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y-y angular correlation and time-integral perturbed-angular-correlation measurements in-
volving low-lying levels of A1 have been performed. The 1343-30-keV, 943-30-keV, and
400-943-keV y-y angular correlations were studied simultaneously. The results conclusively
establish the spin and parity assignments for the ground, 30-, 973-, and 1373-keV states to
be 3*, 2*, 0*, and 1*, respectively. Analysis of the data indicates that the mixing amplitude
for the 2* — 3* transition is 6 (E2/M1) =—0.004+0.006 and for the 1* — 2* transition 6 (E2/M1)
=+0.35+0.10. The moment of the 2* state was determined by time-integral perturbed angular
correlations to be (+4.27 +0.40) uy. The implications of this value for the systematics of mag-
netic moments in the vicinity of A =28 are discussed particularly in relation to the theory of

weak magnetism in 8 decay.

I. INTRODUCTION

Until very recently, only rudimentary spectro-
scopic information on the %Al nucleus was avail-
able. Only within the last year have detailed de-
terminations of spins, parities, transition rates,
and spectroscopic factors of low-lying levels in
28A1 been undertaken. The most recent publica-
tions include y-ray spectroscopy and particle-y-
ray angular-correlation measurements of Boerma
and Smith,! the electromagnetic transition rate
measurements of Maher et al.,? the determination
of spectroscopic factors from ?7Al(d, p)*®Al reac-
tion by Maher et al.,® and a preliminary report of
y-y angular correlation by Lawergren.*

The present paper reports the results of three
separate y-y angular-correlation measurements
on low-lying levels of ?Al and a time -integral
perturbed-angular-correlation determination of
the moment of the 30-keV 2 state of Al. The
results of these measurements are consistent with
and extend the results of the works cited above.

Since in the simplest shell model the 1d;,, sub-
shell closes at 2°Si, %Al is believed to be relative-
ly undeformed for s-d-shell nuclei and therefore
provides an interesting testing ground for various
nuclear models. Nilsson-model and recent shell-
model calculations have already achieved a con-
siderable degree of success in predicting many of
the observed characteristics of #A1.%%® The pres-
ent paper combined with the other recent research
on low-lying levels in %Al provide a considerable
amount of detailed data on this nucleus which can
provide the basis for refinement of the model cal-
culations.

K=z}

II. EXPERIMENTAL PROCEDURE
A. Source Production

The source for these experiments was the 21.3-h
half-life 8 emitter 2®Mg. The source was pro-
duced in the reaction °Si(p, 3p)**Mg by bombarding
30Si in the form of SiO, with 300-MeV protons from
the Space Radiation Effects Laboratory 600-MeV
synchrocyclotron. 300 MeV was chosen with the
hope of minimizing unwanted reactions. An ex-
pected difficulty encountered was the high yield of
24Na. The amount of this activity produced varied
with each irradiation but on the average was 20
times as intense as the 2®Mg. This much general
background activity is undesirable in any experi-
ment but is particularly a problem for this experi-
ment since the 1369-keV y ray from the decay of
%4Na is resolved from the 1343-keV y ray of 28Al
only with a Ge(Li) detector. Since it was imprac-
tical from the standpoint of a number of consider-
ations including counting efficiency to use a Ge(Li)
detector and since the half-lives of *Na and ®Mg
are comparable, it became necessary to radio-
chemically extract the 2®Mg. Radiochemical sep-
aration was accomplished by dissolving the acti-
vated SiO, in concentrated HF. The **Mg was then
precipitated in the form of MgF, by the addition
of MgCl,. This procedure removed nearly 100%
of the Mg and only about 5% of the Na. To
avoid hyperfine interactions associated with the
MgF, solid, the precipitate was redissolved in con-
centrated HNO,. For a few experimental data
runs, the liquid was diluted with water and drained
through a resin ion exchange column to further
improve the radiochemical purity. This latter
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procedure was essentially 100% effective in re-
moving the #*Na contamination, however, about

50% of ®Mg was also lost. Since the level of activi-
ty was sufficiently low, prior to the ion exchange
procedure, that background coincidences were not

a problem, the ion exchange was judged undesir-
able because of large reduction in true counting

that it produced.

