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Low-spin states were studied in *°Al following the B8 decay of **Mg produced in the fragmentation of
140-MeV/AMU “*Ca. Analysis of the -y and B-y-y coincidences revealed a new 1% state at 2413 keV,
confirmation of the level scheme, and a more accurate half-life measurement of 315(6) ms for the 3*Mg ground
state. Higher-spin states were investigated in the reaction of '“C on '30 at 22 MeV. Protons and deuterons were
detected in a segmented E-AE Si telescope in coincidence with one or two y rays in the FSU Ge detector array. A
comparison of the resulting level and decay scheme with predictions of the sd shell model shows good agreement
with all but six of the states in both excitation energy and y-decay branching ratios. The root-mean-square
deviations in energy of these states using the older USD and newer USDA and USDB interactions were 265,
176, and 173 keV, respectively. The remaining six states are well described as 4~ to 7~ states, similar in relative
energy to those in 2 Al but shifted down by about 1200 ke V. These states also agree well with the predictions of
shell-model calculations using the WBP interaction. A comparison of the lowest 4~ states in even A Na, Al, and
P isotopes shows a systematic decrease in energy with increasing N and with decreasing Z. The energies of the

4~ states are almost identical in nuclei with the same N-Z values.
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I. INTRODUCTION

The existence of intruder states at high excitation energies
based on configurations involving orbitals outside the shell
being filled comes as no surprise. However, their presence
at low excitations and even in the ground states (g.s.) of
neutron-rich nuclei has been surprising at times and continues
to challenge theoretical understanding. One of the early

surprises was the unexpected %+ ground states of ''Be [1]
when the seventh neutron is expected to occupy the pj; orbital.
Figure 1 in Ref. [1] illustrates another important characteristic,
namely the fact that the position of the neutron intruder state
depends not only on the number of neutrons but also on the

number of protons. The position of the %+ intruder state falls
with decreasing Z even for constant N.

For the normal states, the demonstration that one effective
interaction with smooth A dependence (USD) [2,3] can
describe most of the structure observed in the sd shell was one
of the early successes of the large-basis shell model. Because
the interaction was fitted to the known states throughout the
shell, it may include some of the effects of two-particle-two-
hole intruder configurations. The failures of a model can be
as instructive as its successes. The failure to reproduce the
ground-state binding energy of 3! Na, although giving excellent
agreement for the lighter isotopes [4], was an early indication
for intruder configurations in the ground state of some sd-shell
nuclei that are not well reproduced by calculations employing
the USD effective interaction. This region of nuclei with Z
near the bottom of the sd shell and N near the top, where
the energies of intruder-dominated configurations fall below
those of the normal configurations, has been called the “island
of inversion.” Recent studies have traced out the decreasing
energies of intruder configurations with increasing N in the
Na isotopes [5-7].
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Recently new sd effective interactions (USDA and USDB)
have been derived by fitting the greatly expanded structure now
known in sd-shell nuclei [8]. Even though considerably more
levels in neutron-rich nuclei were included in adjusting the
new interactions, the underprediction of the binding energies
of nuclei in the island of inversion remains. Inversion effects
are reasonably accounted for in calculations, including the fp
shell, e.g., by using the SDPF-M interaction that involves a Z-
and N-dependent shell gap [9].

The present work on *°Al was initiated to see whether the
newer sd effective interactions provide a better description
of a neutron-rich nucleus not involved in the adjustment and
to provide further information on the behavior of intruder
structures as a function of N and Z approaching the island of
inversion. Complementary approaches were used: Low-spin
states were explored following the B8 decay of the 0" ground
state of **Mg produced in the fragmentation of **Ca, and
high-spin states were investigated by detecting particle-y
coincidences in a heavy-ion reaction involving a long-lived
radioactive beam.

Excited states were previously observed in *°Al in the
30Si(¢,>He) reaction [10—12], following the 8 decay of **Mg
[13,14] and in a particle-y coincidence experiment with the
14C(180, pn) reaction [15]. An early suggestion that the first
excited state is isomeric was ruled out by subsequent work.
Also a tentative state at 1000(30) keV [10] or 991 keV [15]
was not seen in other experiments and will be discussed in this
article.

II. EXPERIMENTAL DETAILS

A. B decay

In the experiment to study the 8 decay of **Mg, a **Ca beam
was used to produce the parent nucleus, *°Mg, by intermediate-
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energy projectile fragmentation at the National Supercon-
ducting Cycltron Laboratory (NSCL) at Michigan State
University. The **Ca beam was accelerated to 140 MeV/A
using the coupled cyclotron facility. The desired “®Ca?**, with
a maximum beam current of 15 pnA, was then fragmented in a
700-mg/cm?-thick ?Be target located at the object position of
the fragment separator, the A1900, to obtain the 3°Mg parent
nuclei. A 300 mg/cm? wedge-shaped Al degrader was used
in conjunction with the A1900 to disperse the fragments ac-
cording to their mass-to-charge ratios. A “cocktail” secondary
beam consisting of F, Ne, Na, and Mg isotopes was selected.

These fragments were then implanted in the double sided
silicon micro-strip detector (DSSD), which forms part of
the beta counting station (BCS) [16]. The DSSD was used
to determine the location and time of each implantation
and subsequent S decay. A 10-mm Al degrader was placed
in front of the DSSD to ensure the complete implantation
within the 985-um-thick DSSD. Energy loss and time-of-
flight information were used to separate the different species
reaching the DSSD. A plot of the time-of-flight vs. dE can be
seenin Fig. 1 of Ref. [17], where the various nuclei reaching the
DSSD are distinctly separated. Each implantation and decay
event was recorded and tagged with an absolute time stamp
generated by a free-running clock (30.5-us repetition rate).

