and the
first sd-shell 1' state, both of which have wave
functions dominated by (d», ) '(s„,) '. It has been
suggested" that the observation of two "extra" l =0
states in "Ar results from mixing of the second
sd-shell 2' state with two fp-shell intruder states,

while the observed l = 0, 1' state retains an essen-
tially pure sd-shell character. In particular: The
second sd-shell 2' state is thought to be fragment-
ed into a triad comprising the 2' state at 3.94 MeV
together with the two (1, 2)' states seen at 4.57 and
5.16 MeV, while the first sd-shell 1' state is
thought to be a reasonable partner for the (1, 2)'
state observed at 5.55 MeV." As Table IV shows,
the calculated spectroscopic factor and the excita-
tion energy of the lowest sd-shell 1' state are in
good agreement with experimental results for the
observed 5.55-MeV state. Also, the calculated
spectroscopic factor and the excitation energy of
the second sd-shell 2' state are in good agreement
with results obtained by summing the experimental
spectroscopic factors of the lowest three observed
l =0 states, and using their spectroscopic-factor-
weighted centroid energy as the "observed" ener-
gy. This spectroscopic -factor -weighted centroid
is at 4.40 MeV. Figure 4 and Table IV each show
this centroid, rather than the lowest three l =0
levels actually observed.

The calculated spectrum and wave functions for
the A =38, T=1 system are not sensitive to the
choice among our model Hamiltonians. Further-
more, the results from previously reported calcu-
lations, "using other Hamiltonians, are similar
to ours. If one insists on a pure sd-shell model,

TABLE VII. Energies E and spectroscopic factors S for states of A =37, T = &2. The initial state for the stripping
factors S„ is the J'=0+, T =0 ground state of ~ Ar. The initial state for the pickup factors S & is the J~=O+, T =1pk
ground state of Ar. For the meaning of E, see Table IV.

A, J, T

37'
p ~

f i 1.41 1.44
5.51
5.98
7.32

1.43
5.31
5.95
7.27

1.80
4.69
6.69
7.80

1.53 14/
3.63
5.69
8,40

11/76
O/17
o/o
O/7

9/61
0/12
O/2

O/1

9/75
0/34
O/2

O/1

9/68
1/61
O/3
o/o

Energy E (MeV) (100 xSs~~/(100 xS k)
Expt. 11.0h +ASP E 12.5p + 0 12.5pA MSDI Expt. 11.0h +ASP E 12.5p + ~70 12.5pA MSDI

37, $, $ 240.34 238.81
4.66
5.75
7.22

266.26
4.63
5.97
7.02

240.45
4.69
6.32
6.73

240 .36 43/
4.51
5.52
7.13

33/290
O/3
1/14
o/o

30/280
o/o
1/24
O/2

36/299 42/311
0/12 0/14
0/2 0/0
0/0 0/1

37' $y

37 ~2 2

37, $, $

2

37 $

2.80

((3.33)}

2.62
3.60
5.90
7.11

2.43
4.89
8.81

10.11

8.81
10.39

7.80
15.16

2.03
3.04
5.76
6.79

1.98
4.67
7.17
8.94

7.12
8.86

6.02
12.60

2.76
4.04
5.97
6.65

2.22
4.75
8,16
9.85

8.19
9.90

6.88
14.03

2.81
4.64
5.89
6.96

2.48
5.06
9.45

10.17

9.38
10.64

9.20
16.38

6/127
0/10
O/7
0/31

8/167
0/12
O/7
0/15

2/42
3/94
O/3
1/86

o/5
O/23
O/2
O/96

' Reference 12.
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then further extensive experimental investigation
of the A =38, T=1 system might not be very helpful
in optimizing details of the model. (This is be-
cause of fp-shell complications in the real system. )
However, it would be nice to know whether the ob-
served 4.57-, 5.16-, and 5.55-MeV states are in-
deed 2', 2', and 1' as presumed above. Another
item of interest would be a measured value for the
static quadrupole moment of the first 2' state,

3. A =37, T =~.. Ar- K
(See Tables VII-IX, and Fig. 5)

The experimental information about even-parity
levels in theA = 37, T= & system is not exten-
sive."""" Of the eight levels observed" be-
low 3.5 MeV, three have assigned spins and known
positive parity, tmo have known negative parity,
and three have neither spin nor parity assigned.
All the models which we discuss in this section
give a —,

'
ground state, a ~ first excited state at

about 1.5 MeV, and a & state at about 2.5 MeV.
These results are in good agreement with the ob-
served spectrum. The 2.22-MeV level observed
in "Ar has neither assigned spin nor assigned par-
ity. Ne presume it to be the lowest ~7 state which
is predicted by all our models to lie between 1.8
and 2.5 MeV. (Above this 2.22-MeV candidate, the
next possible ~ state in the experimental spec-
trum lies at 3.17 MeV. ) The remaining sd-shell
state that is predicted to lie fairly low in the A
=37, T= & spectrum is the second & state. It lies
between 3.0 and 4.6 MeV, depending on the Hamil-
tonian used. Thus, judging from the model results,
at least one of the tmo unknown-parity levels ob-
served at 3.17 and 3.27 MeV probably has extra-
sd-shell origins. Above 3.5-MeV excitation, the
density of observed levels is clearly greater than
our sd models predict. %e presume that these ex-
tra observed states, also, involve essential con-
tributions from configurations involving fp-shell
single -particle orbits.

Next me consider spectroscopic factors for strip-
ping and pickup to the various states of A =37, T= z.
The S factors calculated from the four Hamiltoni-
ans of Table VII are rather similar to each other,
except for the d», pickup strengths. For the low-

3+ I+est —, and & levels, our model results are con-
sistent with experimentally determined stripping
S factors. For the d», pickup strengths, the two
realistic Hamiltonians give similar results, but
the other two Hamiltonians give results different
from those of the realistic Hamiltonians. Inspec-
tion of Table VII shows that a neutron-pickup ex-
periment on "Ar, leading to the excited levels of
"Ar, mould be very informative. The results
would allow identification of higher-lying & and &

states in the experimental spectrum, and could
help us to evaluate our models and to discriminate
among them. As Table IX indicates, experimental
data on A = 37 electromagnetic decay widths would

be similarly useful.
In some ways, results from our alternative

Hamiltonians resemble each other more closely
than they resemble nature. For example, the
Hamiltonians 11.0h+ ASPE and 12.5p+ "0both
give '"Ar ground-state magnetic moments near
1.5p,„,while the experimentally measured value is
0.95'„. In a similar way, the A=37, T= & theoreti-
cal results of Dieperink and Brussaard' resemble
our theoretical results more than they resemble
nature. There are, however, significant differ-
ences between the 3- and the 2-shell spectra' for
this system. These differences occur due to the
importance of (d,~,)

' components in the 3-shell
wave functions for low-lying 4' = —, states (see
Table VIII).

C. A=ax, T=-,':"Cl
(See Tables IX-XI, and Fig. 5)

Experimental information about the positive-par-
ity level structure of "Cl is also not abundant.
Aside from the assignments of J'= —,

' to the ground
1+

state and & to the first excited state, there is
available only a tentative 2 assignment to the
3.09-MeV level. Note that the lowest & state has
moved up in excitation energy, compared to its
position in the T= ~ spectrum. The calculated val-
ues for the magnetic dipole and electric quadrupole
moments of the & ground state are in fair-to-good
agreement with the measured values for these
quantities (see Table XXVII). There are no experi-
mentally determined spectroscopic factors avail-
able for the levels of "Cl. As Table X indicates,
proton-pickup measurements on a "Ar target
would yield valuable information about the A = 37
level structure, and about the degree of success of
our models.

