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A spherical shell-model calculation of the odd- and even-parity states of Ar is made in a full

sdpf model space. The calculation includes absolute binding energies and energy spectra, single-

neutron spectroscopic factors, and electromagnetic and beta decay observables. Agreement with ex-

periment is fairly good. Comparison is hampered by incomplete experimental knowledge and by the

presence of low-lying intruder states.

I. INTRODUCTION

Ar has low-lying odd- and even-parity levels which
are expected to arise from ' O(2s, ld) ( If,2p)' and
' O(2s, ld) '( If,2p) configurations. Previous shell-model
calculations have been performed for the states in model
spaces truncated to d3/? f?/2 (Ref. 1), d3/?(lf?/?, 2p3/?)'
(Refs. 2 and 3), and (2s, ld) (If?/2 2p3/?)' (Ref. 4). No
shell-model calculations have been reported for the even-

parity levels.
In the present shell-model study we make use of the re-

cently developed interaction SDPF, which is intended for
use in the full

' O(2s~/?, Ids/?, Id3/? ) "( If?/2~2p3/? ~ lf5/2, 2p)/? )"

configuration space. Calculations are carried out for both
odd- and even-parity states without truncation within the
two major shells which are involved. In addition to ener-

gy spectra, the results include calculations for
Cl(P ) Ar (both allowed and forbidden), one-neutron

transfer spectroscopic factors, and electromagnetic decays.
The calculations are described in the next section and the
results are considered in the following sections.

The experimental results for Ar to which we shall
compare our calculations are taken mostly from the com-
pilation of Endt and van der Leun. Results for

Cl(P ) Ar and for some y-ray branching ratios are
from the preceding paper (Ref. 7). The comparison of the
shell-model results to experiment is complicated because
of indefinite spin-parity assignments and the presence of
"intruder" states. This complexity renders the following
description less straightforward than is desirable.
Nevertheless, an investigation of Ar was considered im-
portant because it is the first nucleus below possible shell
closure at 3 -40 for which we may compare experiment
to the predictions of the full SDPF calculation for both
one and two nucleons in the (fp) shell. In fact, with the
computer resources presently available, it is also the only
nucleus in this category for which we may do this.

II. CALCULATIONS

A. The interaction

The SDPF interaction consists of the "universal" 2s, ld
interaction of Wildenthal, ' a modified van Hees-
Glaudemans' interaction for the If,2p shell, and a modi-

fied Millener-Kurath interaction for the cross-shell in-
teraction between the 2s, ld and 1f,2p shells. " The modi-
fications to these interactions are described in Refs. 5 and
12. The interaction is considered most suitable for levels
in nuclei near A -40 with 0—3 active nucleons in the fp
shell and the remainder in the sd shell.

Calculations were done with the computer program
OXBASH. OXBASH works in the m scheme but utilizes
projected basis vectors which have good J and T.

B. Electromagnetic observables

Results for electromagnetic transitions are calculated in
the form of matrix elements, M (A, ), or transition
strengths, B(A, ), for specific multipolarity X. The relation
for a transition i ~f is

(2J, + 1)B(k)= [M (A, )]' .

The B(A, ) are the conventional transition strengths (see,
e.g. , Ref. 14). They are given either in units of e fm
and p N fm fpr EL and Ml, respectively, pr
Weisskopf units (W.u. ) (Ref. 14). For 9Ar, the B(A, )

values in e fm pr pN fm corresponding tp 1 W.u.2

are 0.741, 7.857, 90.334, 1.791, and 18.977 for E1, E2,
E 3, M 1, and M2 transitions, respectively.

Another observable of interest is the mixing ratio of
I +1 to I. radiation in a specific transition. This observ-
able, designated x(L+1/L), has a meaningful sign as
well as magnitude. Experimental values are given by
Endt and van der Leun using the sign convention of Rose
and Brink, ' and we use this convention for the predic-
tions of x(L + I/L) and for the relative signs of the ma-
trix elements M(L +1) and M(L).

Electromagnetic matrix elements are calculated using
harmonic oscillator radial wave functions with the length
parameter b = (41.467lfiru) ' fm evaluated from fico

=453 ' —252 MeV. E 1 and M 2 electromagnetic
matrix elements were calculated with free nucleon opera-
tors. M1 transitions were calculated with an effective
operator derived from a least-squares fit to selected M1
transition matrix elements in the (2s, ld) shell. The fit,
described recently by Brown, ' used the USD interaction.
E2 transitions utilized the effective charges e„=1.29e,
e„=0.49e, which also result from a least-squares fit of
USD results to (2s, ld) transitions. ' E3 matrix elements
use effective charges of ep:1 5e and e:0 5e.
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C. Beta decay

For allowed Gamow-Teller (n =0) or unique first-
forbidden decay (n =1), comparison to theory is most
conveniently made via the transition strength (matrix ele-
ment squared), which we define as

B„=6166i
" .k "(f t)

(2n +1) (2)

where 27rkc, is the Compton wavelength of the electron
(kc, ——386. 159 fm). Equation (2) gives

Bo——6166/fat, 10 B~ ——2758/fit fm (3)

where fo and f i are the Fermi functions calculated with
shape factors of unity and -+2(p2+q2), respectively.
The nonunique predictions are compared to experiment
via the f value defined by f =(6166/t)BR (Ref. 17),
where BR denotes the 8 branching ratio. Allowed
Gamow- Teller (GT) transitions were calculated with an
effective operator ' ' derived similarly to the M 1 opera-
tor and also with the operator appropriate to free nu-
cleons. Calculations of first-forbidden beta decay observ-
ables use operators appropriate to free nucleons and either
harmonic oscillator or Woods-Saxon radial wave func-
tions. For the present we only quote the results of the
first-forbidden calculations; full details are given else-
where. '

D. The re1iability of the predictions

A few words about the expected accuracy of our calcu-
lations are in order. The calculations done to date ' with
the SDPF interaction give level energies with about 250-
keV root-mean-square deviation from experiment. We ex-

pect to predict medium to strong M 1, E2, and E 3 transi-
tions and GT P transitions with quite high accuracy
(within —50% in the matrix elements). ' Weak transi-
tions are usually subject to cancellation between various
contributions and thus they are not normally capable of
being reproduced with accuracy. We are usually satisfied
if the calculated values are also weak. E1 transitions are
always a problem, but especially so in the 2 -40 region,
where the active nucleons are mainly in the d3/2 and f7/2
orbits between which E1 transitions are forbidden. How-
ever, we do not wish to discount entirely our ability to cal-
culate E 1 (and E 1-like) transitions. For example, the
SDPF interaction has been used with considerable success
in the prediction of nonunique first-forbidden matrix ele-
ments' which are dominated by E1-like matrix elements
and thus depend on that part of our interaction which is
not d3/2 f7/2. A point of interes-t will be how well we do
with E 1 transitions.

E. Binding energies

In the full SDPF model space the Ar odd-parity (laic@)

spectrum extends to J"=—, and has a rnaxirnum J di-
mension of 43 at J = —, . The even-parity (2fico) spec-
trum extends to J = —, and has a maximum J dimen-
sion of 3862 at J = —,

' . With the computer resources
available to us, we were just able to diagonalize the

J = —, matrix. The odd- and even-parity spectra—
which we shall label as 1Aco and 2fico—are listed in Table
I. The E~„„ofTable I are binding energies with the
Coulomb contribution subtracted. For the shell-model
prediction this is just the calculated binding energy since
the SDPF interaction does not include the Coulomb in-
teraction. The experimental value of Ez,o„, is obtained
for the Ar —,'ground state by adding to Wildenthal's

Es„„for K the excitation energy of 6546(2) keV corre-
sponding to the J;T=—,';—,

' analog of the Ar ground
state in K (Ref. 6). The Eti„„for the —,

&
level of Ar

is then obtained by adding its excitation energy of 1518
keV in Ar (Ref. 6).

III. COMPARISON TO EXPERIMENT

A. The energy spectra

In Fig. 1 we compare the yrast states generated by the
SDPF interaction with the known high-spin states of

Ar, while in Fig. 2 the low-lying spectra are considered.
The spin-parity assignments given to the experimental lev-
els follow Endt and van der Leun with the exception of
the yrast states at 2651, 3992, 4543, and 5535 keV. The
assignments for these states are discussed in Appendix A.

