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The P+ decay of "Al has been studied with a Ge(Li)-NaI(T1) escape-suppression spectrometer. The number of "Mg
y transitions observed following "Al decay has been increased from 19 to 44. Definite new P+ branches were

observed to '4Mg levels at 105 76, 108 21, and 113 14 keV. An enhanced E2 transition from the 4+ 9301-keV level to
the 2+ 7349-keV level was sought for and found. A probable 8439—+7349 4+~2+ transition was also observed. The
contribution of these new experimental results to an elucidation of the band structure of "Mg is discussed.

RADIOACTIVITY Al Ifrom 4Mgg, n) l; measured g, I„,p' amI y branchings;
deduced B(E2), log ft.

I. INTRODUCTION

With the possible exception of "Ne, "Mg has
been the most important even-even sd-shell nu-
cleus for testing nuclear models. In particular,
early tests of various manifestations of collective
motion were made in '~Mg. These include the Nil-
sson model, SU(3) symmetries, and Hartree-Fock
calculations. "

Recently shell-model calculations have been
carried out for '4Mg in a complete sd-shell basis
by both the Glasgow group" and by Wildenthal and
his co-workers. "' These calculations which use
the Glasgow shell-model code and the Preedom-
Wildenthal or Chung-Wildenthal' effective inter-
action appear to be very successful, although very
little besides energy spectra have been published
so far. In the model space used in these calcula-
tions, '~Mg consists of eight nucleons in the sd
shell outside an inert "0 core. The number of
active nucleons is large enough that a physical in-
terpretation of the calculations is difficult. An ob-
vious help in understanding the predictions is to
express the shell-model wave functions in a col-
lective framework such as the Nilsson model or
in SU(3) symmetries. For example, expansion in
terms of SU(3) symmetry has been done with sev-
eral different interactions and model spaces for
the low-lying levels of the K= 0 ground-state band
and the K = 2 band built on the 2' level at 4238 keV.
An example is the work of Wathne and Engeland. '
In brief, the theoretical evidence for K= 0 and K= 2
bands in '4Mg is overwhelming. At the same time
the experimental information' on the states be-
longing to these bands is relatively complete and
also strongly indicative of band structure.

Our motivation for the present experimental
study was to address the question: Are there other
even-parity bands based on bound levels of '4Mg,
and, if so, how well developed are they' In trying
to answer this question one finds that both the

spectroscopic information and theoretical predic-
tions on these bands are quite limited. First, the
spectroscopic information available on the levels
in question is much more scarce than for the K= 0
and K = 2 bands. ' Second, the theoretical predic-
tions available as a guide to future experiments on
the higher-lying states of these excited bands are
quite meager.

The search for further even-parity bands in "Mg
has a natural starting point with the first excited
J' =0' state which is at 6432 keV. If this is the
band head of a K=O' band then possibilities for the
2' state of this band are at 7348 and 8653 keV. In
a previous search for a band built on the 6432-keV
level the possibility that the 8653-keV level was
the 2' member of this band was explored. ' A

search for the 4' level was unsuccessful. We shall
explore the evidence for the placement of the J'
= 2+ 7348-keV level in this band. There are two
pieces of information which suggest a connection
between the 2' 7348- and 0' 6432-keV levels.
First, Feldmeier, Manakos, and Wolff' in a SU(3)-
truncated shell-model calculation gave a prediction
of 15 Weisskopf units (W.u. ) (Ref. 10) for the 7348- 6432 E2 transition. This is certainly large
enough to suggest an intraband transition. Second,
in their breakdown of shell-model wave functions
into SU(3) symmetries, Wathne and Engeland'
found the composition of these two states to be re-
markably similar. Unfortunately, the branching
ratio of the 7348- 6432 transition is expected to
be extremely small and an experiment to measure
this E2 rate —even if highly enhanced —would be
very difficult.

Recent experiments" have determined J'= 4' for
both the 8437- and 9298-keV levels of '~Mg. These
are then the third and fourth J'= 4' levels of "Mg
with the first two belonging to the K= 0 and K= 2
bands, respectively. As pointed out by Endt and
van der Leun' and by Wright, "both of these levels
are members of energy doublets/triplets and the
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difficulty of untangling these multiplets has kept
the properties of these levels from being well
determined.

The present study is of the p' decay of J"=4"~A1.
Allowed P' decay will take place to J'= 3', 4', and
5' states of '4Mg. We use the specificity of this re-
action to select the 4' levels at 8.44 and 9.30 MeV
with negligible population of the other members of
the doublet at 8.44 MeV and the triplet at 9.30
MeV. It has already been found that both levels
are formed in 24AI(P')'4Mg. 2'"" Our specific aim
was to search for y decays from these two levels
to lower-lying 2' states.

H. EXPERIMENTAL PROCEDURE AND ANALYSIS

"Al with T~, =2.060+0.010 s (Ref. 15) was pro-
duced via the "Mg(p, n)24Al reaction (Q = -14.661
MeV). ~ A 99.94% pure 24Mg foil, 3.8 x 10 ' cm
thick, was mounted on a Delrin rabbit. The ' Mg
was bombarded through a 2.5x 10-' cm thick Ta
entrance windom with a 75-nA, 18-MeV proton
beam. The rabbit system, described previously, "
allowed cycling of the '~Mg between the bombard
position and a count position which was 4 m away
and on the other side of a concrete wall. A bom-
bard-count cycle was as follows:

0-2.0 s, bombard

2.0-2.5 s, transfer

2.5-4.5 s, count

4.5-5.0 s, transfer .
Gamma-ray spectra were collected using a Ge(Li)-
Nal(TI) escape-suppression (anti-Compton) spectro-
meter. The Ge(Li) detector had an efficiency of
19.5% and a resolution of 2.1 keV for 1332-keV y
rays. It was placed at the center of a 25.4x 20.3
cm NaI(Tl) veto detector and was 9.0 cm from the' Al source. The configuration of the shield was
similar to that reported by Konijn, Goudsmit, and
Langeman. "

In order to stop positrons emanating from the
target and to suppress low-energy y rays and x
rays, a plug consisting of 0.72 cm of brass fol-
lowed by 0.66 cm of lead was inserted in the 5-cm
long conical lead collimator between the ~A1
source and the Ge(Li) detector.