Fragment-8 correlations were established in software,
where a low-energy 8 event was correlated to a high-energy
implantation in the same pixel of the DSSD. Light particles,
transmitted along with the secondary beam, were vetoed
by a scintillator placed at the end of the BCS for the
purpose of increasing the fragment-8 correlation efficiency. To
generate a decay curve, the differences between the absolute
time stamp of the correlated B events and implant events
were histogrammed. Implantation events were rejected if not
followed by a 8 event within a certain time period in the same
pixel or if a second implantation occured before a 8 decay.
This was used to enhance background supression. A 3.6-s time
period was selected for analyzing the S-delayed y transitions
in 3°Al, whereas a 10-s time period was used to generate the
decay curve.

The B-delayed y rays were detected using 12 detectors
of the segmented germanium array (SeGA) [18] arranged
around the BCS. Each detector is composed of an §-cm-long
by 7-cm-diameter Ge crystal divided into eight 1-cm-wide
segments along the crystal length and four quadrants on the
crystal face. The Ge detectors were energy and efficiency
calibrated using standard calibration sources. The measured
peak detection efficiency was ~5% at 1 MeV.

B. In beam

Excited states in 3CAl were populated through the
8O(1*C, pny) reaction at a beam energy of 22 MeV provided
by the Florida State University Tandem Accelerator. The 80
target with a thickness of 200 yg/cm? was made by anodizing
Ta in an electrolytic cell with water enriched to 85% in 80
on an 0.0127-mm-thick Ta backing. The charged particles
from the reaction were detected in the FSU E-AE silicon
particle telescope. This telescope consisted of three annularly
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segmented silicon surface barrier detectors. A 150-um-thick
silicon detector was used for the AE detector, and the two
silicon detectors with thicknesses of 1500 um each were
combined to form the E detector. A more detailed description
of the E-AE telescope setup can be found in Ref. [19].

Following the charged-particle decay, the y radiation was
detected by the FSU Compton suppressed high-purity germa-
nium (HPGe) detector array. At the time of this experiment,
the array consisted of three four-crystal Clover detectors and
six single crystal detectors. The three Clover detectors were
located at 90° from the beam axis along with two single crystal
detectors. In addition, two single crystal detectors were each
located at 35° and 145° relative to the beam. The minimum
trigger condition was a signal in one of the E detectors and
another in a y detector within the resolving time of about 70 ns.
The data were written to disk during the experiment and later
sorted into matrices for data analysis using GNUSCOPE [19].
In playback, the 3°Al events were selected by requiring the
detection of a p or d in the particle telescope through gates
drawn in the E- AE plane in coincidence with one or two y rays.
The dimensions of the particle-y and particle-gated y-y ma-
trices were 4000 x 4000, with a dispersion of 2 keV/channel.
The matrices gated on p and d events were added together
to combine both the p-n and d exit channels to improve the
statistics.

Angular distributions were measured by comparing the
intensities of y lines in the 90° detectors with those in the
combined 135° and 45° detectors. The relative normalization
between the two spectra was determined by fitting the
2235 keV 2+t — 0t E2 transition in 3°Si that must have
a zero mixing ratio. The Clover detectors were treated in
self-suppression mode just for the angular distribution mea-
surements so that the normalization would be approximately
energy independent. The angular distribution attenuation
coefficients were calculated based on an average geometry for
the detectors. A Gaussian distribution of magnetic substates
was assumed with a width o = 0.5/ based on fits to known
transitions in other nuclei in the data set.

III. RESULTS
A. B decay

1. Half-life measurement

The decay curve for *°Mg was created by histogramming
the time differences between the identified **Mg implants and
B decay events in the same pixel for time intervals up to 10 s.
The resulting decay curve is shown in Fig. 1 along with the
fit based on the Bateman equations for the sequential decay
of 3®Mg and °Al. The decay curve was constructed using
three components, the decay of 3°Mg, the growth and decay
of the daughter nucleus *°Al, and the background. The decay
constants of 3°Mg and the background were allowed to vary,
as was the intial number of S-decaying particles. The decay
curve from B’s correlated with y rays of energy 244 or 444 keV
was also fitted, as shown in Fig. 2. This fit was created using a
two-component exponential fit that included the parent decay
and a long-lived background decay. Both decay constants for
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FIG. 1. (Color online) The decay curve for **Mg. Counts per
10 s vs. time (ms). The half-life was determined to be 314 £ 5 ms.

the parent and background decay were allowed to vary, as was
the inital number of particles. The half-life obtained from the
fragment-B correlated events was found to be 316 £ 5 ms,
and that of the fragment-f-y was calcuated to be 314 + 7 ms.
The average of these half-lives was used to determine the
adopted half-life of 3®Mg. The value of 315 4 6 ms is in good
agreement with previous measurements of 325 + 30 ms [13]
and 340 =+ 20 ms [20] and has higher precision.

2. Level scheme

The f-delayed y spectrum displayed five y lines that
represent transitions in 3°Al. Lines at 243, 443, 685, and
2165 keV have been previously reported for 3°Al, but the
2165-keV line was not placed in the level scheme [13]. A new
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FIG. 2. (Color online) The decay curve for the combined 244-
and 444-keV y transitions. Counts per 20 ms vs. time (ms). The
half-life was determined to be 312 + 7 ms.
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TABLE 1. y transitions following the 8 decay of **Mg.

