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Deexcitation y rays of Al following the ' C('80,pn)' Al fusion-evaporation reaction have been
observed in singles, in coincidence with the evaporated protons, and in coincidence with other y rays
in cascade. Gamma-ray yield curves were measured over the "0 beam energy range 15—35 MeV.
Angular distributions of y rays observed in coincidence with protons at 0' were measured for four
transitions. Limits on level lifetimes were determined, and no evidence for a long-lived isomeric
transition was found. Excitation energies deduced are, in keV: 0, 243.90(8), 687.S3(12), 991.0(9),
1118.7(7), and 124S.6(8). Corresponding spins and parities are 3+, (1,2)—,1+, (2,3,4,)+—,(1,2,3)+—

, and
(4)+—, respectively. The results are compared to recent shell model calculations.

NUCLEAR REACTIONS ' C (' O,pny) Al, E(' O)=15—35 MeV; measured '

Iy (E 0 ) Ey py coin; y y coin; deduced decay scheme, limits on
probable J.

I. INTRODUCTION

Neutron-rich nuclei in the lower sd shell present a chal-
lenge to even the most up-to-date theoretical models of
nuclear structure. This is particularly true for odd-odd
nuclei, such as Al. Excitation energies for low-lying lev-
els in Al have been measured by Ajzenberg-Selove and
Igo' via the Si(t, He) Al reaction. They assumed that
the level they observed at 250+30 keV excitation is an iso-
mer, and that its decay is responsible for the long-lived ac-
tivity (ri&2 ——72.5+1.3 s) reported by Peeters. In a study
of the A =30 P-decay chain, Detraz et al. observed y-ray
transitions which they assigned to the deexcitation of Al
levels at 243 and 685 keV. They also deduced spin and
parity assignments for the ground state (3+) and 685-keV
level (1+). However, apart from a preliminary report on
the present work, no other information on the excited
states of Al is available. We have employed the
' C(' O,pny) Al reaction to measure excitation energies
and lifetime limits for five excited states of Al. In addi-
tion, proton-gated y-ray angular distributions were mea-
sured for four of these states.

II. EXPERIMENTAL METHODS

(3) angular distributions of y rays were measured in
coincidence with forward-emitted protons.

Detailed descriptions of the experimental procedures used
for these measurements are given below.

The experimental arrangement used to acquire y-y
coincidence data is illustrated in Fig. 1. A 2S-MeV ' 0
beam bombarded a 106-pg/cm ' C target deposited on a
2-mg/cm -thick Ni backing. The ' 0 beam and heavy
recoiling ions were stopped in a 40-mg/cm -thick Ta foil
clamped onto the downstream (Ni) side of the target.
Gamma rays were detected with n-type high-purity Ge
(nHPGe) detectors having relative efficiencies of 13% and
20% placed at 90' and 55' to the beam direction, respec-
tively. The distance from each nHPGe crystal to the tar-
get was 43 mm. Lead collimators of 12.5-mrn thickness
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In order to unambiguously identify levels in Al and to
investigate their decay properties, three types of ineasure-
ments, all utilizing the ' C(' O,pny) Al reaction, were
made:

nHPGe
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(1) y-ray yields in singles and in coincidence with
evaporated protons were measured as a function of ' 0
beam energy;

(2) y-y coincidences were recorded;
FIG. 1. Experimental setup for y-y coincidence and y-ray

singles yield curve measurements.
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were used to reduce the false coincidence events arising
from a single y-ray scattering between the two detectors.
The timing resolution achieved was approximately 15 ns
FWHM. Signals from the two y-ray detectors and the
time-to-amplitude converter (TAC) were stored in event
mode on magnetic tape.