Two sets of 8192-channel spectra were recorded
simultaneously by splitting the output from the
Ge(Li) preamplifier. One had a dispersion of 0.51
keV/channel and extended to 4185 keV, the other
had a dispersion of 1.41 keV/channel and extended
to 11 588 keV. Each set consisted of the total
counts (normal singles spectra) and a spectrmn of
those counts rejected by the NaI(Tl) shield. The
anti-Compton spectra which were analyzed were

obtained by subtracting the rejected spectra from
the total spectra. The reduction of the Compton
background was by factors of 5-8, with maximum
reduction for y rays of energy 5-6 MeV. Retaining
the rejected spectra was an aid in identifying one-
and two-escape peaks which were not entirely
eliminated by the anticoincidence condition.

Data were accumulated for 1V. 5 h. The final
low-gain anti-Compton spectrum contained a total
of 56x 106 counts and the corresponding rejected
spectnun contained V8x 106 counts. The energy
resolution for all the accumulated spectra varied
from 2.28-keV full width at half maximum (FWHM)
at 1369 keV to 5.75-keV FWHM at V069 keV.
Gamma-ray intensities and peak positions were
extracted using the program sAMPO. " Portions of
the low-gain spectra are illustrated in Figs. 1-3.
Figure 1 illustrates the improvement in peak/back-
ground offered by the escape suppression, while
Figs. 2 and 3 illustrate the evidence for some pre-
viously unobser ved cascades.

The energy calibration for the ' Al spectra
was arrived at in several successive steps.
First, the nonlinearity of the high-gain spectrum
(E„& 4185 keV) was determined from a separate
"Co calibration. The energies for E„&2900
keV were obtained using as energy standards the
"Ne 350.725(6) 1 -0 transition"" [from '4Mg-

(p, a)"Na(P')"Ne] and the "Mg 1-0 and 2-1
transitions of 1368.633(6) and 2754.030(14) keV as
given by Greenwood, Helmer, and Gehrke. " Then
utilizing the relations between '4A1 cascade and
crossover y rays, the calibration was extended in
several successive steps to E„&3900 keV, &5000
keV, and finally to the whole energy region of in-
terest. For the higher energies, one- and two-
escape peaks from the rejected spectrum were al-
so used in the energy determinations.

The efficiency versus energy curve for the anti-
Compton spectrum was obtained from a "Co spec-
trum taken after the "Al data were accumulated.
This gives an accurate efficiency calibration for
the energy interval - 700-3700 keV."'" Qne fur-
ther calibration point at 7069 keV was provided
by the low-gain '4Al spectrum as follows. The
J'= 4' '4Al ground state must have a negligible
direct branch to the 2' "Mg 1369-keV level (i.e. ,
48=2,no P decay is twice forbidden), so that the
y-ray flux into the 1369-keV level must be equal to
the y-ray flux out. Then, anticipating our results,
some 33% of the 24Al y flux is in the 2 Mg 7069-keV
8439-1369 transition and almost all of the remain-
ing feeding of the 1369-keV level is via the 2754-
keV 4123-1369 transition for which the efficiency
is accurately obtained from the "Co efficiency
calibration. Thus, the relative efficiency at V069
keV is accurately provided (» + 2%) from this in-
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FIG. 2, Portions of the anti-Compton p spectrum from
~4A1|'P')~4Mg illustrating the evidence for weak, previous-
ly unobserved transitions. The p peaks are labeled by
their energies in keV and are identiQed in Table I. For
purposes of display, 12 000 counts have been subtracted
from the spectrum on the left. The 1060-, 1091-, and
5340-keV transitions were not previously observed.

ficiency was assumed to have a +2% accuracy for
800&E„&3500keV and at 7069 keV, a ~10% ac-
curacy at 5300 keV, and a ~ 20/0 accuracy at 10000
keV. The accuracy was assumed to be given by a
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FIG. 1. Partial p-ray spectra from ~4A1(p')~4Mg. Sin-
gles data (upper) are shown as well as singles minus
the rejects (lower). The peaks are labeled by their en-
ergies in keV and are identified in Table I. Note the re-
duced background in the anti-Compton spectrum, as well
as the reduction of one- and two-escape peaks, which
are labeled as (1) and (2), respectively.

ternal calibration. The form of the efficiency
versus energy curve was assumed to be exponen-
tial for E„&3.5 MeV. Justification for this is pro-
vided by previously published efficiency curves
such as the data of Young et al." The relative ef-
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FIG. 3. The high-energy portion of the ~4Alg')+Mg
anti-Compton spectrum. The y peaks are labeled by
their energi. es in keV. One- and two-escape peaks are
labeled as (1) and (2), respectively. The peaks labeled
SUM result from simultaneous detection of two coinci-
dent p rays. One questionable peak is labeled by (?).
Seven peaks are numbered sequentially starting with the
highest energy. These correspond to the seven highest-
energy transitions of Table I.
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TABLE I. Gamma rays observed from Al(P') Mg.