E, (keV) Intensity ~ Nucleus  E; — E; (keV)
243.9(5) 100 HAL 244 — 0
443.9(5) 96(2) HAl 688 — 244
686.8(20)  2.3(3) 0AL 688 — 0

1724.9(15)  6.4(8) 0A1 2413 — 688

2169.8(15)  3.5(5) HAL 2413 — 244

1397.7(10)  2.9(5) YAl 1398 — 0

2236.0(10) 65(3) 08i 2236 — 0

3498.0(12) 32(5) 308j 3498 — 0

1725-keV transition was observed in this study, which along
with the 2170-keV line (2165 in Ref. [13]) leads to a new
state at 2413 keV. The placement of all the lines in the present
B-decay work is confirmed by the 8-y-y coincidences shown
in Figs. 3 and 4. The B-decay level scheme deduced from the
present work is shown in Fig. 5. The energies and intensities
of the y lines following the 8 decays of 3°Mg are listed in
Table 1. The nucleus in which the y transition occurs is also
listed.

The B-decay branching to each level in the daughter nucleus
was calculated from the difference between y-ray intensities
feeding into and out of the level, using the measured SeGA
efficiency and utilizing the initital number of B-decaying
particles derived from y transitions populating the ground
state of 3°Si [21]. The possibility of B-delayed neutron decay
was accounted for by measuring the branching to the first
excited state in 2°Al, which was found to be approximately
2% and can be taken as a lower limit. The branching to the
244-keV state was approximately zero, suggesting that it is
not populated by allowed § decay. The ground-state branch
is also very small, which is consistent with the previously
assigned spin and parity of 3*. The apparent log ft values
were deduced using the measured intensities for B8 decay, the
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FIG. 3. Coincidences with 8’s from the S-decay experiment and
the 244-keV line show the known 444-keV and the two new 1725-
and 2170-keV y transitions.
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FIG. 4. Coincidences with 8’s from the S-decay experiment and
the 444-keV line show the known 244-keV and the new 1725-keV
y transitions.

measured half-life, and the Qg values from the literature [22].
The apparent log ft values for the 688 and 2413 keV states are
3.8 £ 0.5 and 4.1 £ 0.4, respectively. These clearly represent
allowed B-decay from the 0 ground state of **Mg and confirm
the previous 11 assignment to the former state [13] and provide
anew 17 assignment to the latter.

B. In beam

Analysis of data from the '"8O('*C,pny)°Al reaction
yielded many new transitions not observed in B8 decay or
previous work. These transitions were observed via p-y-y

0 3155)ms 0" Q=6962(16)

[V
210(‘;) logft . S, = 5728(14)
9.3(4) 4.1(4) 2413 1
g | &
[\ p—
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3 +
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FIG. 5. The B-decay level scheme for *°Al, including the two new
transitions and new excited state. Transition line thickness indicates
the relative intensity. All energies are in keV.
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FIG. 6. The particle-y spectrum in the region of a reported
991-keV line.

and d-y-y coincidences. Four of the previously known y
transitions and 13 new ones were observed. From these
coincidences, the known 244-, 688-, 1120-, and 1246-keV
states were confirmed. In addition, y decays were observed
from 6 states previously known only from the charge exchange
experiments [11], and 4 new states were determined from their
y decays. The 991-keV y transition reported in Ref. [15]
from a proposed state at 991 keV was not seen in the present
work. The particle-y spectrum, Fig. 6, shows no evidence for a
991-keV transition. Coincidence spectra for various transitions
in 3°Al are shown in Figs. 7, 8, 9, and 10.

The 1725-keV transition seen in the in-beam experiment
must be different from the one seen in B decay because the
former does not show coincidences with the 444-keV line
(see Fig. 7) that appear in the later (Fig. 4). Coincidences
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FIG. 7. Spectra from the in-beam experiment in coincidence with
protons or deuterons and the 444-keV (top) or 1725-keV (bottom)
lines.
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FIG. 8. Spectra from the in-beam experiment in coincidence with
protons or deuterons and the 997-keV (top), 1246-keV (middle), and
1662-keV (bottom) lines.

between the 997- and 1605-keV lines (see Figs. 8 and 9)
clearly establish a state at 5510 keV. The energy difference
between the 3905- and 2298-keV states is 1607 keV, which
is very close to that of the 5510 — 3905 keV transition. The
possibility of a 1605-1607 keV doublet is also suggested by
a possible peak around that energy in the 1605-keV gated
coincidence spectrum (Fig. 9). The level scheme and the
energies and intensities of the y lines can be seen in Fig. 11 and
Table II, respectively.

IV. DISCUSSION

The states observed in the present experiment are compared
with those reported previously in Fig. 12. There is a clear one-
to-one correspondence between the present work and the older
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FIG. 9. Spectra from the in-beam experiment in coincidence with
protons or deuterons and the 608-keV (top), 1605-keV (middle), and
2298-keV (bottom) lines.
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TABLE 1II. y transitions observed in Al
in the in-beam experiment.