B. Geometry

The relatively low counting rate required high-
efficiency detectors. Therefore Nal counters
were used. The three y-y angular correlations
(1343-30-keV, 943-30-keV, and 400-943-keV) were
investigated simultaneously. This not only pro-
vided the most efficient use of the source activity
but also allowed a convenient method for cross
checking and normalizing the data. A 13-in.x1-in.
Nal counter to detect the 30-keV y ray was located
at the 0° position of a circular table. A 3-in.Xx3-in.
Nal counter to detect the 400-keV y ray was locat-
ed at the 270° position. A second 3-in.x3-in. Nal
counter to detect both the 943- and the 1343-keV
v rays was placed on a movable arm which was
programmed to move this detector between the
70° position and the 200° position. The detectors
were magnetically shielded and well collimated.
Collimation was a particularly serious considera-
tion in this experiment since a 1343-keV vy ray
could Compton scatter from one detector to anoth-
er simulating a 400-943-keV coincidence, even
when the electronics were set to detect only the
photopeaks. Even with 1 cm of lead shielding
between the detectors, these simulated coinci-
dences gave rise to about a 5% anisotropy. To
eliminate this effect, a 1.5-cm-thick lead shield
with a 1.5-cm-thick conical lead collimator was
placed around each detector for a total of 3.0 cm
of lead shielding between detectors. The collima-
tors tapered down to an opening diameter of 2.0
cm at a distance of 2.0 cm from the source. This
system reduced the Compton scattering anisotropy
to less than 0.5%.

To minimize the effect of any anisotropy in the
distribution of the source, the source was spun
about a central axis at 50 rpm.

C. Data Collection

The outputs of the Nal detectors were amplified
and fed to the inputs of timing single-channel ana-
lyzers (SCA). Each SCA was set on the photopeak
of its respective y ray (either the 1343, 943, 400,
or 30 keV). The fast outputs of the SCA’s were
fed pairwise to three fast-coincidence units, set
to detect coincidences between the 400- and 943-
keV y rays, the 943- and 30-keV y rays, and the

1343- and 30-keV y rays. The timing resolution
of this system was approximately 50 nsec, which
was sufficient for the count rates involved.

The raw data consisted of the simultaneous col-
lection of the four singles counting rates for the
30-, 400-, 943-, and 1343-keV y rays and the
three coincidence counting rates for the 943-30-
keV, 1343-30-keV, and 400-943-keV coincidences.
For some runs, data were collected every 10° as
the movable detector was moved between 70 and
200° for other runs, data were collected every 30°
between 90 and 180°. Examples of coincidence
counting rates for the three y-y angular correla-
tions are shown in Figs. 1 through 3. Several runs
were performed. The data displayed in Figs. 1
through 3 were selected to illustrate the different
manners in which data were collected and also,
in the case of Fig. 3, to illustrate the dependence
of the correlation on the source-to-detector dis-
tance. This latter point will be discussed below.

IIIl. ANALYSIS OF THE DATA

The data were ultimately fitted to y-y angular-
correlation theory. The expressions to which the
data were fitted can be written in a number of
ways. Since the data neither required nor found
statistical significance to P, terms, these ex-
pressions take on the following simple forms:

W(6) =1+ Ay,P,(cosb)
=1+a,cos%9
=1+b,cos20

defining the correlation coefficients A,,, a,, and b,.
Furthermore A,, can be factored into two compon-
ents, each of which depends upon only one of the
y rays in the cascade, i.e., Ag=A,(y,)As(yy). Com-
pleting the description of the notation, the aniso-
tropy A is defined as A =[W(1809) - w(90°)]/W(90°).
Before fitting the data, it was necessary to cor-
rect for systematic anisotropies, finite solid angle,
background, and accidental coincidences, extra-
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FIG. 1. Uncorrected relative number of 943-400-keV
y-y coincidences as a function of angle between detectors.
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nuclear interactions, and self-absorption in the
source. The uncertainty associated with the cor-
rection for self-absorption was approximately
0.005 and proved to be the most significant factor
limiting the accuracy of the determination of the
truce correlation coefficients. For comparison
the statistical uncertainty in the correlation co-
efficients for each run was always less than 0.002.