Singles yield curve data were acquired using an escape
suppression spectrometer with the nHPGe detector
operated inside a NaI(T1) anticoincidence shield. The
target-beam stop arrangement was similar to that
described above for y-y coincidences. In this arrange-
ment, an evacuated space, a few microns in thickness, ex-
isted between target backing and stopper. This resulted in
fully-Doppler-broadened line shapes for prompt y-ray
transitions, and narrow line shape components, charac-
teristic of the nHPGe-detector resolution, only for rela-
tively long-lived (r) 1 ps) decays. Thus, most prompt and
delayed components were easily separable in the spectra,
allowing the extraction of yield curves for both prompt
and P-delayed y rays. Beam current integration was used
to normalize all yield curve data.

The setup for acquiring particle-y ray coincidence data
is shown in Fig. 2. Beams of ' 0 projectiles, accelerated
to energies ranging from 15 to 35 MeV, bombarded a
103-pg/cm -thick ' C target deposited on a Au backing of
approximately 7-mg/cm thickness. This thickness of Au
was sufficient to stop heavy evaporation residues having
3 -30. The beam and ' C recoils were stopped in a 20-
mg/cm -thick Ta foil placed between the target and the
particle counter telescope, as shown in Fig. 2. The tele-
scope consisted of 50-pm)&100-mm and 1000-pm)&300-
mm silicon surface-barrier detectors for the bE and E
counters, respectively, placed such that particles emitted
within approximately +29' of the beam direction could be
detected. Most of the light particles had enough energy to
penetrate both the Au backing and the Ta foil, and were
thus eligible for detection via the telescope. The low-
energy threshold for detection and identification of pro-
tons was approximately 2 MeV.

Gamma rays were detected with an nHPGe detector of
20% relative efficiency. Gamma-ray spectra were ac-
quired both in singles and in coincidence with various par-
ticle groups observed in the AE-E map, on which two-
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dimensional gate regions were set at the beginning of the
experiment. Yield curve measurements were taken with
the front face of the Ge crystal at 54 mm from the target
and positioned at 8&

——115' (see Fig. 2). Angular distribu-
tions were measured at 25-MeV beam energy with the Ge
crystal at 97 mm from the target. Detector attenuation
coefficients were estimated to be Q2 ——0.96 and Q4 ——0.87
for this geometry over the y-ray energy range of interest.
Data were acquired at four laboratory angles: 8&——0',
105', 125', and 145'. These angles were cycled a total of
four times, with approximately 2 h of data accumulation
per angle per cycle. The total number of charged particles
detected was used as a normalization basis for each run.
The angular variation of the attenuation of y radiation by
the target chamber and counter telescope assembly was
measured as a function of y-ray energy using a ' Eu
source placed at the target position. Spectra were also ac-
quired at 25-MeV beam energy and Oz ——115' using a 100-
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FIG. 2. Experimental setup for particle-y coincidence mea-
surements.

FIG. 3. Relative yields of various y-ray transitions {a) in sin-
gles and (b) in coincidence with protons, for ' 0+' C reactions,
vs ' O laboratory energy. Errors are statistical only, and curves
are drawn to guide the eye.
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FIG. 4. Spectra of y rays from ' 0+' C reactions acquired (a) in coincidence with protons, (b) in singles, and (c) in coincidence
with a particles. Data have been adjusted to the same energy gain. The 242- and 244-keV lines were clearly resolved in a singles
spectrum taken with twice the conversion gain of the one shown here.

pg/cm ' C target on an 8-mg/cm Au backing, in order
to identify y rays originating from the natural carbon con-
tamination on the ' C target. These experiments were
rather sensitive to even small amounts of contamination,
owing to the relatively large cross section for charged par-
ticle emission from reactions of the beam with ' C, as
compared to that from reactions with ' C.