E, (keV) E, (keV) Intensity
243.7(5) 243.7(5) 100
687.8(5) 444.1(5) 19(2)

1120.2(10) 1120.2(10) 10(2)

875.9(9) 22(2)

1246.2(8) 1246.2(8) 60(3)

1562.2(12) 1318.5(15) 0.93)

1801.7(15) 1558.0(16) 1.8(5)

2298.4(12) 2298.4(10) 40(8)

1178.3(28) 3.3(6)

2845.5(10) 1725.3(10) 17(2)

2907.7(13) 1661.5(14) 16(5)

607.7(9) 37(5)
3463.6(12) 2217.4(15) 1.1(2)
3905.1(13) 997.4(13) 25(3)
1605.1(25) 2(1)

4292.5(11) 387.4(10) 10(1)

5510.2(25) 1605.1(25) 8(4)

6422.1(31) 2517.0(31) 7(2)

charge-exchange results [11] up through the 2298-keV level.
The differences in energy are well within the 15- to 20-keV
uncertaintities reported for the charge exchange results. Above
this, the 2413-(1% seen only in B decay), 2846-, 4293-, 5510-,
and 6422-keV states appear to have no counterparts reported in
charge exchange. Counterparts were seen for the 2908-, 3464-,
and 3905-keV levels.

A. Spins

The goodness of fit x> between the measured and theoreti-
cally expected angular distribution for the 244-keV transition
to the 3% ground state [13] is graphed as a function of mixing
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FIG. 10. Spectra from the in-beam experiment in coincidence
with protons or deuterons and the 244-keV (top), 876-keV (middle),
and 1178-keV (bottom) lines.
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FIG. 11. Level and decay scheme from the in-beam experiment.

ratio § for several possible spins of the 244-keV state in
Fig. 13. Only a mixing ratio of § =0 is possible for the
spin-parity hypothesis of 17 and the fit is very poor at this
point. The hypothesis of 3%t would lead to § ~ 0.62 and
an unreasonably large E2 admixture for such a low-energy
transition. However, the hypothesis of 2% gives an excellent
fit at § =0 for pure M1 decay, which is expected for a
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low-energy transition. Thus, we assign 2% to the 244-keV
state. This assignment is consistent with the nonobservation
of direct B feeding from the 0" ground state of **Mg. The
2% assignment is also consistent with the tentative 17 or 2F
in previous work [11,15]. Fits to the angular distribution of
the 444-keV line are shown in Fig. 13. In this case, the spin
and parity of the 688-keV state have already been assigned
1T, so several spin hypotheses are shown for the 244-keV
state. J™ of 2% implies a nearly zero mixing ratio for the
444-keV transition, in agreement with the assignment based
on the 244-keV angular distribution. Hypotheses of 1+ or 37
imply substantial (and therefore unlikely) E2 components.
Note that the existence of the 444-keV transition from a
1" state rules out any spin above 3% for the 244-keV state.
Fits to the angular distribution of the 876-keV line
(Fig. 13) rule out pure E2 decay and therefore, spins of 0" or
4%, for the 1120-keV state. Possible spins of 1, 2, or 3 give
good fits. The choice of 31 implies the smallest mixing ratio,
but the possibility of significant £2 admixtures increases with
the square of the transition energy and cannot be ruled out
for the 876-keV decay. Spins of 2 or 3" were assigned to the
1120-keV state in the charge exchange experiment, with the
former spin favored [11]. However, in a reanalysis of this data,
only a spin of 3 was indicated in Fig. 3 of Ref. [12]. This is
consistent with the preference for 3% in the present work. Fits
to the 1246-keV transition (Fig. 13) favor spins of 2 or 4
for the 1246-keV state, with 4T giving a nearly zero mixing
ratio. 11 and 37 are ruled out, but 57 is also possible. The fact
that the 1246-keV state decays only to the 3" ground state and
not to the 2% or 17 states suggests a higher spin. Altogether,

7 7057 .
7 eaa 76763 16815 5t g5
(1) 6422 6 6458 g 6274 66535 & 6443
6 6199 —— 6 6204
o ol o 6202
5901 6 5862 ; ::Z: 6 5949 5= 5948 ®
5553 (1) 5510 7 5530 g—aee U & 581
3414 6 5472 5" 5247 5" 073 FIG. 12. (Color online) A comparison of
34 4810 5" 4931 47 5136 3 054 the present results with previous experimental
2 (b) 7 4864 4 4704 4585 work and shell-model calculations using the
::gi‘ 4293 4+ 4326 4+ 4339 4 4359 WBP, USD, U.SDA, and USDB interactions.
————— + Not all the predicted lower-spin states are shown
6) 3905 4 3987 57 3913 :
z TR S 6 3827 ———— 5t 3735 above 2 MeV to reduce clutter in the figure.
T35 (5% 3464 s 3882 Levels not labeled in the figure for lack of space
3361 & 3003 4 3219 4" 3245 are (a) 2744 keV (no spin-parity/assignment)
45 2802 (5) 2908 5 2955 3, 361 5 2994 (b) 4694 keV (no spin-parity/assignment)
@@y 28 2 264 3 B 3 2800 ;) 2 2775 ) (c) 2538 1 and 2560 4*keV, (d) 2684 keV 2+
2454 | 2413 5 T3y mmma(t) 73333 and 2714 keV 47, (e) 2646 keV 4T and 2679 3+,
33 3303 - 2 2421 L, 2508 1 2090 and (f) 5891 keV 5T. As discussed in the text,
, @) 2298 4 2301 D% 2060 1 2090 C
1822 2 1802 1 2139 ——— 3 1869 the WBP results were shifted down by about
2" 1 2 2025 A——o02
1554 (2) 1562 - 687 o+ s3q 21617 1 MeV.
4 1253 4" 1246 2 1332 |
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FIG. 13. (Color online) Goodness of fit x 2 as a function of mixing
ratio § for the 244-, 444-, 876-, and 1246-keV transitions.