The isotropic 943-400-keV correlation combined
with the singles count rates provided a convenient
check against systematic anisotropies. Experi-
mentally this isotropic correlation exhibited an
approximately 0.5% increase in count rate at 90
and 180° relative to 135°. By varying the thick-
ness of the lead shielding and the diameter of the
collimators, it became apparent that this aniso-
tropy was due to the Compton scattering of the
1343-keV y rays. This situation pertains to the
943-400-keV correlation only and cannot produce
spurious coincidences in the case of either the
1343-30-keV or the 943-30-keV correlation. It is
possible for a 1343-30-keV coincidence to be re-
corded as a 943-30-keV coincidence if the 1343~
keV y ray Compton scatters from the Nal detector
depositing only 943 keV; but since the probability
of this occurrence is small and the difference be-~
tween the 943-30-keV correlation and the 1343-30-
keV correlation is only about 4%, the effect of
such a process may be neglected. The conclusion
from these considerations and the experimental
cross checks is that compared with the known un-
certainty due to self-absorption other systematic
errors were negligible.

The number of background coincidences can be
determined from the single counting rates. This
can also be determined experimentally by intro-
ducing a large delay between the inputs to the co-
incidence units. The two approaches yielded the
same number so that this number could be con-
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FIG. 2. Uncorrected relative number of 1343-30-keV

Y-y coincidences as a function of angle between detectors.

|

sidered reliable.

The radiochemical separation procedure yields
a source in the form of MgF,. The extranuclear
perturbations in this noncubic crystal are unknown.
The approach taken to remove the unknown and
undesirable effects of the extranuclear interac-
tions was to dissolve the MgF, in concentrated
HNO,. In order to insure these interactions were
minimized, enough HNO, was used so that the
viscosity of the solution was close to that of pure
HNO,. This required approximately 1 ml of HNO,.
Angular correlations were also measured with
the source in the form of solid MgF,. In these
runs, the angular-correlation coefficients tended
to be roughly 0.02 less than with liquid sources
[i.e., | ay(solid)| ~| a,(liquid)| =0.02]. The small-
ness of the attenuation due to solid-state effects
suggests that any residual attenuation in the liquid
sources was very small and could be safely ne-
glected.

By using a liquid source, the problem of unknown
extranuclear interactions is traded for the prob-
lem of enhanced self-absorption of the y rays; but
this latter effect can at least be calculated. Self-
absorption is not significant for the 400-943-keV
correlation but is critical for the two correlations
involving the 30-keV y ray. The main contribu-
tion to this source of error is not the mass absorp-
tion itself, but rather the combination of mass
absorption and finite source size. This combina-
tion produces an effective detector solid angle
which is a function of the angle between detectors.
This problem has been treated in the literature,”
but no simple or easily applied correction formula
exists. The size of this anisotropy depends upon
the mass absorption coefficient, the dimensions
of the source and the source-to-detector distance.
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FIG. 3. Uncorrected relative number of 943-30-keV
v~y coincidences as a function of angle between detectors.
The two sets of data display the effect of y-ray self-ab-
sorption in the source: The data with the lower aniso-
tropy were taken with a source-to-detector distance of
3 cm, For the data with the larger anisotropy, this dis-
tance was 6 cm,
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The mass absorption coefficient was measured ex-
perimentally. An approximate correction was
then numerically calculated by dividing the source
into a cylindrical grid and calculating the contri-
bution of each sector and summing these contri-
butions. The calculation was repeated for several
different source dimensions and source-to-detector
distances. The approximate validity of these cal-
culations was checked experimentally by measur-
ing the angular correlations as a function of these
variables. The agreement between calculated and
experimental values was very good. For example,
Fig. 3 shows two measurements of the 943-30-
keV correlation. The correlation with the larger
anisotropy (A= 0.12) was taken with a source to
detector distance of 3 cm; for the correlation with
the lower anistropy (A~ 0.10) this distance was

6 cm. The calculated correction to the anisotropy
A for the first case was 0.048 and for the second
case was 0.028 yielding a difference in A of 0.020
between the two measurements which is in agree-
ment with the observed difference. Similar agree-
ment was obtained for the other correlation and
when the diameter of the source was varied.