III. RESULTS AND DISCUSSION

Some of the yield curve data taken in singles and in
coincidence with protons are shown in Fig. 3. Spectra ob-

tained by gating on protons and on a particles are com-
pared to a singles spectrum in Fig. 4. As is apparent from
Fig. 4(a), the Al 991-keV line is partially obscured by the
984- and 1014-keV lines of Al, formed primarily via the
pn-evaporation channel following reactions of the ' 0 pro-
jectiles with the ' C contamination on the target. The
991-keV line was not present in spectra obtained using the
' C target, and is interpreted as the decay to ground state
of an Al level reported tentatively in Ref. 1 at 1.00+0.03
MeV. Properly normalized spectra taken with the ' C tar-
get were subtracted from those taken with the ' C target,
and the resultant spectra were used to determine centroids
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for the 991-keV transition. The y-y coincidence data
showed both the 444- and 875-keV lines to be in coin-
cidence with the 244-keV transition. The Al levels and
decay scheme deduced in the present work are compared
in Fig. 5 to the (t, He) results of Ref. 1 and to the shell
model calculations of Wildenthal. It should be noted
that, if the excitation energies of Ref. 1 are multiplied by
the constant factor 0.986, then the energies from the (t,
He) reaction and those measured in the present work

agree within +4 keV. The relative side-feeding intensity
to the Al ground state was determined by measuring the
relative strengths of p-delayed y rays from oSi.

A summary of experimental results is given in Tables I
and II. Gamma-ray energies were determined using stan-
dard calibration sources, and Doppler-shift corrections
were applied by measuring centroids at each of the four
angles for which angular distribution data were taken.
The fractional Doppler shifts [F(v)] extracted were con-
verted to level lifetimes using Doppler shift attenuation
(DSA) calculations based on the method of Blaugrund.
The experimental determination of the initial Al recoil
velocity was based primarily on the assumption of a full
Doppler shift for the short-lived (&=30 fs) 2272~0 tran-
sition in Al, which was observed simultaneously via the
parallel reaction ' C(' O,pny ) Al. Several other fast
transitions, including several others in Al, provided sup-
porting data. After correction for the ' C—' C mass
difference, the experimentally-determined value of
@=0.0275(20) is in satisfactory agreement with kinemat-
ics calculations in which the evaporated proton is moving
forward in the center-of-mass frame.

The lifetime of the 244-keV level has been corrected for
feeding from the 688-keV level, but no other significant
feeding data are known, so corrections were not applied in
any of the other cases. The errors given do not account
for unknown feeding. Time spectra from y-y coincidence
data associated with the 688—+244~0 cascade were ex-

amined to investigate the possibility that the 244-keV state
is a long-lived isomer, as suggested by Ajzenberg-Selove
and Igo. ' It was found that r & 12 ns, i.e., no retardation
of the 244~0 decay was perceived within the electronic
limits of our experiment.

As is apparent from the angular distributions shown in
Fig. 6 and the large errors on the Legendre coefficients
(Table I), the data for each of the four transitions in ques-
tion are consistent with a pure dipole interpretation; our
statistical uncertainties are too large to be any more defin-
itive. The uncertainties on the a& coefficients are particu-
larly large if the data are fitted by varying three parame-
ters. Thus, the a2 values deduced from a two-parameter
fit, with a4 fixed at zero, are also shown in Table I as a 2.
These two-parameter fits are represented by dashed lines
in Fig. 6.

The spin and parity assignments shown in Fig. 5 were
deduced by considering our experimental results in con-
junction with some general properties of fusion-
evaporation reactions, and with angular momentum
properties of electromagnetic decay. Fusion-evaporation
reactions most strongly populate the yrast states, which
usually decay via "stretched" cascades of nearly pure mul-
tipoles of order I., where L =J;—J~, and J; & JI.
Stretched dipole transitions typically have angular distri-
bution coefficients of a2- —(0.2—0.3), while stretched
quadrupole transitions have a2 —+ (0. 1—0.2) and
a4- —(0.05—0. 1). The observed strong side feeding of
the ground state (J =3+) and the 1246-keV state, and the
apparent single decay branch of the latter to the ground
state, seem to fit this yrast decay pattern if the 1246-keV
state has J=4. As further support of this assignment, the
1246~0 transition has az (or a 2) near the above-
mentioned range for stretched dipoles (see Table I). As-
suming this is a pure dipole transition, the strength would
be

~

M(M1)
~

=0.097(46) Weisskopf units (W.u.)' or

~

M(E1)
~

=3.1(1.5) X 10 W.u. , depending on wheth-

TABLE I. Experimental data for transitions in Al observed via the ' C(' O, pny) Al reaction. Un-
certainties in the least significant figures are given in parentheses.