47 is the most likely spin in the present analysis, followed by
5%, This assignment is consistent with that from the charge
exchange experiment [11].

No angular distributions were reported for the 1562- or
1802-keV states in the (z,3He) reaction. It was also difficult to
obtain reliable y angular distributions for them in the current
work. Both decay to the lowest 2% level, which limits their
spin parity to a range of 07 to 47 or 1~ to 37. The 2298-keV
state was assigned J = 3 or 4 in the (¢,He) reaction [12].
J = 4 fits the angular distribution of its ground-state decay
with almost zero mixing ratio, whereas J = 3 does not give
a good fit (Fig. 14). Spin 4 also leads to a good fit at § = 0
for its 1178-keV decay branch. Spin 3 would imply a large
mixing ratio, which is less likely. The fact that it decays only to
37 states also favors spin 4. The 2846-keV state is placed based
on the observed 1725-1120 and 1725-874-244 cascades.This
state is newly observed, so no previous spin information is
available. The angular distribution of the 1725-keV decay line
is described well by spin hypotheses ranging from 1 to 4 for
the 2846-keV level (Fig. 14).

The 2908-keV state was previously assigned spin 4 or 5
with unknown parity. The angular distribution of its 1662-keV
decay line strongly favors a spin of 5 (Fig. 15). The angular
distribution of its energetically unfavored 608-keV decay
branch to another spin 4 state also favors spin 5 and esentially
rules out 4 because of the very unlikely large mixing ratio
(Fig. 15). The decay of the 3464-keV state to the lowest 4
level suggests higher spin and the angular distribution of the
2217-keV y ray also favors J = 5 (Fig. 15).

The 3905-keV state was well described by 5 in Ref. [12].
The angular distribution of its 997-keV y ray is described
by a spin sequence of either 5 — 4 or 6 — 5 (Fig. 16)
and not by a AJ =2 or a AJ = 0 sequence. Because the
2908-keV state is much more likely to have spin 5, this would
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FIG. 14. (Color Online) Goodness of fit x> as a function of mixing
ratio § for the 1178-keV, 2298-keV, and 1725-keV transitions.

lead to an assignment of 6 for the 3905-keV state, in possible
disagreement with the (¢,>He) result. However, no calculations
for spins higher than 5 are shown in Ref. [12]. The decay of
the 3905-keV state only to the lowest spin 5 level and not to
any of the lower spin 4 states also makes the hypothesis of spin
6 more likely.

Neither the possible 4293-, nor the 5510- or 6422-keV
states, correspond to any previously reported levels. The

-90 -60 -30 0 30 60 '90
-1
tan O

FIG. 15. (Color online) Goodness of fit x 2 as a function of mixing
ratio § for the 1662-, 608-, and 2217-keV transitions.
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FIG. 16. (Color online) Goodness of fit x2 as a function of mixing
ratio § for the 997-, 1605-, and 2517-keV transitions.

angular distribution of the 2517-keV decay of the 6422-keV
state is consistent only with AJ = 1 (Fig. 16).

Note that the 6422-keV state lies about 700 keV above the
neutron-decay threshold. Only the angular momentum barrier
from a relatively high-spin state would hinder neutron decay
so much that y decay predominates.

B. sd-shell model and the positive-parity states

The USD Hamiltonian was adjusted to fit what was known
of the structure of sd-shell nuclei two decades ago [2,23].
At that time, most of the available structure information was
for nuclei in the valley of stability. Since then, a consid-
erable amount of new structure information was measured
experimentally for nuclei farther from the valley of stability,
especially on the neutron-rich side. Recently, the Hamiltonian
was adjusted again to reflect the wealth of new structure
learned in the intervening years [8]. The USDA interaction
was fitted by allowing 30 linear combinations of the two-body
matrix elements to vary from the renormalized G matrix for
the sd shell, whereas, for the USDB, 56 combinations were
allowed to vary. RMS deviations of 170 (126) keV for the
608 energy levels fitted were observed for the USDA (USDB).
The present work provides data not used in this fit for
comparison with the three calculations in a nucleus with
moderate neutron excess.

The sd-shell model provides a good comparison for the
positive-parity states with predominantly sd configurations.
These calculations with all three interactions predict the same
level ordering up through the lowest 4% state. There is also
a one-to-one correspondence with the experimental levels
(see Fig. 12), although the shell-model energies tend to be
somewhat lower. The root-mean-square energy differences
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are 253, 187, and 191 keV for the USD, USDA, and USDB
interactions, respectively, i.e., the USDA and USDB give
almost equally good fits to the level energies for the low-lying
states, whereas the USD results are a little worse. This provides
some support to the conclusion that the newer interactions are
better adapted to neutron-rich nuclei.

The electromagnetic transition strengths provide a more
detailed comparison between the calculations and experiment.
They are shown in Table III. The theoretical branching ratios
are based on the calculated B(M1) and B(E?2) values (with
effective charges of 1.5 and 0.5 for protons and neutrons,
respectively) and the experimental transition energies. There
is very good agreement in the branching ratios up through the
lowest 4T state, which gives further confidence in the spin
assignments given in Fig. 12.