Energy~
(keV)

426.00 {10)
587.95{6)
775.40 {20)
822.00 (60)
860.20{6o)'
909.09{6)
996.83(10)

1059.78 (8)
1076.86(4)
1090.67{10)
1274.71{10)r

1368.633(6)
1434.11(20)
1704.77 (80)
1771.92 (7)
1887,52 (20)
1899.70(6)
1g 52.38 (20)
2127.51(20)
2136.58 (15)
2381.03 (30)
2428.97{15)
2566.96(20)
2577.44 {80)
2754.030(14)

Assignment~

+A1(426 0)~
U
6 010 5235
8 439 7616
9 301 8439(Q)
U
5 235—4238

10 576 g 516
9 516 8439
8 439 7349

10 576 9301
1 369 0(C)
U
9 516 7812
6 010 4238
6 010 4123
9 516 7616
9 301 7349
U

10576 8439
7 616 5235
8 439 6010
U
7 812 5235 {q)
4 123 1369(C)

Relative intensity'
%)

0.29(4)
0.149(8)
0.053(8)
0.021(8)
0.022 {11)
0.122(6)
0.137(7)
0.285(17)

14.84(31)
0.140(7)
0.106(6)

96.0 (2.5)
0.063(6)
0.016(4)
0.40(1)
0.056(6)
0.82(2)
0.094(6)
0.054(7)
0.168(9)
0.037{10)
0.774(18)
0.065{7)
0.030{12)

41.19(90)

Energy'
{keV)

2869.50 (6)
3203.88 (8)
3378.27 (80)
3493.32 gV)

3505.61(9)
3866.14(10)
4200.54(13)
4237.96(6)
4280.62 {13)
4316.00{12)
4641.19(9)
5060.68 (80)
5177.51 (20)
5340.30(40)
5392.68(g)
5979.52 (80)
6246.89{11)
7069.50 {12)
7348.17(90)
7615.17{90)
7930.87{15)
8085.66Pf)
8146.04 (V)
9450.09(40)
9943.46(150)

Assignmentb

4238 1369
8439 5235
7 616 4238
7 616 4123
9 516 6010
5285 1369
8439 4238
4238 0
9 516 5235
8439 4123
6 010 1369
9 301 4238
9 301 4123

10576 5235
9 516 4123
7 349 1369
7 616 1369
8 439 1369
7349 0
7616 0
9 301 1369
9456 1369g)
9 516 136g

10821 1369
11314 1369

Relative intensity'
8)

1.097{28)
3.085(66)
0,043{7)
0.04{1)
1.98(6)
5.26(22)
4.02 {22)
3.61(21)
0.66(4)

14.20 (86)
3.42(25)
0.036(13)
0.98{10)
0.115{13)

18.3(18)
0.093(9)
0.54(4)

43.0{1.3)
0.153(16)
0.224(15)
1.34(10)
0.020{10)
0.028(7)
0.110(20)
0.027 (6)

f'Uncorrected for nuclear recoil. The number in parentheses is the uncertainty in the last figure. An N means the
y-ray energy is calculated from the transition energy.

b +Mg E& -E& in keV. U denotes an unknown, Q a questionable assignment, C a y ray used for energy calibrations.
'Normalized such that the flux into the +Mg ground state is 100.00.

The dominant decay mode of 24A1~ (see text).
possibly a doublet with an unknown contaminant.
Contains an unknown contribution from the ttNa(P )ttNe 1274-kev V ray.

~possibly contains a contribution from the 4Mg 10328 8439 transition.

linear interpolation between these points for E„
&3500 keV. The energies, relative intensities,
and decay scheme assignments of the observed y
rays are listed in Table I.

In all, the energies and intensities of 57 definite
y rays were extracted from the anti-Compton spec-
trum. Forty-four of these mere assigned to '4Al
P' decay. Eight others mere assigned to various
obvious activities such as "Mg(P')"Na from
"Mg(p, d)"Mg or 4cK(EC)'oAr. Five unidentified
lines are listed in Table I.

The bombard-count cycle discriminated strongly
against y rays from the decay of ~4Al which has
a half-life of 129+ 5 ms. ' The dominant decay
mode of this J'=1' metastable state is via M3 de-
cay to the 4' ground state. The energy me observe
for this transition, 426.00+0.10 keV, is in only
fair agreement with the value of 425.8 g0.1 keV
reported by Houkanen et al. '4 From the observed
intensity of this branch (see Table I) and previous

relative intensities" all other branches from
'4Al are inferred to be negligible in the present
study.

The level energies and y-ray branching ratios
derived from the results of Table I are collected
in Table G. The various y-ray combinations con-
tributing to a determination of the level energies
were in good agreement and the uncertainties as-
signed to the level energies are considered to be
conservative. The assignments of y-ray peaks to' Mg transitions mere first made on the basis of
energy and from consideration of previous spec-
troscopic information. Since the energy determin-
ations mere quite accurate, the target impurities
were minimal, and the number of 24Mg levels di-
rectly fed via '4A1 is small, it is unlikely that any
transition is misassigned or is a doublet. All
possible transitions between the known '4Mg levels
below 9-MeV excitation and states for 9 &E,&11
MeV with known or possible 3', 4', or 5' assign-
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TABLE II. Mg p-ray transitions observed in the 8' decay of ~ Al.

E I.

(keV)
E& E„Branching ratio Q)

(keV) (keV) Present Previous
E)

(keV)
E& E„Branching ratio (%)

(keV) (keV) Present Previous

2' 1 368.675(6)
4' 4 122.875(15)

2' 4 238.360(60)

3' 5 235.200 (80)

4' 6 010.315(90)

2' 7 349.05(40)

3 7 616.470(90)

4' 8 439.295(90)

4' 9 300.95(15)

0 1369 100 100
0 4123 &10-'

1369 2754 100 100
0 4238 76.7 + 0.7 78.9 +0.5

1369 2870 23.3 + 0.7 21.2 + 0.5
0 5235 &0.4 &0.04

1369 3866 97.3 +0.3 98.2 + 0.2
4123 1112 &0 7 &0 5
4238 997 2.7 + 0.3 1.8 + 0.2

0 6010 &0 8 &2

1369 4641 86.6 +1.2 87 +1
4123 1887 ~2.0 +0.3' &1

4238 1772 10.1 +1.0 13+ 1
5235 775 1.3 + 0.2 &1

0 7348 62.0 + 2.4 62 + 2

1369 5980 38.0 + 2.4 38 + 2

0 7615 25.3 + 2.0 23 +2

1369 6247 61.4 +2,0 72 + 2

4123 3493 4.3 + 0.8 5 + 1
4238 3378 4.9 + 0.8 &5
5235 2381 4.1 + 0.7
6010 1606 &3 &2