5. A =36, T=0: Ar
(See Tables XII-XV, and Fig. 6)

The calculated excitation energies of the lowest
2' and 4' states in "Ar are in acceptable agree-
ment with the experimental values. In all of our
models the second model 0' state lies e1 MeV high-
er in excitation than the observed (0)' state at
4.33 MeV, and in most of the calculations with
realistic two-body matrix elements the second
model 2' state lies about 1 MeV higher than the
second observed 2' state (at 4.44 MeV). Above the
second observed 2', there are no T=O states hav-
ing both definitely known spin and known positive
parity. However, several of the states observed
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TABLE IX. Calculated B(E2) and B@f1) values for transitions between states of A =37. The notation (J)~ labels the
vth-lowest state of given J in a model spectrum.

Initial state
V),

Final state
(J),

B (Z2)
(e2 F4)

12.5p+ 70 11.0h+ASPE 12.5p + F70

100 xB(M1)

11.oh+ ASPE

(p)$

(y) 2

(—,') g

($)2

(7)

(2)

($) (

(5)

(1)

(2)

(2)g

(2)2

(2))

(~2) 2

(~2) g

(—,') 2

(&)~

(3)

(—)g

($)g

($)g

(q)g

(2)g

(~2) g

(-', ) g

(~)g

(~2) g

(p)g

(2)~

(-', ) (

(g)~

(~2) g

62.

20.

6.8
34.

6.3

17.

7.1

26.

19.
14.

37.

39.

12.

"Ar, T =~
2

68.

2.2

21.

4.4
37.

15.

37.

8.0
3~C1, 7 =(

20.

7.0

36.

14.

38.

29.

18.

3.6

8.6
87.

10.3

0.05

9.3

3.1
16.

17.

3.1

3.3
6.2

9.3

0.2

4.3
0.9
8.1

38.

1.5

TABLE X. Energies F. and spectroscopic factors S for states of A =37, T = 32. The initial state for the stripping
factors S« is the J"=0+, T =2 ground state of S. The initial state for the pickup factors S k is the J~=o+, T =1
ground state of 3 Ar. For the meaning of E, see Table IV.

Energy F. (MeU) (100 xS«) /(100 xS &)

A, J, T Expt. 11.0h+ASPE 12.5p+ YO 12.5pA MSDI 11.0h+ ASPE 12.5p+ 70 12.5pA MSDI

1.73

37 3
2' 2 (3.09) '

37 ~2 ~2

37 9 3

37, ~), ~

' Reference 42.

37, 2, 2
235.22

1.67
8.29

10.76
16.46

233.77
3.92
5.56
8.85
3.28
6.00
8.69

10.90
7.49
9.68

11.91
14.66
7.30

10.27
14.16

2.74
7.48

10.27
14.84

261.43
4.62
7.00
7.84
3.96
5.36
7.60

10.77
6.31
9.37

11.64
12.98
6.15

10.11
12.76

1.71
7.88

10.15
16.08

235.63
3.75
5.46
8 .44
3.22
5.55
8.22

10.49
6.77
8.89

11.50
13.84
6.64
9.69

13.68

1.55
7.81

11.10
15.99

235.19
3.73
5.88
8.59
2.98
6.30
8.95

10.52
7.97
9.66

11.68
15.25
7.84

10.44
15.10

7/250
1/9
O/2

o/o
112/268

2/8
O/1
1/4
0/16
3/709
1/57
o/o

2/239
1/19
o/4
o/o

113/267
1/6
O/3
1/4
o/s5
3/592
2/101
o/o

7/23S
2/18
O/2

o/o
107/267

3/13
0/1
2/7
0/35
4/645
2/94
0/1

12/242
2/9
0/1
o/o

111/270
3/14
O/2

O/2

O/7
2/751
O/29
O/2
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TABLE XI. Major components of the wave functions of the states of A =37, T =&& as calculated with the 12.5p+ 0
Hamiltonian. The conventions of the presentation are explained in Sec. III B of the text.

A =37, 2J"=1+, 2T =3, E=258.688, eigenvector 1 of this A, J, T. Model core=16, dimension=5.

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

D5
10

0

0.207 0.179
Sl D3 D5 $1

3 8 11 3
1 0 5 1
1 1 4

2 1 0 1 1
3 3 2

0 1 0 1 1

D3
7
3
1
1
3
1

D5
11

5

0.211
$1

4
0
5
0
1
0

D3
6
4
1
2

3

D5
12

0

0.931
$1 D3

3 6
1 0
1 1
1 2

1 3
1 0

Listed components account for 98.7 per cent of the wave function.
Occupation {D5)=11.81, (Sl) =3.06, (D3) =6.13.

A =37, 2J"=3+, 2T =3, E=261.427, eigenvector 1 of this A. , J, T. Model core=16, dimension=10.

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

D5
10
0

0.186
$1

4
0
0
0
2

0

D3

3
3
1
3
1

D5
12

0

0.960
$1

4
0
0
0
0
0

D3
5
3
3
3
3
1

Listed components account for 95.6 per cent of the wave function.
Occupation (D5) = 11.89, ($1) = 3.97, (D3) = 5.14.

A=37, 2J =3+, 2T=3, E=256.808, eigenvector 2 of thisA, J, T. Model core=16, dimension=10.

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

D5
12
0

D5
11

5

0.289
$1 D3

3 7

1 3
4 3

1 1 1 0
2 3

1 1 1 0

0.227
$1

2

0
0
2

2

0

D3
7
3
3
1
3
1

D5
12
0

0.913
$1

3
1
1
1
1
1

D3
6
4
3
2
3
2

Listed components account for 96.9 per cent of the wave function.
Occupation (D5) =11,88, (Sl) =2.98, (D3) =6.14.

A =37, 2J =5+, 2T =3, E=257.469, eigenvector 1 of this A, J, T. Model core=16, dimension=10.

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

D5
11

5

D5
11

5

0.191
$1 D3

3 7

1 3
4 5

1 1 1 1
2 3

1 1 1 1

0.333
$1

4
0

5

0
1
0

D3
6
0
5
2

3
0

D5
12

0

0.908
$1

3
1
1
1
1
1

D3
6
4
5
2
3
2

Listed components account for 97.2 per cent of the wave function.
Occupation g) 5) =11.80, (Sl) =3.13, (D3) =6.07.

A =37, 2J~=5+, 2T =3, E=256.070, eigenvector 2 of this A, J, T. Model core=16, dimension=10.

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

D5
9
5

—0.149
$1

4
0
5

3 0
3

1 0

D3
8
0
5
0
3
0

D5
ll

5

-0.850
$1

4
0
5

1 0
1

1 0

D3
6
0
5
2
3
0

D5
11

5

—0.348
Sl

4
0
5
0
1
0

D3
6
4
5
2

3
2

D5
12
0

0.304
$1

3
1
1
1
1
1

D3
6
4
5
2
3
2

Listed components account for 95.8 per cent of the wave function.
Occupation (D 5) = 11.02, (S1) = 3.88, (D3) = 6.10.
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TABLE XI (Continued)

A =37, 2J"=7+, 2T =3, E=255.120, eigenvector 1 of this A, J, T. Model core=16, dimension=6.

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

D5
10

8

—0.206
$1

4
0
8
0
2

0

D3
7

3
7
1
3
1

D5
11

5

-0.972
$1

4
0
5
0
1
0

D3
6
4
7

2

3
2

Listed components account for 98.7 per cent of the wave function.
Occupation (D 5) = 10.95, (S1) = 3.99, {D3) = 6.06.

near and above 5 MeV have been assigned positive
parity and J of 1 or 2 on the basis of stripping mea-
surements. Aside from states which obviously
have T = 1, the experimental spectrum" of "Ar has
at least 11 such positive-parity levels below 8.5
MeV, while only four such theoretical states tend
to occur in approximately the same energy span.
Thus, it appears that intruder states from the fP
shell are present from perhaps =5-MeV excitation
on up. In addition, fP excitation may be a factor
in depressing the observed excitation energies of
the second 0' and 2' levels.