Focusing on the lowest spin states, only one 17 state has
been observed above 2 MeV, but all three calculations predict
two 17 levels at about 2100 and 2500 keV. USD calculations
[3] predictlog ft values of 3.7,4.1, and 6.8 for the 493-,2139-,
and 2538-keV levels. These are in good agreement with the
experimental values if the 2413-keV state corresponds to the
2139-keV USD prediction. The very weak 8 branch implied by
the large predicted log ft value for the 2538-keV level would
explain why it was not observed experimentally. The predicted
y-decay branching ratios for the second theoretical 1 state
also agree rather well with experiment, keeping in mind that
weaker branches would not be observed experimentally.

It is unlikely that the 0" states were populated significantly
in the *C +!80 reaction because even the second 17 state
was not observed. In the compilation [22], the 991-keV state
is shown to decay only to the 17" state at 688 keV by a 303-keV
y ray. This would make it a candidate for the first predicted
0" state. However, no evidence for a 303-keV y ray was
found in the B-decay or in-beam data. The only published
information on the purported 991-keV state is the observation
of a ground-state decay [15]. As mentioned, we see no evidence
for this transition or state.

The comparison with theory becomes less clear above
1500 keV and spin 1. Based on their energies, the states
observed at 1562 and 1802 keV are the best candidates
for the predicted 25 and 27 levels. However, there is only
limited agreement between the observed 100% decay branch
of the 1562-keV state to the 244-keV level and the predicted
branching ratios of 38% to 57% for the 27 state. There is
essentially no agreement between the observed 100% 1802 —
244 keV decay and the 1% to 17% branches calculated for the
27 state, but partial agreement with the 28% to 51% branches
calculated for the 2 state about 600 keV higher in energy than
the 1802-keV level. There is also a much larger variation in
the calculated decay branching ratios of the 27 states between
the three interactions. One possible conclusion is that the 1562-
and 1802-keV states both have J* = 2%, but the shell-model
calculations are not getting the mixing between the various 2+
states right. Another possibility is that one or both states are
intruders.

The 45 state is predicted to decay primarily to the lowest
two 31 levels, in qualitative agreement with the decay pattern
observed for the 2298-keV state. However, the calculations
predict a stronger branch to the 37 level, whereas the
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TABLE III. A comparison of the experimentally measured
branching ratios with those predicted by the sd-shell model using
the indicated interactions. In some cases more than one possible
shell-model state is compared with experiment. The energies shown
in the first columns are the experimental ones, whereas the spins
and serial numbers shown in the last columns are for the theoretical
states.

E; E;
(keV) (keV)

Branching ratios (%) J7T#
Exp USD USDA USDB

688 244 98 100 100 100 1*,1
0 2 0 0 0
1120 244 69 73 79 71 3%,2
0 31 27 21 29
1246 0 100 100 100 100 41
1562 1120 3 2 3 2%,2
688 2 11 8
244 100 38 57 50
0 57 30 39
1802 1120 5 7 9 2,3
688 35 1 22
244 100 17 6 1
0 44 86 68
1802 1687 7 10 3 2%,4
1562 8 3 11
1120 9 24 0
688 22 8 53
244 100 51 28 33
0 3 27 0
2298 1246 0 0 1 42
1120 18 67 60 58
244 3 3 3
0 82 30 37 38
2413 688 35 36 44 33 1*,2
244 65 54 44 53
2846 2298 2 1 1 31,3
1802 5 3 0
1687 1 2 1
1562 3 5 3
1120 100 19 21 20
688 1 1 0
244 20 22 18
0 46 40 52
2846 1120 100 75 70 61 4t2
244 5 4 4
0 20 26 35
2908 2846 0 0 0 5%,1
2298 57 0 0 12
1802 0 4 0
1246 43 97 94 86
1120 3 3 2
0 0 0 0
3464 2846 8 0 5 5%,1
1246 100 87 90 92
1120 4 2 3
0 1 8 0
3905 2908 >78 1 9 3 4.3
2846 6 10 19
2298 <22 0 0 0
1802 <1 4 6
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TABLE III. (Continued.)

E; E;
(keV) (keV)

Branching ratios (%) J7 L #
Exp USD USDA USDB

1562 1 22 21
1246 1 6 7
1120 14 16 13
244 1 <1 <1
0 75 32 30
3905 2908 >78 0 0 0 5%,2
2846 0 0 0
2298 <22 1 0 0
1246 92 90 92
1120 1 1 1
0 6 9 7
3905 2908 >78 0 1 1 4.4
2846 0 0 0
2298 <22 0 1 1
1246 1 10 15
1120 14 23 22
0 75 65 61
3905 2908 >78 36 16 24 61,1
2298 <22 0 7 1
1246 64 77 75

experimental ratio is reversed. The decay of the 2846-keV
state only to the 3;’ level agrees significantly better with that
predicted for the 47 state and poorly with that for the 37 state.
The predicted energies of the 47 states lie roughly midway
between 2298 and 2846 keV. Altogether, it appears more likely
that the 2846-keV experimentaly state is the predicted 4 state
and the 2298-keV state is not accounted for in the sd-shell
model.

The 2908-keV state decays with almost equal branches to
two spin 4 states below it. A spin of 5 is strongly favored
experimentally, but the theoretical 5] level is predicted to
decay almost completely to the 4T state. Spin 5 was also
favored experimentally for the 3464-keV state. Its exclusive
decay to the lowest 4™ state agrees well with the prediction
for the 57 level. Thus the decay patterns strongly suggest
that the 3464-keV state is the theoretical 57 level, but the
calculated energies are closer to 2908 keV. However, the
energy differences with 3464 keV are not outside the range
seen for sd calculations, are smaller for the newer interactions,
and continue the trend of generally underpredicting the
experimental energies.