0 8438 &0 08 &2

1369 7069 65.9 +1.5 63 +3
4123 4316 21.7 + 0.9 23 + 3
4238 4201 6.2 + 0.3 7 + 1
5235 3204 4.8 + 0.2 6 + 1
6010 2429 1.2 + 0.1
7349 1090 0.22 + 0.02
7616 822 0.03 + 0.02 1.0+ 0.5

0 9299 &0.2

1369
4123
4238
5235
6010
7349
7616
8439

0
1369
4123
4238
5235
6010
7349
7616
7812
8439

0
1369
4123
4238
5235
6010
7349
7616
8439
9301
9516
1369

) 1369

(5) ' 10 575.983(80)

10 820.76(40)
11314.23 (150

4' 9 516.210(80)

7931
5177
5061
4065
3290
1952
1684

860
9514
8146
5393
5277
4281
3506
2167
1900
1704
1077

10 573
9205
6452
6337
5340
4565
3227
2959
2137
1275
1060
9449
9944

54.0
40.0
1.5

&2.0
&2.4
4.1

&0.8
&0.9
&0.05
0.08

49.5
&0.7
1.8
5.3

&0.07
2.3
0.04

41.0
&1.5
&2

&4

17.1
&3
&2

&4

24.9
~15.7

42.3
(100)
(100)

+ 0.4

+ 0.2

+ 0.04
+1.2

+ 0.2
+ 0.3

&5

&0.2
50+3

1.0+0.5
3.8 +0.4

6+1

+0.2
+ 0.02
+ 1.0

1.5 ~0.5

38+3
&2

+1.9

+ 1.3
+0 9'
+ 2.5

&10
&15

28+10
13+4

&10
(11)+4~

&25"
&7

34+12

+2.0 57+5
1 8 43~5a
0 3 &5e

The number in parentheses is the uncertainty in the least significant figure. The energies of the first two states are
from Ref. 21. The other energies were calculated by combining the measured y-ray energies as explained in the text.

bFrom Ref. 2.
Some or all of this ~ray intensity could arise from a 10328 -8439 transition.
From Ref. 13. There appears to be a transcription error in Table 24.11 of Endt and van der Leun (Ref. 2) for the

decay of this level.
From Ref. 34.

~The previous branching ratios are from Ref. 24.
&Uncertain.
"Exists but of unknown intensity.

A possible Na(P ) Ne(1274.55-keV level) contribution cannot be resolved from this transition.

ments were considered in making the transition
assignments. In almost all cases where other
transitions were possibly degenerate with those of
Tables I and II, the assignment could be excluded
because more intense transitions from the initial
level had been reported but were not observed in
our spectra. Nevertheless it was felt desirable to
substantiate certain aspects of the decay scheme
by a yy-coincidence experiment. The coincidence
measurement was made with the escape-suppres-
sion spectrometer as described earlier and a 12.7-
cm diameter by 12.7-cm long Nai(TI) detector
at 180' to it. A 1.2-cm Pb absorber was interposed
between the rabbit and the NaI(T1). Thirty hours

of coincidence data were event-mode recorded in
a 8192 x 4096 matrix. From subsequent analyses
of these data we were able to establish almost all
of the coincidence relationships necessary to sup-
port the assignments of Tables I and G.

The observed yields of the y peaks listed in
Table I vary from 1.58 x 10' for the 1369-keV
transition to 25 for the 9944-keV y ray. For most
of the transitions the uncertainties in the yields
were small compared to that in the relative ef-
ficiency which, therefore, dominates most of the
uncertainties assigned to the branching ratios in
Table II.

As can be seen from the comparison to the pre-
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viously adopted branching ratios of Endt and van
der Leun, ' our branching ratios are in good gener-
al agreement with previous results. Somewhat
minor discrepancies are noted for the 4238-keV
level, the 5235-4238 transition, the 6010-4123
transition, and the 9516-4238 and 9516-5235
transitions. There is only one major discrepancy
which is the nonobservation of the 822-keV 8439
» 7616 transition at the level reported by Detraz"
in the most extensive previous 24Al(P')24Mg study.
We can only conclude that the 822-keV y ray ob-
served by Detraz arose from some other source.

The present y-ray and level energies are, in
general„considerably more precise than previous
measurements. The agreement with previous re-
sults2 is fair.

The two highest energy y rays observed had en-
ergies of 9450.09(40) and 9943.46(150) keV and are
shown in Fig. 3. [A 9440(10)-keV y ray was also
observed by Detraz~ in his study of '~Al P+ de-
cay. ] These two y rays were assigned to the de-
cay of '4A1 because the energies and intensities
preclude any other possibilities. (They were both
too weak to show up in the coincidence spectra. }
The intensities are only compatible with allowed
p' decay, thus the "Mg states emitting these y rays
have J'=3', 4', or 5'. For these alternatives we
reject the possibility that either of these y rays is
a ground-state transition as untenable. Since the
P Q value is not large enough, neither can arise
from a cascade to a "Mg level with E &4 MeV.
Thus we conclude both y rays correspond to trans-

itions to the 2'1369-keV level as shown in Table
II. It is possible that the 10821- and 11314-keV
levels of this work can be associated with states
observed at 10824(3) and 11318(3)keV in the
24Mg(p, p')'4Mg reaction. '

The observed y-ray intensities and assignments
of Table II result in the P' branching ratios of
Table III. The normalization of the relative in-
tensities in Table I is such that the % P' branch
into a given level is

% P'BR=I& (decay) -I„(feeding). (2)

The P' branching ratio results are in excellent
agreement with those of Detraz" with which they
are compared, and also with the recent less com-
plete results of Shibata, Imazato, Yamazaki, and
Brown" (not shown). The logft values were cal-
culated using T» = 2.060+ 0.010 s,"E~ = 12 856
+ 4 keV, ' and the currently determined branching
ratios.