For theA =36, T=o system, experimental infor-
mation about the nuclear wave functions is avail-
able from spectroscopic factors for the "Cl
('He, d)"Ar rea.ction, "and from lifetimes of the
lowest four excited states. Table XII shows fair-
to-good agreement between the measured and
shell-model spectroscopic factor s. A comparison
of experimental and shell-model S factors suggests
that the second observed 2+ in "Ar, unlike the sec-
ond observed 2' in "Ar, should be correlated di-
rectly to the second sd-shell-model 2' state. (Re-
call that in "Ar, the strength of the second sd-
shell-model 2' seemed to be shared among sever-
al observed 2' states. This fragmentation occurs,
presumably, because of the importance of fp or-
bits in low-lying "Ar states. ) For most of the
other "Ar states in Table XII, the spectroscopic
factor s are so small that experimental-theoretical
comparisons do not provide significant tests of the
model wave functions.

For the first-to-ground state 2' -0' transition
in "Ar, the published" experimental B(E2) value
is 59 e' F4, in excellent agreement with the shell-
model values 58 and 59 e' F' calculated from 12.5p
+ "O and 11.0h+ ASPE. For transitions connecting
some other "Ar states, there are experimental
data giving relative B(E2) values. 4' These mea-
sured relative values, and some shell-model re-
sults, are listed in Table XIV. (All the numbers
are normalized so that the first-to-ground 2' -0+
transitions have unit strength. ) The experiments, l-

theoretical agreement in Table XIV is generally
satisfactory; and this agreement suggests that the
second model 0' and 2+ states are reasonably good
representations of the observed states, even
though these two model states tend to appear high-
er than their observed counterparts.

6. A =36 T=1: Cl
(See Tables XV-XVII, and Fig. 6)

This is the second odd-odd system we have con-
sidered in this paper. Such nuclei generally have
a high density of states in the region of low excita-
tion energy. When there are states of the same
spin at nearly the same energy, then there is usual-
ly considerable sensitivity of the model wave func-
tions to changes in the Hamiltonians. This insta-
bility hinders us when we try to find correspon-
dences between theoretical and experimental lev-
els, above the first few. In the particular case of
"Cl there is another difficulty: the lack of firm ex-
perimental spin assignments beyond the second
excited state.

The observed ground state of "Cl is assigned 2+,
and all our Hamiltonians give this result. The cal-
culated values of the quadrupole moment of this
state are small and negative, in qualitative agree-
ment with the measured value (see Table XXVII).
The calculated values of the magnetic moment are
in fair agreement with experiment. The spectro-
scopic factor for stripping from a "Cl target to the
two lowest T = 1 states in "Ar has been experimen-
tally" determined simultaneously with the S fac-
tors presented in Table XII for the T=O states of
A =36. (Thus, for the stripping S factors from
Ref. 34, the same normalization of Table XII is
carried over to Table XVI.4'") The experimental
result for the ground-state stripping S factor is in
good agreement with our sd shell-model results.
A measured pickup spectroscopic factor to the 2'
ground state, from the ground state of "Cl, is also
available. 4' It, too, is in good agreement with the
model results. The 12.5p+ "O model wave func-
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tion for the A = 36, T = 1 ground state is dominated
(7(P/z) by the configuration (d„,)"(s»,)'(d», )'.

The first excited state observed in "Cl (at 0.78
MeV) is assigned (3)'. It is observed to have an
l =2 stripping spectroscopic factor about —,

' of that
to the 2+ ground state, and an l=2 pickup spectro-
scopic factor about 1.5 times that to the ground
state. All of our models place a 3+ state near 0.9
MeV. For this state, the calculated spectroscopic
factors (which are cluite insensitive to the choice
among our Hamiltonians) are in excellent agree-
ment with experimentally determined S values for
the 0.78-MeV observed (3)' state. The model wave
function for this lowest 3' state is also quite simple.
The dominant configuration, (d»2)" (s», )~(d„,)', is
the same as for the ground state and here it ac-
counts for 75% of the total intensity.

The second excited state in the experimental
spectrum is assigned (1)'; it comes at 1.16 MeV
and is appreciably excited by l = 2 pickup. In our
model spectra a 1+ state appears near 1 MeV, and
it has S factors consistent with the experimental
value for the observed 1.16-MeV (1)+ state.

Beyond the second excited state, the calculated
spectroscopic factors are sensitive to the choice
among our Hamiltonians. The model spectra sug-
gest that the next two levels in the experimental
spectrum are 2' and 1', for such states are calcu-
lated to lie near 1.7 and 2.0 MeV. Between 2- and
3-MeV excitation, other model states are predicted
with J' of 0+, 1+, 2+, and 3+.

Obviously, further experimental work on this A
=36, &=1 system would be welcome. In particular,
it would be good to measure the E2 widths between
low-lying levels. Although we have not listed any
MSDI or 12.5pA results in Table XV, we did calcu-
late B(E2) values for these Hamiltonians as well
as for 12.5p+ "0 and 11.0h+ASPE. Of the various
transitions listed in Table XV, only the 1+ -3+
transitions have strengths which are noticeably
sensitive to the differences among our various
Hamiltonians. The MSDI wave functions yield a
particularly strong B(E2) from the first 1+ to the
first 3+, and a particularly weak decay from the
second 1' to the first 3+.

A=36, T=g:"S
(See Tables XV!II, XIX, and Fig. 6)

The levels of "S have been studied experimen-
tally only with the "S(t,p)"S double-nucleon strip-
ping reaction" and the "Cl(d, 'He)"S single-nucle-
on pickup reaction. "" The pickup reaction ex-
cites the 0+ ground state of "Sby l = 2 transfer;
and it excites the 3.30-, 4.52-, and 4.58-MeV
states by l = 0 transfer, the first two more strong-
ly than the last. There is no other significant pick-
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up strength observed below 6 MeV. Our sd-shell
models match experiment by showing strong l =2
pickup exciting the 0+ ground state; then they show

strong l =0 transfer to the first 2+ state and the
first 1+ state, both lying in the excitation-energy
region 3.1 to 4.4 MeV. There is very little other
pickup strength calculated below 6 MeV. For l = 2

transfer to the 0+ ground state, the experimental
and theoretical S factors are in excellent agree-
ment. As to the low-lying l =0 states: In our mod-
els the 2' level a.lwa, ys comes below the 1' level.
Therefore we speculate that the observed 2+ state
at 3.30 MeV corresponds to the lowest model 2',
while the observed (1, 2}+ state at 4.52 MeV cor-
responds to the lowest model 1'.

The total number of observed levels below 5-
MeV excitation in "S is eight. Our calculations
can account for only four of these states: the
ground state 0+, the 2+ and (1)+ levels excited
strongly with l = 0 pickup, and the 0' level seen at
3.36 MeV. The third level seen with l =0 (weakly),
and the 0' and 2' excited states seen in (t, p) at
2.00 and 2.89 MeV seem to be "intruders, " and so
does the unassigned level at 4.20 MeV. The obser-
vation of l = 0 strength in the 4.58-MeV level pre-
sumably indicates mixing between an sd-shell lev-
el and an intruder level of the sort discussed in
the case of "Ar.

S. A=35, T=-':"C/-"Ar
(See Tables XX-XXII, and Fig. 7)

We examine the A=35, T= & system in greater de-
tail than any other. Our reasons a.re: (1) that the
experimental picture for this system is the clear-

(2) that we think the model approxi-
mations should be better, the further removed we
are from the N=Z =20 shell closure; and (3) that
the calculations for A=35 are not as time consum-
ing as for A=34.