Our first concern is a comparison of the absolute bind-
ing energies with experiment. As shown in Table I, the
lowest lou state (the —',

, level) is in almost perfect agree-
ment: the prediction is 54 keV too bound. Granted the
indicated correspondences between the experimental and
predicted levels (to be discussed), the predicted and experi-
mental 1hco spectra are in very good agreement. For the
even-parity states the binding energies of the high-spin
levels are in excellent agreement, but the low-spin predic-
tions are considerably overbound.

B. The yrast spectrum

The y-ray cascade commencing with the depopulation
of the 5535-keV level is the result of a fusion-evaporation
study. No other y rays were observed in this study.
The fusion-evaporation reaction is almost exclusively
selective of yrast states. The calculations very nicely ex-
plain the main features of the spectrum; namely, the

11 13 +
change in parity between the —, and —, states and the
failure to observe higher spin states (J ~ —", ). The even-

13
parity states become the yrast states at J= —, because of

ll 13
the very large energy gap between the —, and —, states
(see Table I), due to the required participation of the d5/2
orbit for J ~ —', . The failure to observe higher spin
states can be attributed to the fairly large gap between the

and —', states. The cross section for forming the
state will be down considerably as is the efficiency

for detecting its y decay (also see the discussion of Table
II below).

We are interested in how well the SDPF can reproduce
the observed y-ray decay data. Accordingly, a compar-
ison of experiment and theory is made in Table II. The
notation used in Table II is used throughout this paper;
namely, a number in parentheses following a predicted or
experimental quantity has a + or —sign if it is a power
of 10, and has no + sign if it is the uncertainty in the least
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TABLE I. The (2s, ld) (fp)' lkco spectra (left) and (2s, ld) '(fp) 2ficu spectra (right) of Ar from
the SDPF interaction. All T= ~ levels are included up to the first No. =10; above that only yrast lev-

els (No. = 1) are listed. The predicted and experimental E~„„aregiven in the first row,

E(theor)
(Mev)

—257.688
1.330
2.084
2.133
2.429
2.443
2.645
3.056
3.553
3.583
3.596
4.223
4.340
4.527
4.584
4.780
5.277
5.405
5.463
5.672
5 ~ 895
6.058
6.154
6.345
6.461
6.696
6.962
7.043
7.442
7.459
7.844
7.993
8.161
8.167
8.173
8.254
8.480
8.523
8.727
8.857
8.885
9.103
9.110

2 J'rr

3

3

3

3

3

7
11
13

1

3
15

No.

1

1

1

1

2
2
1

1

3
2
3
2
2
4
3
2
5

4
4
5

5

6
3
6
7
6
7
3
7
4
8
4
8
3
1

9
8
5

9
9
5

10
1

E(expt)
(MeV)

—257.634

E(theor)
(MeV)

—256.891
1.016
1.291
1.548
1.658
2.087
2.643
2.718
2.783
2.865
2.876
3.060
3.096
3.134
3.165
3.182
3.203
3.460
3.518
3.556
3.695
3.732
3.761
3.775
3.780
3 ~ 819
3.839
3.864
4.081
4.187
4.234
4.260
4.272
4.280
4.307
4.364
4.394
4.439
4.491
4.533
4.538
4.562
4.573
4.621
4.621
4.735
4.748
4.789
6.623

11.005
11.817
20.218

2J'rr

3+
1+
7+
3+
5+
1+
3+

11+
7+
5+
9+
3+

13+
7+
1+

11+
5+
3+

15+
3+
5+
]+
5+
7+

»+
9+
3+
7+
5+

13+
9+
7+
9+
7+

11+
9+
5+
3+
5+
3+

11+
7+
9+

»+
1+
7+
3+

17+
19+
21+
23+
25+

No.

1

1

1

2
1

2
3
1

2
2
1

4
1

3
3
2
3
5

1

6
4
4
5
4
3
2
7
5

6
2
3
6
4
7
4
5

7
8

8
9
5
8

6
6
5

9
10

1

1

1

1

1

E(expt)
(MeV)

—256.116

significant figure. Asymmetric uncertainties are given as
(upper/lower).

First consider the» and» levels. From Fig. 2 we
+

see that for both of these levels there are two candidates

amongst the known experimental levels below 3.4-MeV
excitation. These candidates are the 2342- and 2524-keV
levels, both of which were fixed as —, , —,, or —, by Ster-
renburg et al. , who reported the results shown for these
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two levels in Fig. I and Table II. These results are dis-
cussed in Appendix A. Almost all the known properties
of these two levels are similar enough so that it is hard to
choose which is —, and which —, . We make the choice7 + ~ 9

shown because the angular correlation results (Appendix
A) give a poor fit (X &3.5) with J = —, for the 2524-
keV level unless the M2 component in the 2524~0 tran-
sition has a strength ) 1.5 W.u. Such a large strength is
unlikely in any event and especially in view of our predic-
tion of 0.035 W.u. (see Table II). We note that if the
correspondence were reversed so that the 2342-keV level
was —, and the 2524-keV level was —,', the quality of
the agreement to the SDPF electromagnetic predictions
would be improved for each level by about a factor of 2.
With the present choice, we do not regard the disagree-

7+ 7—
ment in the —, ~—, E1 rate as serious. As was dis-
cussed in Sec. IID, we do not expect to calculate small
E1 rates with any accuracy. The M1 strength of the
9 7 transition is predicted to be -6 times too large,

which is adequate for a quite small matrix element. The
most serious discrepancy is in the E2 component of the

transition. We return to this subject below.
For the higher-spin yrast states the predicted branching

ratios nicely reproduce the experimental situation; i.e., no
E2 crossovers are observed. However, for the unobserved

state the crossover is predicted to be dominant. Be-
cause of the inverse dependence of detection efficiency
with y-ray energy, this would render formation of the

19 +
state even more difficult to observe. The strengths of

the dipole decays predicted for the —", , —, , and —,

ig+ 742 I

3056

3266 ( i,3)
3 I 60 (5,7) „

I 3062 (5,7)

338i
336I~(3.5)
3287 I

+

3440

r( pS)

I
5535 (i?)

I 2 (3) 3992

3448

(9, iS&'

9+

(?—17)

I 6 (3) 4543 " 7'I I'I5
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/248 I

/

7 / 2433
/

/
/

2093
5

1267

5
II
3=(5.7.9 )
7

I5I8 3+

(3+,5)
+l, I

I

2503 (35)- i 5'

2342 (5,79 ) i
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FIG. 1. Yrast spectra of Ar. Levels are labeled by 2J .
The lowest-lying predicted levels with 2J& 7 are shown for both
even and odd parity up to 8-MeV excitation. The experimental
data are either from Endt and van der Leun (Ref. 6) or are dis-
cussed in Appendix A.

FIG. 2. The low-lying levels of Ar. Levels are labeled by
2J . All predicted and experimental levels up to 3.4-MeV exci-
tation are included. The experimental data are from Endt and
van der Leun (Ref. 6) or are discussed in Appendix A. The indi-
cated correspondences between the calculated and experimental
levels are discussed in the text. Levels proposed as intruders,
i.e., predominantly from configurations outside our model
space, are labeled by asterisks and are also discussed in the text.



2282 E. K. WARBURTON 35

states are in adequate agreement with experiment. It
would be of interest to understand these decays in terms
of the wave functions of these levels; however, this is dif-
ficult to do with an I-scheme shell-model program. The
reader is referred to the quite illuminating discussion of
these states given by'Keinonen et aI. ; our results tend to
support their intuitive picture of these yrast states.

The E2 —, , ~ » transition is predicted to be 3.4
times stronger than is observed. This discrepancy is rem-
iniscent of that for the E2 component of the»»
transition alluded to above. Keinonen et ah. discussed
the» ~ » transition in terms of an extreme weak-11 7

coupling picture. In this model the E2 strength should be
equal to that of the Ar 2+~0+ core transition. The

Ar E2 strength is 3.0(2) W.u. , which is in fair agree-
11 7

ment with our prediction for the» ~ » transition;
i.e., our results are in accord with the weak-coupling pic-
ture. E2 transitions of moderate and higher strength are
among the most reliable predictions of shell-model calcu-
lations. Thus failure to reproduce these two E2 rates in

Ar is a clear signal of either experimental difficulties or

strong departures from the assumed shell-model configu-
rations (and from a weak-coupling description).