New "Al(P')"Mg P' branches from the present
work are those to the 10 576-, 10 821-, and 11314-
keV levels and possibly to the 7812- and 9456-keV
levels.

The J' assignments of Table III are those of Endt
and van der Leun' for E,&10 MeV. The three
(3,4, 5)' assignments for E, & 10 MeV follow from
the allowed character of the P decay demanded
by the observed logft values.

The probable branch to the 7812-keV level is
based on the observation of a 2577.44(80)-keV y
ray which, if it were assigned to the 7812- 5235

TABLE III. Positron decay of 4A1.

~4Mg Level
J (keV)

Positron yield g)
Present Previous Present

log ft
Previous

2'
4+
2+
3+
4+
2+

3
5+
4+
4+
3+
4+

(3, 40 5)'
(4')

(3, 4, 5)'
(3, 4, 5)'

1 369
4 123
4 238
5 235
6 010
7 348
7 616
7 812
8 439
9 301
9456
9 516

10576
10580
10821
11314

&4.0
7.7+1.0

&0.20
1.40 +0J.3
1.2 +0.1

&0.03
&0.06
0.05 + 0.02b

50.0+2.0
2.5 +0.2
0.033 + 0.017~

37.0 + 1.5
0.67+0.06

&0.2
0.11+0.01~

[(2.6 +0.8) X10 J

7.0 +4.5

1.7+0.8
1.3 +0.8

48+6
2.4 +0.5

39 +3

~0.01 +0.05

&6.98
6.13+ 0.06

&7.68
6.59+ 0.04
6.43+ 0.04

&7.59
&7.19
7.19+0 17
3.93 + 0.02
4.80 + 0.04
6.63 + 0.30
3.510 +0.018
4.50+0.04

&5.4
5.08 +0.08
5.19+ 0.14

6.2+ 0.3

6.5 + 0.3
6.4+ 0.3

3.95 +0.06
4.82 +0.09

3.489 + 0.034

~ Beference 7.
Uncertain (see text).' The other member of the 10.58-MeV doublet (Refs. 8 and 24) for which decay to the 1.37-

and 4.12-MeV levels is assumed to amount to at least 40%.
~ Assumes 100% y branching to the 24Mg 1369-keV level.
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transition (a 60+ 3% branch'}, would give
7812.79(80) keV for the excitation energy of this
level. [Another possible placement of the 2577-keV
y ray is to an 11.01-8.44 transition (see Ref. 11).]
The probable branch to the 9456-keV level is
based on the observation of a y-ray peak (see Fig.
3}for which the energy is in agreement with that
expected for the 9456-1369 transition (a 61+ 3%
branch'). Both of these P' branches are inter-
preted as limits because the y-ray peaks were
very weak and because such weak intensities could
very well arise from P feeding via higher-lying
'~Mg levels.

Our results for the 10 576-keV level are a con-
firmation of the "Na(p, y}"Mg studies of Boydell
and Sargood. '4 These authors noted a major dif-
ference in the y-decay modes of a "10.58-MeV
level" when fed by two different (p, y) resonances.
They therefore proposed a doublet with one state
having the decay modes with which our results are
compared in Table II. Except for the branch to the
7616-keV level, the results are in fair agreement.
Boydell and Sargood proposed J= 3, 4, or 5 for
their 10.58-MeV level. This is consistent with the
assignment J"=3', 4', or 5'resulting from the

logft value of Table III. We cannot state definitive-
ly that '~AI(P') does not feed the other member of
the 10.58-MeV doublet. " However, the various
cascade sums give good agreement in the calcula-
tion of the excitation energy, 10525.983(80) keV,
for the level formed. Thus, the two 10.58-MeV
levels would have to be separated by & 0.2 keV if
indeed both are formed significantly in the p' de-
cay."

The main motivation for the yy-coincidence mea-
surement was to obtain additional evidence con-
firming the placement of the 1952- and 1091-keV
transitions. The data allow a definite assignment
of the 1952-keV p ray to the 9301-7349 transition.
Coincidence spectra are shown in Fig. 4. This is
but one of several scans of the coincidence data
which, taken together, establish the assignment.
The 1091-keV peak (see Fig. 2) was considerably
weaker, relative to the background, than the 1952-
keV peak. The coincidence data gave evidence
supporting the assignment of Table I but fell short
of being completely definite. We regard this
assignment as slightly uncertain but it will be as-
sumed definite for purposes of discussion.

III. DISCUSSION

A. P+ decay

The experimental logff values of Table III are
compared to theoretical predictions of Kelvin et
al.' in Table IV, which also includes P'-delayed
n emission results of Torgerson, Oakey, and

80—

I
/

I
f

I
[

i
/

I
/

j

COINCIDE NCES
GATED BY

Ey = 5.8-7.7 MeV

60—

40—

LLI

Z'

Z

Z
O
O

9000—

9516 ~ 7616
(1900 k eV)

SINGLES

930l ~ 7349
(I952 keV}

l0576 ~8439
(2I37 keV)

6000—

oT i I i I i I i I i I i I i I i T
I 640 I 720 I 800 I 880

CHANNEL NUMBER

FIG. 4. Partial spectra illustrating the yy-coincidence
data from +Alp')24Mg. Peaks are labeled in the singles
spectrum |lower) by the levels (in keV) between which
the corresponding transitions occur and by their ener-
gies. The three peaks which are labeled occur in both
the coincidence and singles spectra as is expected from
their assignments.

Macfarlane. " A comparison between these pre-
dictions and experiment was made previously by
Kelvin et al.4 The small changes between our re-
sults and previous results do not affect this com-
parison for the states with E„&9.5 MeV. Our
highly tentative association of predicted 4 states
with experimental states for E„& 10 MeV is differ-
ent from that of Kelvin et al.