We find good theoretical partners for the lowest
10 observed levels in "Cl which have established
or, probable, even parity. Figure '7 shows the ex-
perimentally observed spectrum up to 5.5 MeV, to-
gether with the shell-model spectra calculated
from four Hamiltonians. We shall consider the "Cl-
"Ar positive-parity states in three groups. First,
we consider a four-member group comprising the
lowest -', , —,', -', , and -', states. For this group,
three of the models in Fig. 7 fit the experimentally
observed spacings very well, while the fourth mod-
el (MSDI) fails only for f . Next, we consider a
three-member group comprising the lowest ~,
second —,', and second ~ states. In the experi-
mentally observed spectrum we take, as members
of this group, the 2, &, and 2 states seen at
1.22, 2.69, and 3.00 MeV, respectively. For these
three observed states, all the models of Fig. 7

show obvious theoretical partners, though in most
I+ 3+

of these models the lowest & and second 2 lie
lower in the excitation-ener gy spectrum than their
observed partners. Finally, in the observed spec-
trum below 6.7 MeV there are just three other
states having established even parity: the &' state
at 3.96 MeV, and states at 5.57 and 6.01 MeV

which are both strongly populated via l = 2 transfer
in the pickup reaction "Ar(p, d)"Ar. The 3.96-
MeV ~ state is easily correlated with our second
model —, state (see Fig. 7). To find model part-
ners for the strong l =2 states at 5.57 and 6.01
MeV, we examine our calculated spectroscopic
factors (see Table XX}. We see that our third and

fourth model & states make obvious partners for
the observed 5.57- and 6.01-MeV states, This
completes our list of 10 "firm" correlations. Of
these 10 correlations, 8 involve states for which
we can make quantitative comparisons between
shell-model and experimentally determined S fac-
tors, and Table XX shows that in general there is
fair-to-good agreement between theory and experi-
ment.

Between 4 and 6 MeV in the spectrum of "Cl
there have been observed" ""more levels which
have possible positive parity than can be accounted
for in our model calculations. More experimental
work in this area is needed to determine at what

energy and to what extent our approach seriously
breaks down.

In the rest of this A =35, T= ~ subsection, we pre-
sent a detailed level-by-level discussion covering
electromagnetic observables as well as spectro-
scopic factors. Again we find it convenient to be-
gin with the sequence of lowest -', , &, —,', and
—", states.

From both 12.5+ "O and 11.0+ ASPE, the quad-
rupole moment of the & ground state of "Cl is
ca,lculated to be about -9 e F' (see Table XXVII}.
The measured value is close to -8 e F'. Our cal-
culated values for the ground-state magnetic dipole
moment tend to be about +0.7 LL(,„, a little smaller
than the measured value +0.82'.„. Next we consider
ground-state spectroscopic factors (see Table XX).
These depend not only on the ground-state wave
function of "Ar, but also on the ground-state wave
functions of "Ar (for pickup) and "S (for stripping).
For pickup, all our calculations yield spectroscop-
ic factors close to 4. Now in the simplest shell-
model approximation, the "Ar and "Ar-"Cl
ground states would contain four and three d3/p par-
ticles, respectively, and the pickup factor S(d„,)
would be exactly 4. More generally, the total of
pickup factors S(d», }, summed over all final A
= 35, T= 2 states, gives the number of d,» nucleons
in the "Ar ground state. Note now that for every
model in Table XX, the sum of tabulated pickup
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TABLE XIV. Relative B(E2) values for transitions be-
tween T =0 states in Ar. The notation Jv labels the
vth-lowest state of spin J in +Ar.

Initial Final
state state
J J Expt. 11.0h+ASPE 12.5p+ 0 MSDI

21

22

02

22

41

01
01
21

21

2f

1.00
0.035
0.33
0.44
1.29

1.00
0.008
0.46
0.29
1.21

1.00 1.00
0.00 0.023
0.46 0.35
0.34 0.54
1.17 1.06

Reference 43.

factors S(d», ) exceeds 4. This is a consequence
of the fact that the "Ar ground state does not have
the pare (d»2)"(s,~,)4(d», )' wave function that it
would have in the simplest sd-shell approximation.
Similarly, for stripping from '~S, the total of
S(d», ) and S(s,~, ) factors, summed over all final

A = 35 states, gives the number of d„, and s»,
holes in the "S ground state. Thus, the appear-
ance of nonvanishing d„, and s», stripping factors
in Table XX indicates that the ground state of "S
does not have the pure (d„,)"(s», )'(d», )' wave
function that it would have in the simplest sd-shell
approximation. Turning now to the &' ground state
of "Ar-"Cl itself: Table XXI shows that according

to our 12.5p+ "O model, its wave function is quite
far from what it would be in the simplest sd-shell
approximation. The component of highest intensi-
ty (SF!o) is (d», )"(s,~,) (d„,)', the component of
next highest intensity (16%) is (d„,)"~,(s„,)4(d„,)',
and the remaining 5F/& of intensity is spread over
components each having an intensity &5k.

Next we consider the second member of the se-
quence comprising the lowest ~, &, @, and ~
states. Component intensities in the lowest -,'
state are shown in Table XXI. These intensities,
when compared with intensities for the -', ground
state, show that the lowest & and —,

' states both
have essentially the same d», structure but differ
in their s, /2 d3/p parts. Recall now that for single-
nucleon pickup from "Ar, and for single-nucleon
stripping on "S, there are large S(d„,) factors to
the ground state of "Cl. These large S(d„,) fac-
tors indicate that in the "S, "Cl-"Ar, and "Ar
ground states, the d5/, -s», structures are all simi-
lar. It follows, then, that we should expect only
weak S(d», ) transfer strength to a —, state in Ar
having the same d„, structure as the & ground
state. An indeed, the S factors for this —, state
are very small, both experimentally and from our
models (see Table XX). When we turn to B(B2)'s
(see Table XXII""), we find yet another indication
of strong kinship between the lowest & and &

TABLE XV. Calculated B(E2) and Bpf1) values for transitions between states of A =36. The notation J„ labels the
vth-lowest state of spin J in a model spectrum.

Initial
state

Ju

Final
state
J~ 12 5p +170

B(E2)
(e2 F4)

11.0h+ASPE

100 xB(M1)

12.5p+ "O 11.0h+ASPE

21

22

23

02

11
22

23

3f
41

31
11
12

22

32

41
11
12

22

32

41

01
01
01
21

21

21

21

21

21

21

21

21

21

21

21

31
3f
3f
3f
3f

58.
0.000
0.45

27.
0.09

20.
0.87
0.09

68.

33.
53.
4

25.
1.0

10.
0.8

17.
13.
2.4

18.

Ar, T=O

59.
0.005
0.79

27.
0.18

17.
0.14
0.15

71.
36Cl, T =1

37.
47.
9.

23.
0.05

14.
0.05

19.
0.03
6.9

28.

0
0
0
0
0.3
0.02
0.2
0.1
0

5.5
0.3
0.02

22.
51,.

0
0
0
1.4

27.

0
0
0
0
0.4
0.05
0.09
0.9
0

5.7
0.004
0.3

20.
30.

0
0
0
2.4

18.
14.
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states, viz. , the E2 transition between these states
is very strong. The measured B(E2) is 78 e'F'.
The values calculated from 12.5p+ "O, 11.0+ASPE,
and 12.5pA are all similar and average to 73 e ' F',
while the MSDI result is 30%%uq smaller. The B(M1)

5+ 3+
for the first-to-ground —, - & transition is mea-
sured to be smaller, by a factor of 100, than the
B(M1) from lowest 2 to ground. Our shell-model
B(M1) values for the first-to-ground state —,

transition vary widely, but they are all very small
and so at least qualitatively in agreement with the
observed result.

Next we consider information about the lowest
and ~ states in "Cl. For transitions connect-

ing the lowest model —,
' state to the & ground

state, and connecting this lowest —,
" state to the

lowest —,
' state, there is consistency between our

shell-model B(E2) results and the experimental in-
formation on the 2.64-MeV —,

' level of "Cl. Also,
for E2 and M1 transitions from the lowest —,

' state
to the lowest —,

' state, and from this same —,
'

state to the lowest —,
' state, there is recognizable

agreement between shell-model and measured
strengths.