As discussed, the angular distribution of its decay y ray
favors spin 6 for the 3905-keV state, whereas the (¢,°He)
angular distribution [12] led to a 5% assignment. Although
it is close in energy to the predicted 55 level, the predicted
decay pattern is in total disagreement with experiment. There
is partial agreement with the predicted decay pattern of the
6;“ level, but its energy is almost 2 MeV higher than that of
experiment. It is also difficult to find suitable candidates in
the sd model space for the 5510- and 6422-keV states. Their
decay patterns do not resemble those predicted for the 57, 6; ,
or 7;“ levels.
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C. Negative-parity intruder states

Both the absence of good candidates in the sd-shell model
for some of the experimental states and the presence of
negative-parity states as low as 3500 keV in 28 Al [24] strongly
suggest that some of the states observed in 3° Al have negative
parity. In fact, the larger number of neutrons in *°Al is likely
to lower the energies for intruder states with configurations
involving the f7,, shell.

The good agreement of the states below 1500 keV with
the sd-shell model and systematics imply that negative parity
is unlikely for for any of these states. As discussed above,
the lowest 27 states are good candidates for the 1562- and
1802-keV levels based on energy, but the agreement in decay
patterns is not very good. Because these two states decay to
the 27 level, possible negative parities are 17,27, and 3~.
The lowest 3~ state lies at 3591 keV in 28Al. It is somewhat
doubtful that this state would drop 1.8 to 2 MeV with the
addition of two neutrons, and the absence of any decays to
the 3" ground state or any decays to the 1562- and 1802-keV
states from higher-lying states with higher spins make spin 3
unlikely for either state. Thus 2% remains most likely for these
two states, but 1~ or 2~ cannot be ruled out.

Spin 4 was assigned to the 2298-keV state, but no good
positive-parity candidate was identified. It appears likely
that this may be a 4~ state corresponding to the lowest
negative-parity state in 2®Al at 3465 keV. That would imply
a rather reasonable drop in energy of 1167 keV. The angular
distribution of its 1178-keV line implies a zero mixing ratio
that is consistent with pure E1 decay (Fig. 14).

The 2908-keV state is a good candidate for 5~ and
would imply a similar drop in energy with the corresponding
state in 28Al. This interpretation would explain why a low-
energy 608-keV transition can compete favorably with one of
1662 keV—an observation not understandable for a 5% state in
the sd-shell model. It is a case of a low-energy M1 transition
competing with a higher-energy E'l. In fact, the assignment
of 4™ to the 2298-keV state requires negative parity for the
2908-keV state because a low-energy E1 could not compete
with a much higher energy M 1. Also, the angular distribution
of the 1662-keV decay is consistent with pure E 1 decay, as is
required for a 5~ assignment.

The 3905-keV state is a likely candidate for 6. Its decay
to only higher spin states implies moderately high spin, but its
decay pattern does not fit any of the reasonable positive-parity
candidates. The angular distribution of its 997-keV decay
line fits 6 — 5~ with a small mixing ratio (Fig. 16). The
possible E2 branch to the 2298-keV 4~ state is also consistent.
Although the angular distribution of the 1605- to 1607-keV
possible doublet shows predominantly Al = 1 character, a
weaker unresolved E2 line is not ruled out. The 5510- and
6422-keV states are likely to be 7~ because their decay angular
distributions have predominantly A/ = 1 character.

To better explore the relation between the isotopes, the level
schemes of 28:3Al are compared in Fig. 17. There are some
similarities in the positive-parity states, and the significant
differences reflect the changing number of neutrons in the
sd shell. However, Fig. 17 suggests that the main effect of
the extra two neutrons on the negative-parity states is just a
lowering of all the 7 = — levels. To make this clearer, the
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FIG. 17. (Color online) A comparison of the 2%3°Al level
schemes. The vertical positions of the negative-parity states in 28 Al
have been shifted down by 1200 keV, as discussed in the text. Levels
not labeled in the figure for lack of space are (a) 1373 keV 17,
(b) 1620 keV 17, and (c) 2582 keV 5%.

7 = — levels in 2 Al have been shifted down by 1200 keV in
the figure. The proposed lowest 4=, 57, and 6~ states in 3’Al
agree rather well in energy with their counterparts in 28 Al after
the shift. Presumably this shift reflects the lower energy cost of
promoting a d3,; neutron up to the f7,, shell compared to that
for an sy, neutron in 28 A1, Additional evidence comes from a
comparison of the decay branches of the lowest negative-parity
levels, shown in Table IV. There is a considerable similarity in
the decay patterns for the two isotopes in spite of the ~1.2 MeV
energy difference. These comparisons cannot be extended to
the 7~ states, because none are known in 23Al.

Further evidence of a systematic shift in intruder energies
with changing N and Z comes from a comparison of the
lowest 4~ levels in the even Al (Z = 13) [25] and P (Z = 15)
[26] shown in Fig. 18. The decrease in excitation energy of
intruder configurations with both increasing N and decreasing
Z is typical of “island of inversion” effects where the N = 20
shell gap decreases with increasing neutron excess. The almost
identical energies for 22 AI-*°P and 3°Al-*’P (within 21 and
7 keV, respectively) suggest that the position of the intruder
state is dependent almost entirely on N-Z.