C. The low-lying spectra

I. Spectroscopic factors

The 1k' levels. The SDPF predictions for the single-
neutron spectroscopic factors of Ar + n~ Ar, S„+,and

Ar —n~ Ar, S„, are listed in Table III for the first
five states of the relevant J . S„values for the odd-
parity states are not listed. They are all negligible
(S„&0.01) except for —,

&
and —,

&
. The values for these

two states are included in the comparison to experiment
of Table IV. The experimental values in Table IV are tak-
en from the evaluation of Endt when given. Otherwise
they are our estimates of the best values and uncertainties
of the data compiled by Endt and van der Leun.

The SDPF predictions for the 1%co states are very simi-
lar (relative to the experimental uncertainties) to the previ-
ous results of Woods and Gloeckner et a/. This is not
surprising since spectroscopic factors are not as sensitive
to truncation of the model space and variation of the ef-

TABLE II. Ar yrast decays, theory (SDPF) and experiment (Expt. ).

Initial state Final state
2J Ez (keV) 2J E~ (keV) Ey (keV)

M(x)b
SDPF SDPF

a(k)b
Expt. '

Branching ratio (%)
SDPF Expt.

2342 2342 E 1 —1.490[—2]
M2 2 297[+0]

3.744[—5]
3.475[—2]

x = —0.033 x = —0. 10(17)

2524 2524 M 1 —7.808[—1]
E 2 2.026[+ 1]

3.405[—2]
5.224[+ 0]
x = —0.55

5.4(17)[—3]
2.8(17)[—1]

x = —0.32(10)

100

2651 0
2342

2651 E2
Ml

1.600[+ 1] 2.715[+0]
1.874[+0] 1.634[—1]

0.79(16) 96.9
3.1

100

11+ 3448 9
11

2342
2651

El
El

5.169[—2]
1.406[—2]

3.003[—4]
2.222[—5]

97.3
2.7

13+ 3992 2651 1341 8.559[—2] 7.059[—4] 2.9(7)[—4] 100 100

15+ 4543 11+
13+

3448
3992

1095
551

E 2 1.710[+1]
M 1 —2.374[+0]
E 2 1.852[+ 1]

2.326[+0]
1.967[—1]
2.728[+0]
x = —0.01

1.2(2)[—1]

i
x

[
&0.07

0.3
99.7 100

17+ 5535 13+
15+

3992
4543

1543
992

E2
Ml
E2

1.845[+0] 2.407[—2]
1.949[+0] 1.179[—1]
7.556[+0] 4.037[—1]

)0.32[—1]
0.1

99.9

19+ (7421) 15+
17+

4543
5535

2878
1886

E 2 2.391[+1]
M 1 —4.733[—1]
E2 2.485[+0]

3.638[+0]
6.256[—3]
3.929[—2]
x = —0.0$

82. 1

17.9

'Not necessarily established, but assumed for present considerations.
The units of M(A. ) are pNfm ' and e fm for ML and EL transitions, respectively. The units of B(A. ) are Weisskopf units (W.u. ).
M(k) =(2J;+1)B(k). For the SDPF predictions, the power of 10 is given in square brackets as denoted by giving the sign (+ or
—) explicitly.
Values in parentheses give the uncertainty in the least significant figure; those in square brackets are the power of 10, i.e.,
—1.490[ —2] = —1.490 X 10 . See Appendix A for a discussion of the data.
"The SDPF prediction.
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TABLE III. Predicted (2J+ 1)S„+ spectroscopic factors for the reaction ' Ar(d, p)' Ar leading to 1Aco

states and S„spectroscopic factors for Ar(p, d)' Ar leading to 2%co states. The first fives states, or-
dered by energy, are listed for each J.

State

(2J+1)S+
2J

S„
2 J7r

3+

1.06
0.91
5.0[—4]
1.3[—3]
1.3[—3]

3.05
0.71
0.05
0.08
0.07

0.06
6.4[—4]
0.07
0.09
3.2[—3]

7.10
0.78
0.13
0.05
0.03

0.170
0.657
0.021
0.202
0.015

2.88
0.251
0.033
2.7[—3]
3.3[—3]

0.045
0.319
0.070
0.132
0.079

fective interaction as the matrix elements of dipole y tran-
sitions and beta-decay can be. The agreement with experi-
ment for the lkco states (Table IV) is quite satisfactory up
to 3-MeV excitation if we identify the 2433-keV level as
an intruder (presumably 3fico). Woods came to the same
conclusion regarding this state. The evidence for this
identification is not only from Table IV, but also from the
energy spectra of Fig. 2. Here we see that there are too
many experimental odd-parity levels in Ar below 3-MeV
excitation relative to the 1Aco calculation. If there is a
low-lying —, 3Acu state then —from the known systemat-

3

ics of neighboring nuclei (see Table V)—we expect low-
lying —, and —, states as well ~ Candidates for these two
states are also indicated (asterisks) in Fig. 2.

It can be inferred from Table III (with the aid of Table
I) that the only appreciable S„strength predicted to lie in
the region of excitation between -3 and 6 MeV belongs
to the —, , and —,2 states. Experimentally, two states
with appreciable l„=1 spectroscopic strength have been
observed in this region in three different investiga-
tions. The weighted average excitation energies of
the states involved from two of these studies ' are
3258(9) and 4375(9) keV. There is no evidence ruling
against a —, assignment for the 4375-keV level. The

3258-keV level is another matter. Sterrenburg et al.
measured angular correlations in the Ar(d, py) Ar reac-
tion and found an anisotropic angular distribution for a
3266~0 y transition, thus ruling out J= —, for the state
they placed at 3265.6(3) keV. On the other hand, Fitz
et al. and Sen et al. assigned ~ to the 3258-keV lev-

el on the basis of the observed (d, p) angular distribution
and the Lee-Schiffer effect. Our predictions strongly
support the —, assignment of Fitz et al. and of Sen
et al. The solution to the discrepancy may be the ex-
istence of a —, , —, doublet at 3.27 MeV in Ar. The —,

'

state would then be responsible for the observed l„=1
(d,p) angular distribution, while at backangles
(8„=160'—172'), where the protons were detected in the
(d,py) experiment, both members of the doublet could be
involved. It is also possible, but less likely, that the (d,py)
experiment is in error. We anticipate the discussion of
electromagnetic decays to note that the SDPF prediction
for the y decay of the —,

'
I state —if it is at 3258 keV—is

for a mean life of 9 fs and branching ratios (&0.1%) of
98.8% and 1.1% to —,', and —,2 . These predictions hap-
pen to be in excellent accord with the known decay modes
of the 3266-keV level as observed by Sterrenburg et al.

The 2%co leuels. The nonzero experimental S„+ values

TABLE IV. Experimental single-neutron stripping (S„+)and pickup (S„)spectroscopic factors for Ar levels.

2 J1T E„(keV) (2J + 1)S+
Experimental'

I„ S„ 2J
SDPFb

E„(keV) (2J+ 1)S„+ S„
7
3
3+
5
1+
3
7

(3,5)+
3
1+
3
1+

(1,3)

0
1267
1518
2093
2358
2433
2482
2503
2631
2830
3266
3287
4375

5.1(10)
2.28(36)
0.24(12)
0.10(3)
0.06(2)
0.09(4)
0.62(15)

0.82(15)

1.0(20)

0.80(20)

1.2(2)
0.10(2)
2.0(3)
0.08(5)
1.0(4)

0.03(2)
0.02(2)

0.19(10)

7]
3]
3]
5]
1+
c

72
5+

32
1+

1]
1+

lp

0
1330
797

2084
1813

c
2429
2455
2443
2884
3056
3962
4340

7.10
3.05

0.06

c
0.78

0.71

1.06

0.91

1.85
0.09
2.88
0.00
0.17

c
0.00
0.05
0.00
0.66
0.00
0.02
0.00

'From Ref. 21 when given; otherwise our estimate of the best value from the data compiled in Ref. 6.
Jk is chosen to best describe the data; the choice is discussed in the text. k orders the levels of J by energy.