Kelvin et a/. 4 did not publish predictions for
"Al(P') decay to the J'=5' states of "Mg. This is
unfortunate since a comparison of the predictions
to experiment for the ' Mg 7812- and 10 576-keV
levels would be especially interesting in view of
the great difference in their logft values.

As noted by Kelvin et al. , the general agreement
is not very good and neither is the agreement be-
tween the predictions for the two different inter-
actions. The agreement is expected to be best for
the large matrix elements (small logft) and this
tends to be true. However, there are only two
branches which we regard as strong (logft & 4}
and only two of medium strengh (4 & Iogft - 5). The
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E~
(keV) Expt.

log ft
CWC'

TABLE IV. Comparison of the logft values of Table
III with the predictions of Kelvin et al. (Ref. 4}.

I4.I5. . 8
I3.37 6. II3.2I. . 8

I2.86.. 6+
l2.35 7

C6 C93

I2.00 6
T

DJI
I 9 I

~~o~ s+
IO.58 5

4123
5235
6 010
7 812
8 439
9 301
9 456
9 516

10328
10 576
(10580)~
10 821
11217
11694

4)
3f
42

5(
43
44

32

4g (T=l)
46

52

4g

48

4io

6.13
6.59
6.43

&7.19
3.93
4.82

&6.63
3.510

4.50
&5.4
5.08
6.6
5.2

5.86
6.09
5.94

3.92
4.27

3,512
5.16

4.10
5.15
6.54
7.56

5.92
5.88
5.63

3.95
4.73

7.72

4.82

+gt53), 6 9 3O 4+ 9.52 4+. I 9.46

+ Q24g L~5] a44 „4+
78I 5 ..5 "-~~'

Ce,
-

5.24 3
Og

4. /
4+ 4.24 24'

MIQI BAND STRUCTURE

I.37 II 2

8.65 2

7.75 I+

~ For E„~9516keV the association of shell-model
states with experiment is that of Kelvin et al. Puef. 4).
The assumption that the 10 576-keV level is the 52 state
follows Fifield et al. ref. 11). The associations for the
remaining states for E„&10MeV are highly speculative.
The P' decay to the 11217- and 11694-keV levels was
observed in the P'-delayed 0, emission studies of Tor-
gerson et al. (Ref. 26).

"The Chung-Wildenthal interaction (Ref. 6) with added
effective Coulomb terms.

The Preedom-Wildenthal interaction (Ref. 5).
4 Reference 8.

comparison for the superallowed 4,T= 0 decay to
the analog of the '4A1 ground state at 9516 keV in
"Mg is interesting. The ft value was calculated
from4

6250
&1&'+1.51&a&' ' (3)

where (1) and (a& are shorthand for the Fermi and
Gamow-Teller matrix elements, respectively.
For T, T,=1, -1-T, T,=1,0, (1&'=3 and for (a)2
=0, Eg. (3) gives logft=3. 495. The fact that the
predicted logft value of Kelvin et al. is larger than
this value implies that their calculation gives a
departure from the isospin-symmetry prediction
for (1)', even if (a&'=0, which amounts to at least
4% (larger if (a) is not zero). Our experimental
result supports this prediction indicating & 4% iso-
spin impurity in the Mg 4', T = 1 state a.t 9516
keV. The very small value of (o&' implied for this
decay is very interesting; a possible explanation
for it is offered in the next subsection.

Aside from the superallowed decay, that to the
third 4' state at 8439 keV is dominant. The
strength of this transition and the strong 9516- 8439 M1 transition (Table II) led Detraz" to
propose the 8439-keV level as the antianalog of
the 9516-keV state. In the next subsection we

NILSSON ORBIT

7

I/2
5/2+
S/2+

T=0 T*l
K sO Ku2 KsO K=4 K*4 (K sI)

f44] (84) [44] (84) (44}(46) (43I] (65) + (73) [44] (73)

St+SYMMETRY

FIG. 5. Band structure of MMg. A11 the levels of +Mg
for E,&9 MeV and associated levels for E+9 MeV are
grouped into bands. 'Ihe bands are labe1ed by what is
proposed to be the simplest (or one of the simplest) oc-
cupations i.n a NQsson scheme and by the dominant term
in a SU(3) basis as discussed in the text. Uncertain
spin-parity assignmeabs are denoted with an asterisk.
The numbers in squares or circles are E2 transition
stL'engels in Weisskopf units,

shall propose an ordering of the even-parity lev-
els of ' Mg with E„&9MeV into bands and it will
be seen that the concept of an antianalog to the
J', T=4', 1 9516-keV level of "Mg has a sound
basis.

8. The band structure of ~Mg

1. Classijication in the NiIsson scheme

The unified modeP' based largely on the work
of Nilsson" provides a convenient framework for
the classification of the levels of '4Mg into rota-
tional bands. Such a classification is attempted in
Fig. 5 which includes all even-parity levels of
'~Mg for E„&9 MeV. The levels are grouped into
bands which are labeled by what is expected to be
the dominant (or at least a significant) Nilsson
level occupancy. We consider eight nucleons dis-
tributed among the Nilsson orbits, (¹)6, 7, 5,
9, 11, and 8. For "Mg we expect a deformation
of P = 0.4 and a spin-orbit parameter z of -0.08."
For these parameters the ordering of the orbits
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in energy is as given above with ¹5and $9 es-
sentially degenerate (in "Mg-"Al the -,

''-
—,
"

splitting is -0.5 MeV indicating that the 45
orbit lies below the ¹9orbit by this amount).

The Nilsson occupancies for the lowest two
bands are the obvious dominant ones. For the ex-
cited K = 0 band there are many possibilities all
involving nucleons in the $5, ¹8,or ¹11orbits.
The simplest is shown —it is not necessarily dom-
inant.