E;

244 0
688 0

244
991 0

1119 244
688

1246 0

243.90(8)
687 5c,d

443.63(8)
991.0(9)
874.8(6)
431.2'

1245.6( 8)

Energies
(keV)

Eg Eq
BR
(%%uo)

100
&5d

&95
(100)
&96

&4
(100)

Leg endre
coefficients

(%) a4 {%%uo)

—12(3) —3(3) —14(2)

+7(11) —8(11) +4(8)

+ 19(15) +3(16) +20(11)

—11(9) —6(10) —13{6)

& 0.05

0.25(5)
0.76{11)
0.79(12)

0.71(11)

~ (ps)"

12000& ~& 4.0

1.0(3)
0.14(8)
0.12(8)

0.17(8)

Coefficients a2 and a4 are from fitting angular distribution data by varying three parameters. Coeffi-
cients a 2 are from fitting data with a4 fixed at zero.
fhese results establish lower limits on F(r) and correspondingly upper limits on r for all but the

244~0 transition, owing to the unknown feeding times. The F(~) value for the latter was corrected for
feeding from the 688-keV level.
'The transition energy was calculated as E; —E~, but was not observed experimentally.
A weak 684.6(1.3)~0 decay branch (4%) was reported in Ref. 3.



28 ELECTROMAGNETIC TRANSITIONS IN Al 2347

TABLE II. Comparison of experimental results with results from shell-model calculations. Experi-
mental uncertainties in least significant figures are indicated in parentheses.

Energies
(keV) Assumed BR

E; Ef J;—+Jf (%)

Transition strength (W.u. )

Expt."' Theory
M1 M1 E2

~ (ps)
Expt. Theory

991

1119

1246

0 2)~3)
0 1)—+3)

244 1)—+2i
0 4(~3(

244 4l —+2~

0 32~3)
244 32—+2)
688 32—+1l

0 4j —+3)
244 4l —+2i

0.36(11)
0.23( 13)'

&96
&4

(100)

0.40(26)f

0.097(46)I

100 0.0002&
~

M(MI)
~

&0.55
( 5

&95
(100)

0.090

0.39
0.14

0.061
0.35

0.14

0.94
0.22

0.10

0.11

4.3 4.0&~(12000 24.
2.9
5.3 1.0(3)
5.8 0.14(8)
0.11
2.8
3.7 0.12(8)
1.6
5.8 0.17(8)
0.11

'Spins are those assumed for comparison with theoretical calculations for positive-parity states, and are
not assignments (see the text and Fig. 5). Spin assignments from Ref. 3 are used for the ground state
and the 688-keV level.
"Except for the 244~0 transition, no corrections for possible feeding have been applied (see the text).
'Experimental E2 transition strengths are not given, since mixing ratios were not measured and none of
the observed transitions are predominantly quadrupole (see the text). M1 strengths shown were deter-
mined assuming all transitions are purely dipole.
dSee Ref. 6.
'If the 991-keV state has negative parity, the E1 transition strength is (7.4+4.2) && 10 W.u.
If the 1119-keV state has negative parity, the E 1 transition strength is (13+8)&(10 W.u.

gIf the 1246-keV state has negative parity, the E 1 transition strength is (3.1+1.5) )& 10 ' W.u.

er the 1246-keV level has positive or negative parity,
respectively.

The other excited states are fed relatively weakly (Fig.
5), and are thus probably not part of a yrast cascade. The
angular distribution for the 688~244 transition is essen-
tially flat (Fig. 6), and is thus consistent with the low spin
assignment (J =1+) made by Detraz et al. , for the 688-
keV level. The lifetime measured for the 688~244 decay
would demand that the transition be predominatenly di-
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FIG. 5. Energy level diagram for Al, comparing shell-
model calculations (Ref. 6) and (t, He) results (Ref. 1) with
present work and the results of Ref. 3. Assumed level
correspondences are shown by dashed lines (see the text and
Table II). Experimental errors in energies of Ref. 1 range from
15 to 30 keV. The experimental spin and parity assignments are
those assigned in Ref. 3 and suggested via present results.