'Assumed to be a 3Rcu intruder.
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Nucleus

"Ar
"Ca
"Ca
4'Sc
4'Sc

3J77
2

2433
2330'
2103

472
377

s
2

2756
2575
1931

845
720

3160
2959
2067
1408
1409

'Mixture of the 1943- and 2462-keV levels which share the S„+

p 3/p spectroscopic strength.

+ ) +
for the 2, and 2 &

levels signal 2%co admixtures in the
Ar ground state and remind us of the deficiencies of our

model space and the expected presence of 3Aco admixtures
in the 1Acu levels.

The S„predictions for the known or possible —, and
5 +

states agree satisfactorily with experiment. We note
the same trend as for the 1%co states; i.e., the calculations
give values somewhat too large for both 5„+ and 5„.
This suggests a sharing of the spectroscopic strength with

+
intruder states. For the —, states we have a serious

disagreement with experiment for the distribution of
strength. However, the summed S„strength to the

+
lowest three —, states is 1.2(4) experimentally and 0.85

calculated, in satisfactory agreement. It would appear
that the SDPF interaction somehow admixes these three
states incorrectly.

2. Electromagnetic decays

Comparison between theory and experiment for the
electromagnetic transitions connecting the low-lying states
of Ar is complicated by indefinite spin-parity assign-
ments and by the probable presence of intruder states. Be-
cause of these factors we give, for present and future use,
rather extensive lists of electromagnetic matrix elements.
These are collected in Appendix B. Comparison is also
difficult for those levels with unknown mean lives. (A
compilation of lifetime information for the low-lying
states of Ar is included in Appendix A. ) Ideally, we

prefer a comparison to transition strengths (or even better,
matrix elements) of definite multipolarities and we make
this comparison when possible. For levels with unknown

lifetimes we are reduced to a comparison of branching ra-

tios. We start our comparison with the ground state and
first two odd-parity excited states.

The ground state, 1267-, and 2093-keV levels. The mag-
netic moment of the —', ground state is —1.80 pN ac-

cording to the SDPF and —1.3(3) pN, experimentally
(Ref. 6).

The 1267-keV —, first-excited state is predicted to de-

cay by an E2 transition of 3.20 W.u. corresponding to a
meanlife of 9.9 ps as compared to the experimental limit
of &700 ps.

For the third-excited —,
' 2093-keV level we find a

meanlife of 30 fs compared to the experimental limit & 50

TABLE V. Probable low-lying intruder states in some

A =39—45 nuclei.

E„(keV)

fs. The branching ratios are calculated to be 95.2%,
4.6%, and 0.2% to», », and», respectively. Ex-7 3 3 +

perimentally, these are 96.1(8)%, 3.9(8)%, and &0.7%.
The —, ~—,

' E2/M1 mixing ratio is + 0.17 from the

SDPF and + 0.21(6) experimentally. It can be said that
the agreement for these three levels is excellent.

The 2632- and 2481-ke V levels. Of the states associated
with the lhasa model space in Fig. 2, these are the only
ones below 3-MeV excitation whose y decay we have not

yet discussed. Results pertaining to the y decay of these
two levels are collected in Table VI. For the 2632-keV

3
level the agreement with an assignment as —,z is satisfac-

tory. Weak transitions are predicted as such and the only
relatively large B(k)—that for the M 1 2632~2093
transition —is reproduced within a factor of -2.

For the 2481-keV level the agreement is quite good.
The distinctive factor in the decay of this level is the al-

most vanishing M 1 component in the ground-state
branch. We see that the prediction is also for a very small
M1 strength, and the moderate E2 strength is repro-
duced. The moderately strong 2481~2093 M 1 strength
is also reproduced to within a factor of 2. Note that so
far there are no disagreements in the signs of x (I. + I /I )

mixing ratios.
The 1518-, 2503-, and 2950-ke V levels. Electromagnet-

ic decay results for these three levels are collected in Table
VII. For the» 1518-keV level the strong M2 ground-

state decay is reproduced quite well, but x(E2/M2) is

about 4 times too small, indicating poor agreement for the
E 3 matrix element.

The 2503- and 2950-keV levels are the only two candi-
+ s +

dates below 3.3-MeV excitation for the —,z and» states

predicted at 2345 and 2455 keV, respectively. The identi-
fication of the 2503-keV level as» and the 2950-keV

+
level as —,z is tested in Table VII. The most dominant

matrix element in the decay of these two levels is that for3+ s+
the M 1» ~ » transition. This is reproduced very

well by the calculation, but we note that the same domi-
nance would pertain if the identification were reversed. A
strong disagreement exists for the 2503~0 transition, but
the overall agreement is quite satisfactory. Note that once
again the signs of the predicted mixing ratios are con-
sistent with observation.

If we reversed the identification of the levels so that the
2950- and 2503-keV levels were —, and —, , respectively,
the agreement is somewhat weakened, but not enough to
make a good distinction between the two choices.

The 2358- and 2830-keV /evels. These are the last two
states below 3-MeV excitation whose y decays we wish to
consider. Both levels are assigned —,

' and we associate
+ +

them with» and —,z . Only lifetime limits are known.
We calculate v=5. 6 and 0.68 ps while the experimental
limits are &0.6 and & 1.0 ps, respectively. The only sig-
nificant branches ( & 0.3%) for the 2358-keV level are cal-
culated as 40% to the —, 1267-keV level and 60%%uo to the

1518-keV level. Both the E1 and M1 rates are weak
and thus unreliable. The E1 rate could easily be —10
times larger, which would then give approximate agree-
ment with the experimental branches of 94.9(4)% and
5.1(4)%, respectively. Significant branches ( & 0.3%)



35 STRUCTURE OF Ar 2285

from the 2830-keV level are calculated to be 35% to —, ,

and 57% to —', , , as opposed to 49.2(8)% and 42.8(8)%,
respectively. The agreement is good, but note the total ra-
diative width thus predicted is 50% larger than the exper-
imental limit.

We pointed out earlier that the predicted spectroscopic
] +factors S„ for the —, states were strongly at odds with

experiment. For instance, better agreement would result
if the wave functions of the first two —,

' states were in-
terchanged. In view of this, it is interesting to see if the
electromagnetic decays can actually distinguish one state
from another. If we reverse the wave functions associated
with the 2358- and 2830-keV levels, then the 2358-keV
level has a calculated meanlife of 2.4 ps and branches to
the» and» states of 46% and 54%, respectively,3 +

while the 2830-keV level would have a calculated meanlife
of 1.2 ps and branches to the —, , and» states of 25%3 3 +

and 75%, respectively. The agreement with experiment is
just as good as observed previously. We conclude that the
electromagnetic decay modes are relatively insensitive to+ ] +
interchange of the» and —,z wave functions and they
do not give much help in understanding the structure of
the 2358- and 2830-keV levels

3. ~ Cl(/3 )3 Ar

Allowed decay. The predictions for the transition
strengths of allowed GT decay of J = —,

' ' Cl to the
first five Ar states of —,', —', , and —', are collected in

Table VIII. Comparison to the experimental results of
Ref. 7 (preceding paper) is made in Table IX. The most
noticeable feature of these results is the smallness of Bo
values. The mean value for 10 Bo in the (2s, ld) shell
compilation of Ref. 18 is -600. For the small Cl Bo
values good agreement with experiment in individual
cases would be largely fortuitous; however, the summed
GT strength, g&BO, for the first five states of Table IX is
predicted to be -3 times too large and this may be a
cause for concern.