Daum" has considered the conjugate nuclei "Na-
"Al in the ¹ilsson model. He assigned the J"=4',
T = 1 '~Al ground state to the K = 4 band based on
(¹7)~¹5as shown in Fig. 5. For this Nilsson
occupancy in 24Mg the nucleon in orbit ¹5has
an equal probability of being a neutron or a pro-
ton. Thus the T=1 band has an antianalog T=O
band and this we assign to the band built on the
8.44-MeV level.

Again for the K= 1 band there are many pos-
sibilities. One of the simplest is obtained from
the (¹7)¹5configuration which can generate
two K=4 bands (T=O and T=1) from 0, +0,=-,'+,'
=4 and also two K=1 bands from 0, —9,= —,

' ——,
' =1.

2. Classi fication into SU(9) symmetries

An alternate description of the band structure
of 2'Mg is in terms of SU(3) symmetries. ' " Nei-
ther the Nilsson nor the SU(3) description is ex-
pected to be rigorous and it is enlightening to con-
sider both. The bands of Fig. 5 are labeled by the
expected dominant SU(3) symmetry. The theo-
retical evidence for the assignments to the lowest
K=0 and K= 2 bands was discussed fully previous-
ly." The evidence for the assignment of [44](46)

to the excited K=O band is the calculation of Vfath-
ne and Engeland. ' The remaining assignments are
based on energetics and the connection between
the Nilsson and SU(3) models. ""

The connection between the SU(3) classification
and the Nilsson occupancies is given in Table V
for all the symmetries assigned in Fig. 5 except
[431](73)which is quite complicated. The con-
nection is for the P -~ asymptotic limit or equiv-
alently for no spin-orbit force and no 1d-2s split-
ting. The [44] bands of Fig. 5 all have T=O; T= 1
is not allowed. For [431], T= 0 and T= 1 are both
allowed. Actually there is a multitude of J'= 4'
states (each with its band) in [431](65) and [431](73).
These can be specified by the quantum numbers
K„K~. The K,=1, K~=3 states, both T=O and
T =1, are expected to lie lowest" and this is the
state we consider in Table V.

3. Evidence for the band assignments

The lowest K=O and K=2 bands have been fully
discussed in the literature. ' The main evidence
for the band structure is found in the strong intra-
band B(E2) values and the weak interband B(E2)
values. The intraband B(E2) values [in W.u. (Ref.
10)) are shown in the square boxes in Fig. 5. They
are taken from the compilations of Endt'" or from
the 20Ne(o, y)"Mg work of Fifield et al."

The nuclear spectroscopy of the T=1 levels of
mass 24 is very poorly known. For instance, the
analogs of the '4Mg 11.01- and 13.37-MeV levels
have not been established in ' Ne or ' Al and the
spin-parity assignments of these levels have not
been determined. However, the values suggested
by Fifield et al."and shown in Fig. 5 are probably

TABLE V. Nilsson orbit occupancies for some SU(3) symmetries.

[44] (84)
07 89 P7 P9

K=O

K=2

[44] (46)
(e6)4 (e7, n)'(e5, ¹8,na)'

1

(P6)' (l7, P9)' (P5, P8 811)
6

P7 A Ill
2

[4311 (65)
09 P7 g5

2

5

K= 1

f441 (73)
(k6) (k7, t9) (P5, 88, Ill)

io
is

(P6) {P7, 4S)
3

13
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correct. No intraband B(E2) values are known for
the K=4, T=1 band since these levels decay pre-
dominantly by &T= 1 dipole transitions.

Granting that the 9.52-MeV level is the bandhead
of a K= 4, T = 1 band, the main arguments for the
K=4, T=0 band come from '4AI(P')24Mg. The two
strongest Gamow-Teller '4Al P' decays are to the
8.44- and 10.58-MeV levels and since Gamow-
Teller P decay has a ~& 1 selection rule it is
natural to assign K= 4 to these two levels. The
suggested spin-parity assignments shown in Fig.
5 for the 10.58- and 12.00-MeV levels are also
from Fifield et al."

It is instructive to consider the SU(3) predictions
for the P' decay even though it is not expected that
they will be obeyed in detail. For the SU(3) band
structure of Fig. 5 the only allowed '4Al P' trans-
itions are to the 4' and 5' levels of the K= 4 bands.
It is pleasing, then, to note that the transitions
to three such levels are the strongest observed
(see Table IV).

In more detail the Gamow-Teller matrix ele-
ment vanishes identically between states of the
supermultiplet [431], with K,= 1, K~= 3, thus the
very small value for this quantity which is dis-
cussed in the previous subsection has a natural
explanation in the framework of the SU(3) model.

In the same SU(3) model the predicted logft
values for decay to the 4' and 5' T = 0 levels of
the K=4 band are 3.24 and 4.16, respectively. The
calculation was carried out for [431](73)SU(3)
wave functions. The result for [431](65) is very
closely the same and since the amplitudes for
these two symmetries add incoherently the result
is very insensitive to the weighting of these two
symmetries in the K= 4 bands. More important
are the possible deviations from the assumption
K,= 1, K~=3. Thus, we expect that the logft
values quoted are approximate lower limits and
the fact that the ratio of the two is given approx-
imately correctly is perhaps all that can be ex-
pected.

The evidence for the grouping of the levels at
7.75, 8.65, and 9.46 MeV into a K=1, T=O band
is highly speculative. However, these are the only
levels remaining after the other band assignments
of Fig. 5 are made, thus the spin sequence is sug-
gestive of this band structure. The spin-parity of
the 9.46-MeV level has not been determined'; the
3' assignment is suggested by comparison to the
predictions of Kelvin et aE.'

The suggested grouping of the "Mg levels at 6.43,
7.35, 9.30, and 12.86 MeV into a K=O, T=O band
is based mainly on the large B(E2) values shown
in Fig. 5 for the 6'-4' and 4'-2' transitions and
the theoretical evidence discussed in Sec. I. The
6'-4' strength is from Fifield et al."while the

TABLE VI. Some E2 decays for J =4' levels of Mg.