Thus far in our detailed discussion of the A =35,
T= & system, we have covered observables involv-
ing only the four-member sequence comprising the
lowest —,", ~, —,', and -', states. We turn now to
a level-by-level discussion of the sequence com-

+ 3+ 5+
prising the lowest ~, second &, and second —,

states. As our discussion will indicate, we find
that observables involving states in this second
mentioned sequence are more sensitive to the
choice among our Hamiltonians than are observ-
ables involving only states in the first mentioned
sequence.

1+For the lowest & state, our shell-model spec-
troscopic factors for pickup from "Ar vary be-
tween 2 and 3. However, each of these shell-mod-
el answers is in satisfactory agreement with at
least one of the several different reported experi-
mental results. The shell-model stripping S fac-
tors vary too, but all agree at least qualitatively
with the experimentally observed results. In the
wave function of the ~ state, the component of
highest intensity (3(@) is (d», )"(s», )'(d„,)'~, r, .
Every other component has intensity smaller than
9%%uo. The B(E2) connecting this first & state to the

ground state has been measured, "via Coulomb
excitation, to be 16 e'F'. Our shell-model values
for this B(E2) range between 10 and 20 e'F'. For
the M1 transition from this first ~ state to the 2

ground state, the measured B(M1) value" is
0.195',„'. Most values for this B(M1) as calculated
in our different shell models are in satisfactory
agreement with this value; only the MSDI result
misses significantly.
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TABLE XVII. Major components of the wave functions of the states of A =36, T =1 as calculated with the 12.5p+~70
Hamiltonian. The conventions of the presentation are explained in Sec. III B of the text.

A=36, 2J~=2+, 2T =2, E=245.473, eigenvector 1 of this A, J, T. Model core=16, dimension=54.

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

-0.232
D5 $1 D3
11 3 6

5 1 4
4 2

1 1 2

2 2

1 1 2

—0.175
D5 S1 D3
11 3 6

5 1 6
4 2

1 1 0
2 2

1 1 2

-0.291
D5 $1 D3
11 4 5

5 0 3
2

1 0 3
1 2

1 0 1

0.415
D5 Sl D3
12 3 5

0 1 3
1 2

0 1 1
1 2

0 1 1

0.274
D5 $1 D3
12 3 5

0 1 3
1 2

0 1 3
1 2

0 1 1

—0.654
D5 Sl D3
12 4 4

0 0 2

0 2

0 0 2

0 2

0 0 2

Listed components account for 84.5 per cent of the wave function.
Occupation {05)=11.59, (S1) =3.56, {D3)=4.85.

A=36, 2J"=2+, 2T =2, E=244.446, eigenvector 2 of this A, J, T. Model core=16, dimension=54.

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

—0.158
D5 S1 D3
11 3 6

5 1 4
6 2

1 1 2

0 2

1 1 2

-0.621
D5 S1 D3
11 4 5

5 0 3
5 2

1 0 1
1 2

1 0 1

0.277
D5 S1
12 2

0 2

2

0 0
0

0 2

D3
6
0
2
2

2

0

-0.428
D5 S1 D3
12 3 5

0 1 3
1 2

0 1 1
1 2

0 1 1

0.273
D5 S1 D3
12 3 5

0 1 3
1 2

0 1 3
1 2

0 1 1

—0.214
D5 $1 D3
12 4 4
0 0 2

0 2

0 0 2

0 2

0 0 2

Listed components account for 79.1 per cent of the wave function.
Occupation (D 5) =11.22, (S1) =3.43, (D3) = 5.34.

A=36, 2J~=4+, 2T=2, E=246.622, eigenvector 1 of this A, J, T. Model core=16, dimension=66.

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

D5
10

0

-0.326
$1

4
0
0
0
2

0

D3
6

4
4
2

2

2

D5
11

5

-0.184
$1

4
0
5

1 0
1

1 0

D3

3
4
3
2

1

D5
11

5

—0.157
$1

4
0
5

0
1
0

D3
5
7

4
1
2

3

D5
12

0

—0.845
S1

4
0
0
0
0
0

D3
4
4
4
2

2

2

Listed components account for 87.8 per cent of the wave function.
Occupation g7 5) = 11.59, (S1) = 3.91, g) 3) =4.50.

A=36, 2J"=4+, 2T =2, E=244.909, eigenvector 2 of this A, J, T. Model core=16, dimension=66.

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

0.207
D5 Sl D3
11 3 6

5 1 4
4 4

1 1 2
0 2

1 1 2

0.565
D5 S1 D3
11 4 5

5 0 3
5 4

1 0 3
1 2

1 0 1

0.272
D5 S1
11 4

5 0
5

1 0
1

1 0

D3
5
5
4
1
2

3

—0.313
D5 Sl D3
12 3 5
0 1 3

1 4
0 1 1

1 2

0 1 1

-0.493
D5 Sl D3
12 3 5

0 1 3
1 4

0 1 3
1 2

0 1 1

Listed components account for 77.8 per cent of the wave function.
Occupation {05)=11.26, (S1) =3.44, {03)= 5.30.

A=36, 2J~=6+, 2T =2, E=245.790, eigenvector 1 of this A, J, T. Model core=16, dimension=69.

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

-0.236
D5 Sl D3
10 4 6

0 0 6
0 6

2 0 0
2 2

0 0 2

—0.159
D5 $1 D3
11 3 6

5 1 4
4 6

1 1 2
2 2

1 1 2

-0.159
D5 S1 D3
11 4 5

5 0 3
5 6

1 0 1
1 2

1 0 1

—0.145
D5 S1 D3
11 4 5

5 0 3
5 6

1 0 3
1 2

1 0 1

—0.143
D5 $1 D3
11 4

5 0 7

5 6
1 0 1

1 2

0 3

-0.869
D5 $1 D3
12 4 4
0 0 6

0 6
0 0 2

0 2

0 0 2

Listed components account for 90.2 per cent of the wave function.
Occupation (D5) =11.68, (S1)=3.92, {D3)=4.40.
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TABLE XIX. Major components of the wave functions of states of A =36, T =2 as calculated with the 12.5p+~70
Hamiltonian. The conventions of the presentation are explained in Sec. III B of the text.

A=36, 2J~=O+, 2T =4, E=242.067, eigenvector 1 of this A, J, T. Model core=16, dimension=9.

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

D5
10

0

0.307
$1

4
0
0
0
2

0

D3
6
0
0
2
4.

0

D5
12

0

0.931
$1

4
0
0
0
0
0

D3

0
0
4
4
0

Listed components account for 96.1 per cent of the wave function.
Occupation (D5) =11.77, (Sl) =3.95, (03) =4.28.

A=36, 2J~=2+, 2T =4, E=237.716, eigenvector 1 of this A, J, T. Model core=16, dimension=12.

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

D5
10

0

-0.415
$1

3
1
1
1
3
1

D3
7

3
2

1
4
1

D5
11

5

0.289
$1

3
1
4
1
2

1

D3
6
4
2

2

4
2

D5
11

5

0.148
$1

4
0
5
0
1
0

D3
5
3
2

3
4
1

D5
12

0

—0.924
$1

3
1
1
1
1
1

D3
5

3
2

3
4
1

Listed components account for 98.1 per cent of the wave function.
Occupation (D5) =11.82, (Sl) =3.03, (03) = 5.15.

A=36, 2J~=4+, 2T =4, E=238.180, eigenvector 1 of this A, J, T. Model core=16, dimension=21.

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

0,167
D5 $1 D3
10 3 7

0 1 3
1 4

2 1 1
3 4

0 1 1

0.154
D5 $1 D3
11 3 6

5 1 0
4 4

1 1 2

2 4
1 1 0

—0.153
D5 Sl D3
11 3 6

5 1 4
4 4

1 1 2

2 4
1 1 2

-0.173
D5 $1 D3
ll 4 5

5 0 3
5 4

1 0 3
1 4

1 0 1

0.910
D5 Sl D3
12 3 5

0 1 3
1 4

0 1 3
1 4

0 1 1

Listed components account for 93.3 per cent of the wave function.
Occupation (05) =11.78, (S 1) =3.03, {D3)=5.19.