An understanding of the weakness of these decays can
be obtained by comparison to the sum-rule limit and to a
hypothetical Cl(/3 ) Ar decay. For both Cl and Cl,
the effect of Pauli blocking on /3+ decay is absolute for
the (2s, ld, 1f,2p) model space, i.e., the summed /3+ transi-
tion strength is zero and the usual Gamow-Teller sum
rule' becomes

QBO ——( 1.26) 3(X;—Z; ) .
f

Summing over the fifteen final states of Table VIII, we
find 1.4% of the sum rule. This a very small value indeed
(compare Fig. 3 of Ref. 18). For the hypothetical

Cl(/3 ) Ar decay to the first five —,', —, , and —,
' fi-

nal states we find 13.4%%uo—some 10 times more, but still
quite small. We explain this reduction from Cl to Cl
as follows: The Cl decay is strongly dominated by
(2s, ld) transitions, with (lf, 2p) transitions hardly in-
volved at all. [One reason for this is that the low-lying

TABLE VI. Electromagnetic decay of the 2632- and 2481-keV levels of ' Ar. (BR denotes branching ratio. )

Initial state'
2Jk E„(keV)

Final state'
2Jk E„(keV) Ey (keV) Quantity

8 (A, ) or x (L + 1/I )'
Expt. SDPF

BR (%)
Expt. SDPF

32 2632 7]

3] 1267

2632

1365

8(E2)
8(M 1)
8 (E2)
x (E2/M 1)

& 9.6[—3]

& 7.7(4)[—4]
& 1.3(8)[+ 1]

2.60[—1]

3.76[—6]
1.45[—1]

—4.68

& 0.7

5.7(8)

15.6

0.4

5]

1518

2093

1114

539

~(expt) = 1.0(14/4) ps

8(E1) 8(5 )[ —5]

1.6(10)[—1]B(M1)
8 (E2)
x (E2/M 1) —0.07(14)

~(SDPF) =0.49 ps

4.11[—5]

3.31[—1]
5.93[—1]

—0.01

13.4(10)

81.0(20)

3 ' 3

80.7

72 2481 7f

31 1267

2481

1214

B(M1)
8(E2)
x(E2/M1}
8 (E2)

& 3.0[—4]
1.8(7)[+0]

+ [0.14(10)]

(3.8

3.46[—3]
2.02[+0]

+ 1.10

1.39

82.5(6)

(3

85. 1

0.9

2093

~(expt) =500(190) fs

B(M1) 1.9(7)[—1]
8(E2) & 1.0[+2]
x (E2/M 1) —0.03(12)

~(SDPF) =244 fs

3.09[—1]
1.75[+0]

—0.02

17.5(6) 14.0

'The index k orders the states of a given J by energy. The E„are the experimental states with which the shell-model states are iden-
tified for purposes of this comparison.
The B(A.) are in Weisskopf units.

'The phase convention is that of Rose and Brink (Ref. 15).
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TABLE VII. Electromagnetic decays of the 1518-, 2503-, and 2950-keV levels of Ar.

3+ 1518

Initial state'
2JI, E„(keV)

Final state'
2JI, E„(keV)

7]

E, (keV)

1518

3] 2501267

~(expt) =1.37(7) ns

Quantity

B(M2)
x (E3/M2)

B(E1)

1.56(9)[—1]
—20(4)

1.70[—1]
—0.05

0.79[—5]2.14(12)[—5]
~(SDPF) =2.01 ns

B(A) or x(L+1/L)'
Expt. SDPF

45.9(8) 71

54.1(8) 29

BR (%)
Expt. SDPF

5+ d
1 2503 7]

3]

3+

1267

1518

2503

1236

986

B(E1)
B(M2)

B(E1)
B(M 1)
B(E2)
x (E2/M 1)

& 9(3)[—8]
& 7(2)[ —2]

8.4(27) [—6]

2.0(6)[—2]
4.8(22)[+0]

—0.27(5)

1.01[—4]
2.13[—1]

9.12[—5]

1.83[—2]
2.98[+0]

—0.22

0.24(3)

2.7(2)

12.8(2)

pe

23

66

5) 2093 411
~(expt) = 1.45(45) ps

B(E1) 1.15[—3]3.6(12)[—4]
w(SDPF) = 1.14 ps

4.3(3)

3+ d
1 2950 7]

1267

2950

1683

B(M2)
B(E3)

B (E1)

( 1.3[+0]
& 7.66[+2]

(3.4[—5]

4.44[—1]
4.84[—1]

&2

1.40[—8] & 5

0.9

0.0

1518

2093

1433

858

B(M1)
B(E2)
x (E2/M 1)

B(E1)

1.13(64)[—2]
1.5(14)[+0]

+ 0.29(18)

(2.1[—4]

2.25[—2]
1.20[+0]

+ 0.18

6.6[—4]

48.6(10)

&4

72.4

15.4

5+ d
1 2503 447

~(expt) =430(400/170) fs

B(M1)
B(E2)
x (E2/M 1)

4.3(25) [—1]

) —0.27

1.30[—1]
1.13[~0]

+ 0.02

w(SDPF) =336 fs

51.4(10) 12.3

'The index k orders the states of a given J by energy. The E are the experimental states to which the shell-model states are identi-
fied for purposes of this comparison.
The B(k) are in Weisskopf units.

'The phase convention is that of Rose and Brink (Ref. 15).
Assumed in this comparison.

'Assumed value.

3 +
2

5+
2

67.4
0.9

45. 1

12.2
0.2

86.3
1.1
1.3

13.4
146.4

35.2
10.3
19.1
2.7

120.0

37.3
0.3

27.3
6.3
0.2

49.2
0.6
0.6
6.0

86.1

20.6
5.1

11.0
1.4

73.2

TABLE VIII. Cl(P ) Ar Gamow- Teller transition
strengths for the lowest five ' Ar states of the three allowed J
values. The two different results are described in the text. The
index k orders the states of a given J by energy.

J k 10 Bo (free) 10 Bo (effective)

+
2

+
2

5 +
2

+
22

+
22
] +
23

E
(keV)

1518

2358

2503

2830

2950

3287

10'Bo
Expt.

13.74(6)

4.34(32)

6.68(54)

8.85(97)

0.88(15)

&10

SDPF

49.2

37.3

20.6

0.3

0.6

27.3

TABLE IX. Comparison of the predicted Gamow- Teller
strengths for Cl(f3 ) Ar with experimental results (Ref. 7).
The identification of the experimental states is that of Fig. 2.
The SDPF results are for an effective operator and are from
Table VIII.
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TABLE X. First-forbidden nonunique beta decay of 2
' Cl to ' Ar 2 and 2 levels.

f(SDPF)'
2J lr

3

5

5

E„(keV)

1267
2433
2632

2093
2756

f(expt)

8.3(30)[—2]
& 1.1[—4]
& 5.3[—4]

& 1.6[—4]
& 9.6[—5]

HO

4.10[—2]
4.30[—5]
4.24[—5]
8.30[—4]
1.51[—4]
8.12[—6]

WS

3.02[—2]
3.17[—5]
3.08[—5]
5.75[—4]
1.58[—4]
9.53[—6]

Rankb

0, 1,2
0.1,2
0, 1,2
0, 1,2
1,2
1,2

Remarks

R 1+R 2 & 0.03-R 0
Assumed 32

Assumed 32
Assumed 33
R 1 &0.05-R2
Assumed 52

'HO and WS correspond to harmonic oscillator and Woods-Saxon radial wave functions, respectively.
'The tensor ranks of the matrix elements which can contribute to the transition. The matrix elements of
rank 0, 1, and 2 are designated as R 0, R 1, and R 2, respectively (see Ref. 17).

states of (2s, ld) '(lf, 2p) are found to be dominated by
wave functions with two neutrons in the (lf, 2p) shell. ]
Then the question reduces to the effect of the coupling of
the two (lf, 2p) nucleons to the A =37 core. The J di-
mension for Ar in the (2s, ld) ' space is of order 20, as
compared to order -2000 in Ar in the (2s, ld) '(lf, 2p)
model space. Clearly, the GT strength is spread over
many more Ar states and since the density of low-lying
states is roughly the same for Ar and Ar, the expected
strength energetically available to )33 decay is greatly re-
duced.

First forb-idden decay. The unique first-forbidden decay
of —,

' Cl to the —', Ar ground state was satisfactorily
explained by Towner et al. ,

' who started with a basic
(d3/2f7/2) model space, but used perturbation theory to
include the full (2s, ld, 1f,2p) space in the initial state and
ground-state correlations in the final state. They obtained
B& ——1.1 fm, as opposed to the experimental value of
1.3(4) fm . In our calculation, ground-state correlations in
the final state are not included. From the work of Town-
er et al. ' we know that ground-state correlations give a
largely state-independent reduction of B& by a factor of

TABLE XI. Results extracted from the ' S(a,ny) Ar angular correlation measurements of Ref. 25.