E
(keV) (k V)

8439 1369

4123

4238

5235

6010

Transition

43 2f
4+ 4+

43 22

4+ 3+

43 -42
43 23

B(E2)
(W.u.)

0.29

0.36

11+5

~ b

(fs)

26 +10

9301 1369

4123

4238

7349

9516 1369

4238

7349

44 2g

44 -4;
44 22

44 -23
45 ~2f

45 22

45 -2s

0.17 20+8

0.04

15+6

&1.7 x10-4 25 +10

&1.3 x10-'

&1.1 x10

~ For the AJ&2 transitions, pure E2 was assumed,
hence the limits. The uncertainties are derivable from
those on the branching ratios of Table I and the mean
lifetimes of column 5.

For the 8439- and 9301-keV levels the mean lives
are twice those of Ref. 34 as discussed in the text.
The value for the 9516-keV level is from Ref. 2.

4'-2' strength is obtained from the present
branching ratios (Table II) and previous lifetime
measurements. As an aid in this discussion, the
known B(E2) values for the decay of the "Mg 8.44-,
9.30-, and 9.52-MeV levels are collected in Table
VI. These B(E2) values result from the branching
ratios of Table II and the listed mean lives. The
mean life listed for the 9.52-MeV level is the
adopted value of Endt and van der Leun. 2 For the
8.44- and 9.30-MeV levels the only published mea-
surement is that of Meyer ef cl.~ For the 2nd
through 6th excited states of '4Mg, the mean life
results of Meyer et al. average --' of the adopted
value of Endt and van der Leun. ' Thus we arbitra-
ily increase by a factor of 2 the mean lives quoted
by Meyer et a/. for the 8.44- and 9.30-MeV levels.
This we do for purposes of present discussion but
we note the importance of additional lifetime mea-
surements for these levels.

A perusal of Table VI yields the interesting fact
that only two B(E2) values are enhanced and both
are 4'-2' transitions to the 7.35-MeV level. That
from the 9.30-MeV level gives us the evidence for
a K= 0 band, while that from the 8.44-MeV level
clearly indicates mixing between the K = 0 and K = 4
4' levels at 8.44 and 9.30 MeV, i.e. , 82 transitions
have a ~ ~ 2 selection rule. The relatively strong
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P' decay of ' Al to the 9.30-MeV level is further
evidence of this mixing.

Other interband transitions in '4Mg are present,
for instance, the relatively strong 8.65-6.43 E2
transition shown in Fig. 5 and the decay of the
6.43-MeV leveL' These remind us not to take the
band structure shown in Fig. 4 too literally. The
E2 decay of the 9.52-MeV level also listed in Table
VI indicates sizable inhibition which goes well
beyond that expected from the 4T = 1 selection
rule. " The M & 2 selection rule provides an ex-
planation for the weak decays to the K= 0 levels
but not for the decay to the K = 2 4238-keV level.

IV. SUMMARY

The present study of 'Al(P')24Mg yielded 44 '4Mg

y transitions compared to the 19 previously re-
ported. ' Three P' branches were observed in
addition to the six previously reported. One of
these —to the 10 576-keU state —has the third low-
est observed "Al logft value. In addition to this
branch, the major new information obtained is the
observation of 8.44-7.38 and 9.30- 7.38 E2 trans-
itions which are rather strongly collective. Be-
cause the 12.86-9.30 E2 transition is also strong
we suggest placement of the '4Mg levels at 7.38,
9.30, and 12.86 MeV in an excited K = 0 band built
on the 0' 6.43-MeV level. However, the rather
strong 8.44-7. 38 E2 transition indicates rather
strong interband mixing.

Both K= 4, T= 1 and K = 4, T= 0 bands are pro-
posed. The P' decay matrix elements connecting
the 4' "Al ground state (K=4, T=1) with the K=4,
T = 1 4 level at 9.52 MeV and the 4' and (5') K = 4,
T = 0 levels at 8.44 and 10.58 MeV are calculated
in the extreme assumption that all have the SU(3)
symmetry [431](65)with K, =1, K~=0. The cal-
culation provides an explanation for the small
matrix element of (o)' in the superallowed decay
and predicts strong transitions to the K=4, T=O
band with the ratio of decays to the 4' and 5' states

in rough conformity to those for the 8.44- and
10.58-MeV levels.

The present discussion points up the need for
more accurate lifetime measurements in "Mg and
for additional spin-parity determinations —especi-
ally for those marked by an asterisk in Fig. 5. An
expansion of the large basis shell-model wave
functions' ' in terms of SU(3) wave functions would
be of great interest.

Note added in proof. J. D. Garrett, H. T.
Fortune, R. Middleton, and W. Scholz [Phys. Rev.
C 18, 2032 (1978)] have proposed a band structure
for '4Mg similar to that given in Fig. 5. K. Kumar
[International Conference on the Structure of
Medium-Heavy Nuclei, Rhodes, Greece, 1979,
Inst. Phys. Conf. Ser. No. 49, 169 (1980)]has cal-
culated results for the even J, even parity, T =0
band structure of '~Mg using the dynamic deforma-
tion theory. Kumar (unpublished) successfully
predicts a K =0 band (p vibration, band head at
6.01 MeV) which can be associated with the K = 0
band commencing at 6.43 MeU in Fig. 5. He cal-
culates considerable mixing of this band with the
lower two bands and with the lowest K =4 band also
in agreement with results summarized in Fig. 5.
However, the predicted p band has a 4'-0' spacing
of 5.5 MeV as opposed to 2.87 MeV in Fig. 5 and a
close-lying second K =0 band (yy-vibration, band
head 6.52 MeV) is predicted in disagreement with
experiment (i.e. , no 0' states other than those of
Fig. 5 are known below 9 MeV in ' Mg).
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