FIG. 6. Angular distributions of y-ray transitions in Al.
The errors are statistical. Data as shown are not corrected for
detector efficiency. Solid curves are least-squares fits to the
equation

Ir =AD[1+a2QzPq(cos8r ) + a4Q4P4(cosBr )] .

Dashed lines are fits with a4 fixed at zero. See the text and
Table I for further details.
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pole; if it were a pure E2 transition, its strength would be
8500(2600) W.u. , far in excess of the accepted limit. " On
this basis, the spin of the 244-keV state is restricted to 0,
1, or 2. Further, the anisotropy of the 244~0 transition
rules out J=O. Thus, we conclude J =(1,2)+— for the
244-keV level. The limit on its lifetime (v. & 12 ns) would
implv ~M(E2)

~

&14 W.u. if J'=1, which is not un-
reasonable. A better lifetime measurement, for which the
recoil distance method (RDM) would seem appropriate,
would help to determine which of the spin-parity alterna-
tives is correct.

The lifetimes of the 991- and 1119-keV states would
imply that both the 991~0and 1119~244 transitions are
also predominantly dipole; again, the pure E2 strengths
required —1100(600) W.u. and 2400(1600) W.u.„respec-
tively —would be unacceptably large. The 1119~244
transition is anisotropic. ' Thus, J=(2,3,4) for the 991-
keV level and (1,2,3) for the 1119-keV state.

ground state. As illustrated in Table II, either of them
could be interpreted as corresponding to the predicted 4+~

state at 882 keV (Fig. 5). Neither of them has the decay
properties of the predicted 2z state at 1332 keV, as this
state should also have a strong (-40%%uo) branch to the 2+&

state, which presumably corresponds to the 244-keV state
observed experimentally. It would thus appear that either
the 991- or the 1246-keV state has negative parity, arising
from the coupling of the unpaired sd-shell proton to the
unpaired neutron in an fp orbital. Model calculations for
negative parity states of Al have not yet been performed;
the results should be interesting.

As a final note, the model predicts the 1+& state to lie at
an excitation energy of 2139 keV. The decay energy of
this level to the ground state or first excited state would be
in reasonable agreement with the energy of 2165 keV mea-
sured by Detraz et al. for a weak y-ray transition in the
A =30 P-decay chain.

IV. COMPARISON TO SHELL MODEL
CALCULATIONS

Experimental transition strengths and lifetimes are
compared with those from the Wildenthal shell model cal-
culations in Table II. Initial and final spins of experi-
mental levels were assumed which are consistent with the
conclusions drawn in the previous section and with the
previous assignments in Ref. 3 for the ground and 688-
keV states, and which seemed reasonable in light of the
level order predicted via the model (Fig. 5). Only M 1 ex-
perimental transition strengths, calculated by assuming
pure dipole transitions, are listed. Similar calculations of
E2 strengths, assuming pure quadrupole transitions,
would imply strengths in excess of the acceptable upper
limit of 100 W.u. for all but the 244~0 transition, for
which ~M(E2)

~
&14 W.u.

The calculated M1 strengths and lifetimes all agree
with the corresponding experimental values, within experi-
mental uncertainties. Thus, the identification with shell-
model states shown in Fig. 5 is probably not unreasonable.
However, an interesting puzzle is posed by the 991- and
1246-keV states, both of which decay exclusively to the

V. SUMMARY AND CONCLUSIONS

The y-ray decay properties of five excited states of 3cA1

have been investigated. Shell-model calculations, per-
formed by Wildenthal for positive-parity states, are in
good agreement with experimental results. It would ap-
pear that either the 991- or 1246-keV level, but probably
not both, has negative parity. Spin and parity assign-
ments suggested for other states are summarized in Fig. 5.
No evidence was found for the long-lived isomeric state
discussed in Refs. 1 and 2.
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