A=36, 2J~=4+, 2T =4, E=235.945, eigenvector 2 of this A, J, T. Model core=16, dimension=21.

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

0.167
D5 Sl
10 4

0 0
0

2 0
2

0 0

D3
6
4

2
4
2

-0.163
D5 Sl D3
10 4 6

8 0 4
8 4

2 0 2
2 4

2 0 2

0.242
D5 Sl D3
11 3 6

5 1 0
4 4

1 1 2
2 4

1 1 0

0.867
D5 Sl D3
11 4 5

5 0 3
5 4

1 0 3
1 4

1 0 1

0.188
D5 Sl D3
12 2 6
0 0 4

0 4
0 2 2

2 4
0 0 2

Listed components account for 90.0 per cent of the wave function.
Occupation g) 5) =10.90, (Sl) =3.80, {D3)=5.30.
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For the second 2 state, the configurations of
highest intensity involve excitation from the szy2 to
the d, /2 orbit. Our calculated spectroscopic factor
for pickup to this second —,

' state is only $ of that
to the ground state. This shell-model ratio/ 7p is
in nice agreement with the analogous measured ra-
tio if we correlate the second model —,

' state with
the observed —,

' state at 2.69 MeV in "Cl (2.60
MeV in "Ar). The shell-model results for electro-
magnetic decays of this second & state also seem
to agree approximately with results observed for
the 2.69-MeV ~ state of 'Cl. More precise ex-
perimental data might allow us to discriminate

among our various Hamiltonians.
5+For the second model —, state, the most impor-

tant component (2f@ intensity) is

(d„,) '(s„2) (d3,2) J= 0, T =0 ~

This component is responsible for the large S(d»2)
factor calculated for production of this state via
pickup from "Ar. Our various calculations differ
in the amount of (d„,)" strength in this second 2

state, with MSDI yielding the smallest strength.
The experimental results, which indicate a strong
l = 2 pickup transition to a state in "Ar at 2.95

Initial
state
P),

"Cl,

Final
state
(~),

T=-i
2

100 xB(M1)

11.0h 12.5p
+ASPE +i 0 12.5pA MSDI

B(E2)
(e2 F4)

11.0h +ASPE 12.5p + 0 12.5pA MSDIExpt. ' Expt.

(7)i

(5)
(2) i

(2)i

(2)i

(~2) i

($)t

16+2 ~

78 +2

19.5 + 6 16. 27. 22. 7.

0 .19+ 0.06 0.0 1.2 0.18 1.4
0 0 0 0

10.2 16.9 20.8

67.0 52.0

24.6 10.6

27.7 13.9

26.1 22.5

74.4 77.5

29.2 18.5

2p ~7b, c

23 ~ 10"'c
29.7 30.7

+1b'23.6 34.4 4.3 9.5 6.9 0.67

(—,')2
2 i

(g) )32 c,d . (130 e

(Q) )2p C 3d
i

(3) )p ]3c d ~ p 7e

($), =4O"; 42'

)7 c,d. ~4 e21.1 23.3 8.8 6.9
62.5 48.5

21.8 18.2

7.1 1.9
41.9 35.9

17. 30. 13. 3.1
11. 23. 8 4 0 21

45. 39. 48. 50.

]

34 "d; &16'
63.9 67.5

16.5

11.3 4.9 17. 27. 18. 5.7
36.4 51.2

2.3 0.2 0.9 0.128.8

(3 )

(2)i

(~2) i

(2)i

(Y)i

(-') i

13.2 11.8 6.3 12. 11.
74. 75.

0 0

0.1 11.

0.9 5.55.0

19. 0.0
2.7 0.4 0.3 4.3

1.30,02 2.1 3.6 17. 0.24

2.62.9 6.6 8.4

(~2)3

(p)i

(~2) i

(-,')i
(1)

(2)i

($) t

3.3 2.6 2.9 2.6

0.04 1.0
20. 29.

9.6 26.

5.5 0.57

0.06 0.2 0.153.8
24.3 39.6 28.7 3.7 5.3 6.2 0.10 0.11

3.6 0.16 0.024 0.17(5) 3.2 3.1 7.4 5.6

0.1 0.6 0.3 0.6
46+12b

18+7b

63.1 52.0 61.7 35.0

25.6 25.8

0 0 0

0.25 + 0.14 b 0.26 0.013 1.234.0 29.2 5.0

' Reference 58.
b Reference 54.

c Reference 57.
d Reference 53.

e Reference 42.

TABLE XXII. Calculated and experimental B(E2) and B(M1) values for transitions between T = $ states of 33Cl. The
notation (J), labels the vth lowest state of given J in the T =~spectrum.
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MeV, are in good agreement with the predictions
from our realistic Hamiltonians. (The Hamiltoni-
an MSDI apparently puts the d», -hole strength too
high in the energy spectrum. ) The experimentally
determined stripping spectroscopic factors to this
second —,

' state are larger than those to the first
state, and this observation is consistent with

our calculated results (only 12.5p+ "0 and 11.0h
+ASPE have been treated). For E2 and Ml decay
of this second & state to the 2 ground state, and
from this second & state to the fir st ~ state, our
calculated strengths are again consistent with the
available experimental information. This con-
cludes our level-by-level discussion of the se-
quence comprising the lowest 2, second 2, and

5+
second & states.

1+ 3+ -+
For the higher levels of J = 2, 2, and &, we

have already noted that there is at least qualita-
tive agreement between shell-model and experi-
mental S factors. In particular, the large l =2
pickup strength observed in the 5-6-MeV region
is reproduced by the realistic models. However,
our MSDI wave functions fail to reproduce this
strength.

In summary, we find that our 12.5p+ "0, 11.0h
+ASPE, and 12.5pA Hamiltonians yield A =35, &
= ~ states having properties consistent with a wide

range of experimental data on the mirror nuclei
"Cl and "Ar. The shell-model results calculated
from these three Hamiltonians are rather similar
to each other, while the MSDI results are notice-
ably different, particularly in the distribution of
d„,-hole strength. However, the distributions of

d3/2 and s„,pickup strengths are essentially the
same for all our Hamiltonians. Shell-model B(E2)
strengths, especially the strong ones, tend to be
similar for all our Hamiltonians, but B(M1) rates,
especially for the weaker transitions, are highly
sensitive to the choice among our model Hamiltoni-
ans. In many instances where different Hamiltoni-
ans yield essentially the same energies, spectro-
scopic factors, electromagnetic moments, and
B(E2)'s, these Hamiltonians nevertheless yield
quite different values for B(M1)'s. For calculated
observables involving only the lowest -,',
and —,

' states, our model-to-model variations are
generally weaker than for observables involving
one or more states outside this sequence.

9. 4=35, T=-: S
(See Tables VIXIII, XXIV, and Fig. 7)

There is not much experimental information
about the energy-level spectrum of "S. The
ground state is —,

' and there is a (2 ) state at 1.56-

TABLE XXIII. Energies E and spectroscopic factors S for states of A =35, T = &2. The initial state for the stripping
factors S„ is the J~=0, g =1 ground state of 3 S. The initial state for the pickup factors S k is the J7f =0+, y =2
ground state of 36S. For the meaning of E, and the meanings of the numerical subscripts on S, see Table IV.