E;

2342

2503

2524

2651

2950

5
2

7
2

9
2

3 +
2

5+
2

5
2

7
2

9
2

3
2

5

2

7
2

9
2

11
2

3 +
2

5 +
2

3+
2

5 +
2

Ef

1518

1518

2503

7
2

3 +
2

7
2

7
2

3 +
2

5 +
2

3 +
2

x(L +1/L)

+ 1.0(5)

—0.10(17)

—0.47(6)

+ 0.13(10), or
~

x
~

~4.7

—0.27(5)

—0.27(5)

+ 0.23(7), or —1.7(4)
—0.32(10)

+ 0.09 & x & 1.2

+ 0.27& x &2.0
—2.3 & x & +0.27
—0.36(14)

+ 0.00(9)

+ 0.29(18), or
~

x
~

&2.7
—0.06(6)

& —0.27

—0.36(18)

2
+min

1.8

0.0

1.0

0.3, 0.2

0.3

2.5

1.8, 1.3

3.3

1.5

1.7

0.0

2.3

0.07

0.0

0.0

0.0

0.07
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-4.2 in 3 -37—43 nuclei. Applying this quenching to
our calculation, we obtain B

&
——1.1 fm when harmonic

oscillator radial wave functions are used and B& ——1.2 fm
for Woods-Saxon radial wave functions. These results are
in nice agreement with Towner et aI. ' and with experi-
ment. The transition strength for the decay to —', z (iden-

tified as the 2481-keV level) is calculated as B&-0.13
fm, which is consistent with the experimental limit of
(0.8 fm (Ref. 7). Predicted B, values to —',

k (k =3,4, 5)
states are 4.12&10, 2.67& 10, and 7.31& 10 fm,
respectively.

Comparison with experiment for the nonunique first-
forbidden decays to the possible —, , —, , —,

' states below
3.0-MeV excitation is made in Table X. The only ob-
served branch, to the 1267-keV level, is explained quite
well by the calculations. Note that the decay is dominated
by a 2p3/2 + ld3/2 transition and so is a good test of that
part of our interaction not involving the usually dominant
1f7/2 subshell. The other predictions are seen to be con-
sistent with the experimental limits, especially if the
2433-keV level is identified as an intruder and the 2632-
keV level as —,2, as we have done.

IV. SUMMARY

Our understanding of the nuclear structure of Ar via
the shell model has been extended by a calculation in the
full (2s, ld)(lf, 2p) space for both odd- and even-parity
states. The calculation explains the observed yrast spectra
quite well. Comparison to experiment for the low-lying

TABLE XII. Ar spin-parity and mean lifetimes from Ap-
pendix A or Ref. 6.

1%co states is complicated by the presence of "intruder"
states which presumably arise from ' O(2s, ld) (lf, 2p)
configurations. Three of these states are identified with
reasonable certainty. In our comparison to experiment we
must keep in mind the possible effects of mixing between
the lb' and 3~ states, although, to some degree, our ef-
fective interaction includes some recognition of this mix-
ing.

It is hoped that this study will stimulate further experi-
mental work on the spectroscopy of Ar. There is a gen-
eral need for definite spin-parity assignments and level
lifetime measurements. In addition, we have pinpointed
one severe experimental discrepancy, namely the spin and
(d,p) spectroscopic strength of the 3266-keV level. This
discrepancy in the spectroscopic strength was noticed pre-
viously in a comparison of the even-parity states of S-

Ar- 'Ca (Ref. 34).
The agreement of our predicted electromagnetic rates

with experiment is only fair. There are several unex-
plained discrepancies for E2 rates. E1 rates are extreme-
ly small experimentally and, not surprisingly, are predict-
ed to be small. Other than this, the E1 predictions are
essentially of no quantitative value. They are presumably
influenced by admixtures of configurations from outside
our configuration space and perhaps by spuriosity.

It appears to us that the next critical steps in our under-
standing of the spectroscopy of the low-lying states of

Ar are (1) the determination of spins, parities, and life-
times, and (2) a reliable identification of intruder states,
perhaps with the aid of multinucleon transfer reactions
such as Ar(' 0, ' 0) Ar and S(a,n) Ar as well as via
model calculations.
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E„(keV)

1267

1518

2093

2342

2358

2433

2481

2503

2524

2632

2651

2756

2830

2950

3062

3160

3266

3287

5 7 9
2 ~2~2
I +
2

3
2

3+ 5+
2 ~ 2

5 7 9
2 ~2~2
3
2

11
2

5
2

& +
2

3+ S

2 ~ 2

5 7
2 7 2

5 7
2 7 2

I 3
2 ' 2

& +
2

&0.7 ns

1.37(7) ns

&50 fs

170(30) fs

) 600 fs

1.00(45/20) ps

500(190) fs

1.45(45) ps

330(100) fs

1.0(14/4) ps

1.0(2) ps

170(60) fs

) 1.0 ps

430(400/170) fs
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2.0(20/7) ps

&70 fs

360(400/150) fs
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APPENDIX A: ANALYSIS OF SOME
PREVIOUS EXPERIMENTS

1. S(a, ny) Ar angular correlation measurements

A very important contribution to the spectroscopy of
the low-lying Ar levels is the S(a,ny) Ar angular
correlation and level lifetime study of Sterrenburg et al.
The (a, ny ) correlations were measured in a collinear
geometry and were analyzed to give unambiguous spin-
parity assignments to eight Ar states below 3.3-MeV ex-
citation. Multipole mixing ratios, x (L +1/L), were also
given for the main y-ray decays of these levels. For seven
other levels ambiguities remain in the spin-parity assign-
ments and L + 1, L mixing ratios were not explicitly
given. However, the angular distribution coefficients
from a Legendre polynomial expansion were given and
thus it is possible to extract mixing ratios for various as-
sumptions of the spins involved. These mixing ratios
provide information which we wish to compare to the
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TABLE XIII. Electromagnetic matrix elements, M(A, ), between 1' of ' Ar. The units and defini-
tion of M(k) are given in the text. When allowed, M1 (top) and E2 (bottom) matrix elements are
given; otherwise the allowed M(A, ) is given.

M(A, )

nf
3

1

2 1
1

2

2
3

1

2 + 1.248[+0]
9.145[+0]

—8.365[—I]
2.657[+0]

—3.305[—2]
3.137[+0]

1.981[—I]

+ 7.505[—I]
1.371[+0]

+ 1.279[—I]
2.541[+0]

+ 1.544[ —I]
1.326[+0]

2.806[—I]
2.792[—I]

—1.083[+0]
1.656[+0]

—1.387[+0]
1.226[—2]

—3.012[—I]
8.000[+0]

3.966[—2)
8.877[—2]
1.089[+0]

+ 1.346[—I]
2.066[+0]

+ 9.371[—2)
2.730[+0]

—2.137[—2]
4.688[+0]

8.593[—3]
5.316[—2]
4.891[—2)

+ 6.952[—I]
5.856[+0]

—1.064[+0]
6.790[+0]

+ 1.160[—I]
6.147[—I]

3 — 3
12 2

—5.188[—3]
2.132[+0]

+ 1.484[—I]
9.243[+0]

+ 3.112[—I]
1.592[—I]

+ 1.720[—I)
2.734[—I]

—2.968[—I]
6.369[—I]

—9.855[—I]
2.208[+0]

+ 4.436[—2]
4.583[—I]

+ 1.471[—I]
2.817[—I]

—1.138[+0]
6.475[—I]

3
2

3
2

5
2

7
2

+ 9.693[—I]
1.471[+0]

—2.895[—2]
1.070[+ I ]

—3.708[—I]
2.774[+0]

1.003[+ I]
9.338[+0]
1.022[+ I]

—1.540[+0]
4.3 17[+0]

+ 2.596[—2]
2.269[+0]

—3.680[—I]
6.989[+0]

2.859[+0]
3.397[—I)
4.041[+0]

—3.608[—I]
4.044[+0]

—2.095[+0]
3.254[+0]

—4.293[—I]
1.788[+0]

6.003[ —I]
6.213[+0]
1.727[+0]

~ 1.348[+0]
6.129[+0]

—3.728[—I]
5.207[—I]

+ 2.552[+0]
2.524[—I]

2.010[+0]
8.370[+0]
3.103[+0]

+ 5.059[—I]
1.245[+0]

—1.063[+0]
4.378[+0]

+ 1.429[—I]
2.892[+0]

2.451[—I]
2.411[+0]
2.703[+0]

5 — 5
12 2

—1.899[—I]
8.128[—I]

+ 2.232[—I]
8.578[+0]

—1.218[+0]
3.509[+0]

+ 1.994[—2]
1.845[+0]