Preparation of this graph suggested a re-examination of
%6Na that has been studied with essentially the same combina-
tion of reactions. The state at 2284-keV decays exclusively to
the 3 ground state [27], which would be consistent with 4.
It was assigned 5% in the analysis of a (¢,>He) reaction [12].
However, a portion of that angular distribution was blocked
by a contaminant, and the authors stated that the 4~ and 5~
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TABLE IV. A comparison of the negative-parity decays for 2 Al and *°Al. All energies

are in keV.
BAL 30A1
E(J™,#) E;(J7, #) Branch (%) E;(J™,#) E (J™, #) Branch
(%)
346547, 1) 2272(4*, 1) 7 229847, 1)
1014(3%,2) 5 112037, 2) 7
03™, 1) 88 0(3*, 1) 93
4033(57, 1) 3466(47, 1) 51 2908(57,1) 22984, 1) 79
2272(4*, 1) 49 1246(47%, 1) 21
516567, 1) 4034(57, 1) 100 3905(6—,1)  2908(5—, 1) 71
229847, 1) 29

angular distributions are very similar in shape to the 4™ and
5% ones. Thus the 2284-keV state is at least a candidate for
4~. This possibility is included in Fig. 18, where it fits in
very nicely, differing from the corresponding level in 3°Al by
16 keV.

D. WBP interaction and the negative-parity states

An extended shell-model space including the sd and pf
shells was used to calculate the expected positions of 1hw
intruder states with the WBP interaction [28]. Although it
might be expected to give a good representation of the relative
spacing of the m = — states, their position relative to the
m = + levels may not be well predicted because of model
limitations. Therefore we have shifted the predicted 7 =

5 T
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FIG. 18. (Color online) Position of the lowest 4~ states as a
function of neutron number in the Z = 13 Al and Z = 15 P isotopes.
The dashed line represents WBP predictions for the Al isotopes
adjusted down by about 1 MeV as discussed in the text. Note that
some of these spin-parity assignments are tentative.

— states down by about 1 MeV to force agreement with the
lowest 4~ experimental state. These results for 3°Al for the
m = — states are shown in the column labeled “WBP” in
Fig. 12. For simplicity, only the yrast and near yrast states are
shown, because the in-beam experiment populated only such
states. By construction the WBP interaction was designed to
reproduce the USD predictions for the w = 4 sd states, so
its predictions for the 7 = + levels are identical to those in
the column labeled “USD.” The agreement with the lowest
57,67, and 7~ states is remarkably good, and the second 7~
level differs by 300 keV.

The WBP calculations for the lowest 4~ states in the
neighboring Al isotopes are shown as a dashed line in
Fig. 18. The calculated results were also shifted down by the
same 1 MeV, as adjusted in 30A1, so only the values for AL
and *Al are predictions. Not only is the decreasing trend
with increasing N reproduced well, the value for 3>Al agrees
perfectly and that for 2 Al, reasonably well.

V. SUMMARY

Complementary techniques were used to study the structure
of 3Al. The low-spin states were investigated following the
B decay of **Mg, which was produced in the fragmentation
of ¥8Ca at the MSU NSCL. The A and Z identified fragments
from the A1900 separator were correlated with subsequent
B and y decays in a DSSD. The higher-spin states were
investigated at FSU in the reaction of '*C on 80 by observing
the p-y, p-y-v, d-y, and d-y-y coincidences.

The pB-decay experiment has located a new state at
2413 keV, given further confidence to the entire (-decay
level scheme through 8-y -y coincidences, provided firm spin
assignments of 11 to the 688- and 2413-keV states, and
determined a more accurate half-life for the ground state of
3Mg. The in-beam experiment at FSU has revealed for the
first time the y decay scheme of many higher-spin states. A
dozen states were seen that correspond well in energy with
those previously reported in the charge exchange reaction.
Four more states were seen in the present work that do not
have counterparts from previous work. The y decay modes and
angular distributions provide spin assignments and restrictions
for these states.
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The excitation energies and decay branching ratios of the
states observed in 3’Al were compared with the predictions
of the sd shell model using both the older USD and newer
USDA and USDB interactions. Ten states agree relatively
well with the calculations and thus appear to involve pure
or nearly pure sd structure. The root-mean-square deviations
in energy between experiment and theory for these states are
265, 175, and 173 keV, respectively. Clearly USDA and USDB
provide better agreement with experiment, with no significant
difference between them.

Five states whose decay patterns and energies do not agree
well with the sd calculations are very likely negative-parity
states with configurations involving one f7,, neutron. The
proposed 47,57, and 6~ levels agree rather well in energy
with the lowest corresponding states in 28Al after the 28Al
states are shifted down by 1200 keV. The two highest states
seen appear to be 7~ states but no 7 states are known in 28Al
for comparison. Calculations using the WBP interaction agree
well with the negative-parity states. The decreasing energy of
the intruder states with increasing neutron number fits well
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with the systematics of the even A, Al, and P isotopes. There
is also a systematic decrease with decreasing proton number.
This variation with N and Z is characteristic of the island
of inversion, i.e., the effects of pf intruder configurations
increase not only with increasing N as it approaches N = 20
but also decreasing Z. A very interesting relation seen is that
the energy of the lowest 4~ level is almost identical for 28 Al
and 2P as well as for °Al and 3*P. In these cases, the 4~
energy depends only on N-Z. The relation also suggests an
reassignment of 4~ to the 2284-keV level in Na. If confirmed,
this would demonstrate a sequence of three isotopes with
constant N-Z (= 4) and almost constant 4~ energy.
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