A, J, T

35, —, (1.56) s 1.65
3.79
4.35
5.55

1.88
3.89
4.82
5.25

2.17
3.89
4.88
5.32

Energy E (MeV)
Expt. 11.0h+ASPE 12.5p+ 70 12.5pA

2.20
4.20
5.90
7.09

12/100
O/2

0/9
0/24

7/72
1/11
0/24
0/10

/115
/1
/16
/1O

/142
/12
/4
/o

(100 x S54) /(100 SpL)
MSDI 11.0h+ ASPE 12.5p+ 70 12.5pA MSDI

35, f, $ 210.61

35 5 3
2 0 2

35

35, j2-, —,
3

65, iti, $
Ss, ~p, —,

'

205.57
2.46
2.84
3.78

2.11
2.96
4.02
4.77

3.09
4.93
5.95
6.72

6.18
7.73

6.72

9.72

227.83
2.79
3.25
3.81

1.94
2.87
4.24
4.29

3.09
4.51
5.45
5.91

4.71
6.36

5.10

8.78

210.32
2.71
3.20
3.69

2.27
3.65
4.12
5.32

2.97
4.88
5.64
6.54

5.34
7.12

5.83

9.05

211.03
3.11
3.75
4.53

2.55
4.45
5.39
6.80

3.50
6.59
7.36
8.36

7.54
8.91

8.31

11.45

3O/32 V

0/10
2/6
1/8

2/54
1/84
o/4
0/83

31/323
0/1
1/1
1/lv

6/22V
O/2V

O/9V

0/1

/344
/8
/5
/o

/ll
/80
/8O

/151

/3V4
/3
/2
/o

/1
/o
/41
/13

' Q,eference 59.
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TABLE XXV. Energies E and spectroscopic factors S for states of A =34, T =0. The initial state for the pickup
factors S & is the J =~, T =~ ground state of Cl. For the meaning of E, and the meanings of the numerical subscripts

pk
on S, see Table IV.

Energy E (MeV) 100 x(Sf/2s S3/pp S5/2) pk

A, J, T
Expt.

Refs. 61, 62 12.5p+ "O 11.0h+ ASPE 11.0h+i70 12,5p+ 0 11.0h +ASPE

34, 0, 0

0.31
0.43

1.08

203.50

2.25

3.94
5.62

—0.53
0.51
0.98
1.66

0.21
1.13
2.06
2.84

217.32
0.44
1.04
2.21

1.71
2.32
2.97

2.05
2.43

—0.89
-0.07
0.06
1.05

—0.20
0.76
1.36
2.16

197.60
0.34
1.03
1.68

1.34
2.66
2.66

3.06
3.20

0.22
0.38
1.60
1.94

0.46
1.94
2.68
3.44

205.26
0.91
1.44
2.91

0,
0,

0; 15, 9
11; 11, 1

2; 14, 10
10; 6, 1

1, 13
7, 12
0, 4
1, 0

;104, 4
6, 20
1, 19
2, 1

6
45

1

0,
0,

0; 2,
16; 0,
0; 25,
6; 7,

13; 1, 10
0; 3, 8

23; 1, 7

2; 1, 0

89, 8
7s 3

12s 27
0, 0

4
36

0

4.27 5.34

TABLE XXVI. Energies E and spectroscopic factors S for states of A =34, T =1. The initial state for the pickup
factors $ &

is the J = $, T = $ ground state of 35C1. For the meaning of E, and the meanings of the numerical subscripts
on S, see Table IV.

A,J, T
Expt.

Ref. 63

Energy E (MeV)

12.5p + i70 11.0h+ASPE

100 x (Sp' S2) pk
Expt.

(Ref. 64)
100 X(Sf/2s S3/2p S5/2)pk

12.5p+ 170 11.0h+'ASPE

34, 0, 1 203.64
3.92
5.23
5.86

217.96
3.62
6.21
7.02

198.68
3.66
5.62
6.91

;86 73 64,
25,
0,

4.08 3.61
6.72

3.51
6.91

57; 28

2.13
3.30
4.12
4.89

2.09
2.84
3.86
5.25

1.93
2.56
3.69
5.12

21; 26
66; 52

16; 4, 17
54; 4, 29
0; 90, 9

47; 4, 27

(4.69) 3.93
5.33

4.05
6.07

;41 7, 91
6, 34

(4.88) 3.93
5.29
5.63
7.11

4.86
5.13
6.07

;79 84
15
15
38
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MeV excitation. " The only other spin-parity as-
signments are & and ~ to the 1.99- and 2.35-
MeV states. Each model spectrum in Fig. 7 has a

ground state, and a ~ first excited state be-
tween 1.6 and 2.2 MeV. Several more positive-
parity levels are calculated to lie between 2- and
3-MeV excitation, but at present there are not
enough experimental data to warrant correlations
between these higher predicted levels and experi-
mental levels. In all of our realistic calculations,
the spacing between the ground states of the T= 2

and T= & systems comes out too large.
For both 12.5p+ "O and 11.0h+ASPE, the quad-

rupole moment calculated for the "S ground state
is almost twice as big as the measured value. Our
theoretical values for the magnetic moment are
consistent with experimental data. (See Table
XXVII.)

Calculated spectroscopic factors for pickup
from "Sare shown in Table XXIII. No experimen-
tal data are available. All our models give signifi-
cant sz g2 ho le str ength to the lowe st 2 state, and
put a large fraction of the d3/2 hole strength into
the ground state. As was the case for A=35, T= 2,
the distribution of d„;hole strength varies from
model to model. In the lowest four & states the
MSDI model has substantially less d„,-hole
strength than the other models have. These model-
to-model variations are even wider for T= 2 than
they were for T= 2. Obviously a '6S(d, t)"S experi-
ment would yield very valuable information about
the nature of the "S levels, and about the success
of our models.

10. A =34, T=O and T=1: Cl and S- Ar
(See Tables XXV and XXVI)

We did not make calculations for the A =34 sys-
tems with the full gamut of our Hamiltonians, nor
did we include A = 34 levels as part of our least-
square search criteria. This limited treatment
was prompted by practical difficulties arising
from the very large dimensions in the T = 1 system,
and by the lack of firm spectroscopic knowledge
about the T = 0 system at the time the calculations
were carried out. Recent experimental work" "
has extended the knowledge available about A =34,
T = 1, and greatly clarified the situation for "Cl,
T=0 and T= 1. This new experimental situation
calls for a more extended treatment than we pre-
sent here, and a more detailed study is planned.
However, comparison of experimental A = 34 data
with the present limited results is quite instruc-
tive as regards evaluation of the Hamiltonians we
have used in the present investigation.

The 12.5p+ "0and 11.0h+ASPE spectra which
we have calculated for A=34, T=1 are in quite ac-
ceptable agreement with the observed '4S spec-
trum, and are rather similar to each other (as has
been the case for the other even-even systems we
have discussed}. The calculated spectroscopic fac-
tors for pickup to the A =34, T= 1 states are also
in rather good agreement with experimental data.
The most evident problems in the T= 1 spectrum,
both for level energies and S factors, concern the
3' and 4' states.

We have calculated at least partial T=O spectra

TABLE XXVII. Static electric quadrupole and magnetic dipole moments for states of A = 34-38. The notation (J)
labels the vth-lowest state of spin J in the spectrum of a nucleus.

Nucleus
Static electric quadrupole moment (e F2)
Expt. 12 5p+i70 11.0h+ASPE

Magnetic dipole moment (p,z)
Expt. 12.5p + 0 11.0h +ASPE

34S

35Cl

35S

"Ar

36C]

37Ar

37C1

38K

38Ar

(2)g

(2)2

(g)g

(g) g

(g) g

(2)g

(2)2
(4)g

(2)q

(3)g

(8)g

Q)g

(3)g

(1)g
(1)2

(2)g

—7.9

—17

-9.0

+2.3
+7.5

+14.3
-7 9

+20.9
-0.94
-2.21
+8.7
-8.4

+10.9
+3.6

—0.97

+1.29

+11.9
-9.7
-9.2

+2.4
+8.1

+14.7
7 y2

+20.8
—0.75
-1.95

+8.7
-8.4

+10.8
+3 y7

-0.73

+0.82

+1.28

+0.95

&.68

+1.37

+0 .72
+1.09
+1.05
+1.20

+1.77
+1.41
+1.53

+0.68

+1.23

+0.68
+1.55

+1.21

+1.55
+1.43
+1.43
+0.59

+1.24
+0.35
+0.70



1312 WILDENTHAL, HA LBERT, McGRORY, AND KUO

with each of the Hamiltonians 12.5p+ "0, 11.0h

+ASPE, and 11.0h+ "O. The comparison between
model results and experiment for this odd-odd six-
hole system is reminiscent of the results' for its
odd-odd six-particle analog in the lower part of the
sd shell, "Na. In both 'Cl and "Na, the lowest-
energy T= 0 level is observed to be J' =3', and in
each case this state is followed by two J"=1' lev-
els. The A = 18-22 realistic shell-model calcula-
tions, 4 like the present A =34-39 calculations,
yield energies of the 1' levels which are too de-
pressed relative to the 3'. In addition to the gen-
eral problem of lack of agreement between shell-
model and observed energies, the shell-model re-
sults exhibit some significant differences from one
Hamiltonian to the other. The 12.5p+ "Q results
seem superior to those from 11.0h+ASPE. Also,
the use of "Q single-particle energies with the
11.0h two-body matrix elements yields better re-
sults then are obtained with 11.0h+ASPE.