+ 1.526[+0]
4.307[+0]

+ 3.988[—I]
4.326[+0]

—6.389[—I]
3.748[+0]

7
2

7
2

5
2

7
2

+ 1.074[+0]
1.021[+I]

+ 6.673[—2]
6.185[—I]

—2.104[+0]
1.048[+ I]

—1.049[+0]
6.905[+0]

+ 2.227[—I]
1.128[+ I ]

—2. 143[—I]
3.324[+0]

—2.146[+0]
4.229[+0]

+ 4.819[—2]
8.886[—I]

+ 3.863[—I]
3.232[—I]

—4.249[—I]
2.922[+0]

+ 9.665[—I]
2.364[+0]

+ 3.505[—I]
6.509[+0]

+ 7.656[—I]
5.337[+0]

—2.459[—I]
2.741[+0]

+ 3.570[—I]
2.107[+0]

—1.015[+0]
9.365[—I]

+ 1.689[—I]
2.962[+0]

—9.442[ —I]
4.258[+0]

—1.484[+0]
3.465[+0]

present calculations. Therefore mixing ratios were ex-
tracted for four transitions. The results are summarized
in Table XI. Lifetime results for the low-lying Ar levels
are summarized in Table XII. These results, taken from
the compilation of Ref. 6, are mainly from Sterrenburg
et al."

2. High-spin yrast spectra

The high-spin yrast states of Ar were studied by %'ar-
burton et al. and Keinonen et al. , both of whom used

y-ray spectroscopy following fusion-evaporation reac-
tions. Csamma-ray angular distributions and linear polari-
zations were determined in four reactions by Warburton
et al. and level lifetimes were determined by Keinonen
et a/. Probable spin-parity assignments were made to the
inferred levels based on the y-ray data and on knowledge
of the fusion-evaporation reaction mechanism. These
probable assignments were —, , —, , —", , and —', for the

Ar 2651-, 3992-, 4543-, and 5535-keV levels, respective-
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TABLE XIV. Electromagnetic matrix elements, M(k), connecting 1fico and 2%co states of "Ar. The
units and definition of M(k) are given in the text. The lowest (top) and next-to-lowest (bottom) allowed
multipolarity, k, is listed for each J;,J~ combination.

JI
1

2

3
2

5
2

7
2

2

5
2

7
2

3
2

5
2

7
2

] +
2

& +
2

& +
2

+
2

3+
2

3 +
2

3 +
2

5 +
2

5 +
2

g+
2

n;

1.396[—2]
2.354[—2]

+ 8.321[—3]
1.110[~0]

~ 1.354[—2]
9.862[ —1]

+ 4.929[—2]
6.562[—1]

+ 8.409[—1]
l.894[~0]i 4.155[—1]
6.746[~0]

1.808[~ 1]
3.522[+ 1]

—2.865[—3]
1.238[—1]

~ 1.224[—2]
1.150[—1]

—7.883[—3]
7.747[—2]

~ 4.849[—3]
9.803[—2]

—2.038[—4]
1.448[~0]

~ 1.795[~0]
1.015[+0]

~ 3.430[—2]
8.021[—1]

—4.273 [—2]
5.768[—1]

—1.540[—2]
1.030[—1]

—3.590[~0]
1.801[~1]

—5.802[~0]
1.322[~ 1]

—9.373[~0]
9.641[—2]

~ 2.014[—2]
3.614[—2]

—6.422[ —5]
3.648[—1]

+ 7.162[—2]
1.187[—1]

~ 1.025[—2]
2.047[—1]

~ 2.455[—2]
4.928[~0]

~ 1.111[—2]
3.069[~0]

8.204[—3]
6.315[—3]

+ 6.225[—3]
4.468[—3]

—1.953[—2]
8.997[—1]

—2.448[—2]
3.400[~0]

~ 1.917[—1]
1.731 [~0]

—9.091 [—2]
1.304[~0]

3.102[~0]
2.637[+0]

—1.031[—3]
2.390[—2]

—5.584[ —3]
2.812[—1]

—1.759[—3]
2.180[—1]

i 1.104[—2]
1.772[—1]

—5.455[ —3]
5.782[—1]

—1.326[—1]
8.373[—1]

—3.415[—3]
2.876[—1]

—1.499[—2]
3.472[—1]

—1.456[—2]
1.458[ —1]

~ 1.021[~0]
3.713[~0]

+ 6.661[—1]
3.830[~0]

~ 7.873[—1]
4.579[~0]

+ 2.001[—2]
1.191[—1]

+ 1.539[—3]
4.861 [—1]

—2.170[—3]
1.023[—1]

+ 3.074[—3]
1.515[—1]

—2.624[—2]
3.652[—1]

—8.908[—3]
4.246[—1]

M(k)

3

2.954[—3]
8.270[—3]

—1.118[—3]
5.795[—2]

—3.672[—3]
6.023[—2]i 1.905[—2]
1.038[~0]

~ 5.602[—1)

2.300[+0]
—7.831[—2]

1.580[~0]

5.667[—1]
1.400[+0]

4- 1.725[—3]
5.230[—2]

—1.098[—3]
4.358[—2]

—1.218[—2]
7.390[—2]

—3.952[—4]
1.335[—2]

—5.173[—4]
5.486[—1]

—3.306[—2]
8.144[—2]

~ 1.016[—2]
3.017[—1]

—3.841[—2]
1.247[ —1]

—2.333[—3]
1.103[—1]

~ 3.028[—1]

1.445[—1]
—2.166[—1]

8.176[—1]
—8.237[—1]

7.973[—1]

~ 2.473[—3]
9.506[—2]

~ 5.042[—3]
1.529[—2]

~ 1.626[ —2]
3.811[—1]

~ 1.190[—2]
3.810[—2]

+ 7.236[—3]
3.501[—1]

+ 1.939[—2]
8.330[—1]

5.676[—3]
2. 164[—3]

—1.181[—2]
4.687[—1]

—3.206[—2]
4.823[—1]

+ 4.439[—2]
5.369[—1]

—4.571[—2]
7.234[—1]

~ 1.623[—2]
5.755 [—1]

3.691[+0]
2.099[+0]

+ 3.059[—3]
1.076[—1]

—3.923[—3]
8.033[—2]

—6.750[—3]
3.571[—2]

+ 7.615[—3]
3.523[—21

+ 6.080[—3]
1.026[—2]

+ 1.710[—1]
2.382[—1]

~ 6.403[—3]
2.502[—2]

—1.712[—2]
2.253[—1]

—9.406[—3]
5.899[—2]

—1.782[ —1]
4.469[—1]

—1.288[—1]
1.876[~0]

~ 3.994[—1]
4.647[—1]

~ 5.702[—4]
8.348[—2]

—1.204[—2]
3.099[—1)

—1.017[—3]
1.711[—1]

—1.318[—2]
8.511[—2]

—1.746[—2]
8.419[—1]
1.484[—2]
2.041[—1]

2.361[—3]
6.631[—3]

—3.187[—3]
3.943[—2]

—1.416[—2]
2.832[—2]

~ 2.029[—2]
4.483[—1]i 2.836[—1]
1.115[~0]

+ 6.194[—1]
2.069[—1]

1.397[+0]
7.297[—2]

—2 486[—3]
2.970[—2]

—1.957[—2]
7.014[—1]

—2.242[ —2]
3.655[—1]

—8.366[—3]
2.831[—2]

~ 2.653[—2]
3.572[—2]

~ 2.392[—1]
2. 126[—1]

~ 1.172[—3]
3.946[—1]

~ 3.915[—3]
2.701[—1]

+ 1.964[—2]
4.064[—2]

—1.627[ —1]
1.255[~0]

—6.791 [—1]
2.098[~0]

—1.054[+0]
2.297[—1]

—4.472[—3]
2.934[—2]

—4.595[—3]
3.183[—1]

~ 1.063[—2]
5.577[—1]

—2.145[—3]
2. 107[—1]

~ 6.938[—3]
3.880[—1]

~ 3.034[—3]
9.061[—2]
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TABLE XIV. (Continued).

3
2

5
2

7
2

7+
2

7 +
2

7 +
2

n;

—3.218[—3]
3.447[—2]

—2.035[—2]
6.129[—1]

+ 1.490[—2]
2.297[+0]

+ 2.061[—1]
1.487[+0]

+ 1.476[—3]
2.794[—1]

+ 3.185[—2]
1.869[—1]

M(X)
nf
3

—1.634[—1]
5.899[—1]

+ 5.811[—3]
4.378[—1]

+ 3.153[—3]
2.758[—1]

+ 2.420[—1]
1.940[+0]

—5.593[—3]
1.072[—1]

+ 2.492[—4]
1.783[—1]

—8.963[—2]
8.980[—1]

+ 2.667[—3]
3.187[—1]

+ 7.775[—4]
4.186[—1]

TABLE XV. Electromagnetic matrix elements, M(A, ), between 2fico states of Ar. The units and
definition of M(A, ) are given in the text. When allowed, M 1 (top) and E2 (bottom) matrix elements are
given; otherwise the allowed M(A, ) is given.

Jf
} +
2

~ +
2

3 +
2

3 +
2

3 +
2

3 +
2

j +
2

5+
2

i +
2

3 +
2

5 +
2

7+
2

1.102[+ 1)

+ 1.146[—1]
1.200[+ 1]

—2.048[—1]
5.369[+0]

—3.994[—1]
2.104[+0]

+ 4.000[—1]
1.593[—1)

+ 2. 183[—1]
1.511[+0]

—4.433 [—1]
1.185[+1]

—7.552[—1]
3.295[+0]

—9.359[—2]
2.964[+0]

—7.186[—1]
5.433[+0]

+ 6.496[—1]
3.827[—1]

1.893[+ 1]

6.983[—2]

3.370[+0]

+ 5. 108[—1]
4.009[+0]

—4.762[—1]
5.739[—1]

+ 5.379[—2]
3.726[+0]

—3.344[—1]
4.521[+0]

—1.008[+0]
1.950[+0]

+ 4.018[—1]
5.431[+0]

+ 9.665[—1)

5.961[+0]
+ 1.314[—1]

4.308[+0]
+ 3.557[—1]

1.020[+ 1]
—4.254[—1]

4.113[+0]
—1.288[+0]

3.504[+0]

2.086[+0]

M (A. )

nf
3

1.480[—1]
2.587[—1]

3.152[+0]

+ 9.473[—1]

8.378[—1]
+ 6.034[—1]

1.197[+0]
—6.630[—2]

2.357[+0]
+ 3.832[—1]

5.008[+0]
+ 8.766[—1]

2.017[+0]

+ 4.366[—1]
8.626[—2]

+ 9.188[—1]
4.447[—1]

—8.676[—1]
3.065[—1]

—8.976[—2]
6.024[+0]

—5.712[—1]
1.464[+0]

+ 1.578[—1]
5.867[+0]

+ 5.473[—1]
9.062[+0]
6.137[+0]

9.786[—1]

6.952[—1]
5.436[—1]

6.164[—1]

—3.077[—1]
2.296[+0]

—1.112[—1]
1.070[+ 1]

+ 3.715[—1]
1.022[+0]

—6 484[—1]
1.005[—1]

+ 8.360[—2]
2.577[+0]

—6.627[—2]
8.761[—1]

+ 7.258[—2]
1.201[+0]

+ 3.721[—3]
5.61 1 [+.0]

—5.835[—1)

8.224[+0]
—3.651[—1]

4.772[+0]
—1.133[—1]

4.837[~0)
+ 3.273[—1]

4.775 [—1]
+ 5.784[—1]

6.965[—2]

8.394[+0]

6.829[—1]
3.615[—1]
1.042[+0]
5.921 [—1]

3.577[—1]

—3.231[—1]
6.400[+0]

—3.585[—1]
3.799[+0]

+ 6.759[—3]
2.949[+0]
6.558[—1]
1.269[+0]

+ 1.058[+0]
3.832[—1]

+ 6.747[—3]
9.483[—1]

+ 8.850[—1]
1.994[+0]

+ 3.841[—1]
3.003[+0]

+ 3.551[—1]
3.767[+0]

+ 6.887[—1]
4.119[+0]

+ 2.813[—1]
2.197[+0]

+ 5.973[—1]
1.809[+0]

—1.101[+0]
5.103[—2]

+ 1.328[—1]
7.046[+0]

8.731[—1]
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TABLE XV. ( Continued).

M(X)
nf
3

5 +
2

5+
2

7 +
2

5 +
2

7 +
2

7 +
2

+ 1.138[+0]
2.643[—2]

—7.737[—1)
9.077[+0]

—2.441[—1]
5.550[~0]

3.950[—1]
8.024[+0]

—5.607[—1]
9.658[+0]

+- 7.573[—2]
4.374[+0]

+ 7.611[—1]
5.583[+0]

+ 1.428[+0]
9.830[—1]

+ 1.055[+0]
1.440[+0]

—3.878[—1]
1.694[+0]

+ 4.883[—1]
2.597[+0]

+ 1.404[ —1]
4.927[+0]

+- 6.252[—1]
6.711[+0]

—8.688[—1]
3.719[+0]

+ 3.086[—1]
3.354[+0]

—5.544[ —1]
8.976[+0]

—5.544[ —1]
8.976[+0]

—6.060[—1]
2.486[+0]

+ 1.836[—1]
1.24?[+0]

—3.681[—1]
1.756[+0]

—6.759[—2]
6.952[+0]

+ 1.539[—2]
2.661[+0]

—1.089[+0]
2.766[—2]

—1.219[+0]
1.680[—1]

+ 3.366[—1]
1.370[+0]

+ 8.224[ —I]
8.842[~ 0]

+ 1.504[ —1]
5.499[+0]

—3.632[—1]
9.979[—1]

—2.494[—1]
8.273[+0]

ly. A great deal of experimental data bearing on the
fusion-evaporation reaction mechanism has been obtained
in the ten years since these studies and the arguments used
to make these probable spin-parity assignments can be

considered to be much more compelling than was accept-
ed at that time. Also, a subsequent Cl(a, d) Ar experi-
ment was performed and L =4 and 6 transitions identi-
fied. (This is the origin of the 3440-keV state in Fig. 1,
which we have speculated to be the —, state, this being

11 +

the nearest 2fico state with J in the required range. ) The
5535-keV level was the level formed most intensely in the
(a,d) reaction, which fixes it as even parity and led the au-
thors to suggest J= —", , in agreement with the suggestion
of Ref. 23. Note that if the 5535-keV level has J
then the results of Refs. 23 and 24 combine to render the
probable assignments to the other yrast levels as definite.
In summary, the suggested spin-parity assignments for the
2651-, 3992-, 4543-, and 5535-keV levels are very probable
indeed. Nevertheless, it is of interest to render these as-
signments as quantitative and rigorous as possible.

With this in mind, the data of Ref. 23 were reanalyzed.
In this analysis the three members of the 4543
~3992~2651~0 cascade were considered simultaneous-
ly. A fit was made to the angular distribution and linear
polarization data and y-ray multipolarities were restricted
to have strengths smaller than the recommended upper
limits (RUL's) of Endt. ' No restrictions were placed on

the alignment of the substates. However, to incorporate
the fact that the side feeding of the levels is small (Ref.
23), the alignment of each level was required to be within
10% of that which would result from no side feeding at
all. The results of this analysis, at the 0.1% confidence
limit, are as follows: The 2651-keV level has J"=—,

The 4543~3992 and 3992~2651 transitions are of
J+ l~J character both with

~

x(L +1/L)
~

(0.07. The
3992- and 4543-keV levels have even parity. Thus the
3992-keV level has J = —', or —,

' and the 4443-keV lev-
7+ 11+ [5+

el has J = —, , —, , or —, . These are rigorous assign-
rnents. From them we evoke the reaction mechanism to
choose the probable assignments indicated by the
correspondence to the SDPF predictions in Fig. l.

APPENDIX B: ELECTROMAGNETIC
MATRIX ELEMENTS FOR Ar

Matrix elements connecting the lower states of
the model spaces ' O(2s, ld) ( if, 2p)' and
' O(2s, ld) '( 1f, 2p) —labeled as lkco and 2fico,
respectively —are collected in Tables XIII, XIV, and XV.
The matrix elements are described in Sec. II B. The units
used here are e fm and pNfm ' for EL and ML transi-
tions„respectively. The sign convention is that of Rose
and Brink (Ref. 15).
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