IV. CONCLUSIONS AND SUMMARY

We have investigated four different but related
versions of "realistic" shell-model effective inter-
actions by using them to calculate energy-level
spectra for A =35-39 nuclei. First the observed
single-particle energy spectrum from "O was
used with each of the four different two-body inter-
actions to make four different (1+2)-body Hamil-
tonians. Next, a new set of single-particle ener-
gies was obtained for each of the four interactions,
by adjusting the single-particle spacings so as to
best fit observed excitation energies in the A = 35-
39 region. All eight sets of calculated spectra are
in qualitative agreement with the experimentally
determined level sequences. However, detailed
examination of the spectra and of spectroscopic
factors indicates that there are disagreements with
experiment which adjustment of the single-particle
ener gies cannot significantly ameliorate. When
the "O values are used for single-particle ener-
gies, the observed features of the lighter nuclei
(A =35-36) are better reproduced by the calcula-
tions than those of the heavier nuclei (A = 37-39).
In particular, the calculated A = 38 and A = 39 re-
sults show significant deviations from the experi-
mentally observed separation of the d», and s„,
centroids. Alteration of the single-particle ener-
gies, so as to minimize the mean square deviation
from observed energy levels in A = 35-39, shifts
the region of best agreement from A = 35 to A = 37.

Over all, however, the main features of the
spectra are not highly sensitive to the choice
among our eight realistic Hamiltonians. The coup-
ling of the effects of the one- and two-body parts
of each Hamiltonian upon the multiparticle spectra,

the essential similarity of the results from the dif-
ferent Hamiltonians, and the present incomplete
state of experimental knowledge made it impossi-
ble for us to select, on the basis of the calculated
spectra, a best Hamiltonian from among these
eight realistic Hamiltonians. Two of the eight
were chosen, rather arbitrarily, for further study.
Single-nucleon spectroscopic factors and E2 and
M1 observables were calculated from the wave
functions obtained with these two "realistic" Hamil-
tonians.

In addition, we calculated spectra, spectroscopic
factors, and E2 and M1 observables from the
wave functions obtained with two "least-squares"
Hamiltonians, each constructed by varying a pa-
rametrized two-body interaction as well as the
single-particle energies in an attempt to fit experi-
mentally observed level energies. One of these
two least-squares Hamiltonians incorporated a
modified surface 5 interaction (MSDI). The other
incorporated a modified version of one of our real-
istic interactions, least-squares-adjusted in a way
that was suggested by the parametric form of the
MSDI Hamiltonian.

In our investigation of spectroscopic factors and
E2 and M1 observables, we found that the two real-
istic Hamiltonians (i.e., those with unadjusted
realistic two-body interactions) gave similar re-
sults, just as they had given similar results for
energy-level spectra. However, the two least-
squares Hamiltonians gave results noticeably dif-
ferent from the realistic results, and appeared to
agree less well with the experimentally determined
spectroscopic factors and electromagnetic observ-
ables. (This is to be contrasted with the slightly
better agreement to observed level energies that
these two least-squares Hamiltonians gave. )

According to the spectroscopic factors calculated
from the two realistic Hamiltonians, the d, g2 sy,„
and d„, single-particle and single-hole strengths
are distributed over the model levels in a way that
agrees with available stripping and pickup data, to
within the experimental and DWBA uncertainties.
Observed electric quadrupole and magnetic dipole
moments are reproduced with fair-to-good accur-
acy; the results are summarized in Table XXVII.
Large experimental B(E2) and B(M1) values are
correctly estimated by the calculations. Small ob-
served B(E2)'s and B(M1)'s are accounted for only
qualitatively. That is, a small-to-vanishing exper-
imental strength usually has as its theoretical
counterpart a small-to-vanishing model strength,
but the two small numbers often differ by a factor
of =10.

We have emphasized comprehensiveness and a
unified approach in this investigation, rather than
highly accurate theoretical-experimental agree-
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ment either for a particular spectrum or a partic-
ular kind of observable. The results of our inves-
tigation indicate that with an A-independent Hamil-
tonian, one can get good if not spectacular agree-
ment for about 10 different mass-isospin systems.

This agreement is achieved not only for level en-
ergies, but also for spectroscopic factors and E2
and M1 observables. Finally, this agreement is
achieved with "realistic" effective interactions.

*Research jointly sponsored by the U. S. Atomic Ener-
gy Commission under contract with Union Carbide Corpo-
ration, and by the National Science Foundation.
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The photoneutron cross sections for 53Cr, Fe, and ~Ni have been measured near threshold
with high resolution. Nuclear states of interest were excited by photon absorption from a brems-
strahlung beam whose end-point energy was sufficient only for neutron decay to the ground
state of the daughter. Spins of resonances were assigned on the basis of angular distributions
dete'mined from the spectra for neutron emission at angles of 90 and 135', the ground-state
radiation widths I'&0 for most resonances were determined from the observed yields. Parity
assignments were based on a comparison of data with total neutron cross sections of the
daughter nuclei. The central feature of the results is an intense p-wave component whose in-
tegrated strength for all targets is greater than that of the s-wave component. In addition, an
anomalous concentration of Ml strength is observed in an intense doublet with J~ = ~ at E„
=230 keV in the cross section for 57Fe. The reduced widths for El and Ml radiation are con-
sistent with the values k&& ——0.0012 and kgf 0.019, respectively.

No evidence is found in the reactions ~~Cr(y, n) and ~~Fe(y, n) near threshold for doorway
states which have been proposed in the literature. The data were also tested for a correlation
between the reduced neutron width for s-wave resonances in each target and the corresponding
ground-state radiation widths. In no case is there evidence for a significant correlation.
Therefore the strong correlation reported between the reduced neutron widths and total radia-
tion widths for s-wave resonances in even-even target nuclei in this mass region should not
be attributed to the ground-state transition.

I. INTRODUCTION

One of the principal objectives in the study of y-
ray decay from individual highly excited nuclear
states is observation of the influence of nuclear
structure on the intensity of primary transitions.
Among the nuclear-structure effects expected are
rapid variations with excitation energy and atomic
mass of the mean intensities for both electric and
magnetic dipole transitions. The physical quantity
which is expected to reflect these phenomena is
the radiative strength function r jD for the appro-
priate multipole, where I is the average radiative
width for transitions of a given multipolarity and D
is the mean spacing of excited states whose spins
and parities are such that these transitions are al-
lowed. Because this parameter describes the aver-

age properties of radiative transitions, including
any energy or mass dependence, experimental ef-
forts have frequently focused on its measurement
and comparison with various theoretical models.

Extensive experimental information is already
available for electric dipole transitions. Although
the small number of experimental samples still
prevents decisive comparison of data with various
predictions for mass dependence, the influence of
the giant dipole resonance on E1 radiative strength
has been observed' in several nuclei; specifically,
the strength function varies more sharply with pho-
ton energy than would be expected from single-par-
ticle estimates. More detailed phenomena, such
as the existence of relatively sharp variations in
the strength of El transitions in the mass region
180&4 &208 and the energy region E&= 5.5 MeV,