The remaining correction to be discussed is for
the finite solid angle of the detectors. These cor-
rections have been previously tabulated. The val-
ues used for this experiment are those published
by Yates.®

IV. RESULTS OF y-y ANGULAR-CORRELATION
MEASUREMENTS

When all the corrections are properly applied,
the final values for the A,, coefficients are:
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FIG. 4. The angular-correlation coefficient 4,, for the
943-30-keV correlation as a function of E2/M1 mixing
amplitude 6(E2/M1). The upper curve is the result for
negative 6; the lower for positive 6. The cross-hatched
area indicates the experimental limits on A,,.

(1) for the 400-943-keV correlation A,,
=0.000+ 0.002,

(2) for the 943-30-keV correlation A,,
=-0.069+0.003,

(3) for the 1343-30-keV correlation A,,
=-0.039+0.012.
The data were sufficiently unambiguous, even
before applying the various corrections, to allow
a conclusive assignment of spins and parities to
the nuclear states. The assignments are:

(1) ground state, J™ =3*;

(2) 30-keV state, J"=2";

(3) 973-keV state, J"=0";

(4) 1371-keV state, J"=1*.
These assignments are in agreement with previous-
ly suggested most probable values.*°-11 Of these
four states, only the spin and parity of the 973~
keV level was seriously in doubt. The recent parti-
cle-y correlations of Boerma and Smith! and the
evidence outlined by Maher et al.? strongly sug-
gested an assignment of 0'. The present experi-
ment supplies doubly conclusive evidence of the
correctness of this assignment, since the 0" level
is involved in both the 943-400-keV correlation
and the 943-30-keV correlation. Both of these re-
quired an assignment of 0'to fit the data. Further-
more, the results are clearly not consistent
with other even remotely plausible spin, parity,
and multipole mixing ratio. For example, the
next most probably spin-parity assignment for the
973-keV state is 1°. For unmixed multipolarities,
this assignment predicts A,,=-0.025 for the 400-
943-keV correlation and A,, = +0.050 for the 943-
30-keV correlation. These predictions are clearly
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FIG. 5. The A, coefficient for the 1343-keV vy ray as
a function of the E2/M1 mixing amplitude 6 (E2/M1).
The upper curve is the result for negative §; the lower
for positive 6. The cross-hatched area indicates the
experimental limits on A4,.
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at variance with the experimental results.

Since J™ for the 973-keV level is definitely 0%,
the 943-keV y ray is exclusively an E2 transition.
Therefore the E2/M1 mixing amplitude 56(E2/M1)
for the 30-keV y ray can be extracted directly
from the 943-30-keV correlation. The experimen-
tally determined value is 6(E2/M1)=-0.004+0.006
or 5(E2/M1)=-6.0+0.05. (See Fig. 4.) The latter
possibility can be ruled out on the basis of spin
assignment, energy, and lifetime of the 30-keV
state. The measured half-life of 30-keV state is
1.91+0.08 nsec *? and is consistent with a pure M1
transition. The value quoted here [6(E2/M1)
=-0.00410.006] agrees well with the value quoted
by Boerma and Smith* [6(E2/M1) =+0.03 +0.05).

All these values are consistent with 6(E2/M1)=0
as is the theoretical prediction of the modified
shell-model calculations reported by Maher et al.?

A determination of 6(E2/M1) for the 1343-keV y
ray is less accurate for two reasons. First the
1343-30-keV correlation data were less precise,
and secondly the uncertainty in the mixing ampli-
tude of the 30-keV y ray contributes to the uncer-
tainty in the mixing amplitude of the 1343-keV y
ray. When the A, for the 30-keV y ray was fac-
tored out of the A,, for 1343-30-keV correlation,
the resulting A, for the 1343-keV y ray was A,
=-0.35+0.10. From Fig. 5 it can be seen that
this corresponds to 5(E2/M1)=+0.35+0.10 or
|6(E2/M1)|> 10. This latter value cannot be ruled
out completely; but, based on all the existing data,
it is highly unlikely. The value 5(E2/M1)=+0.35
+0.10 is slightly higher than but consistent with
the value quoted by Boerma and Smith® of 6(E2/M1)
=+0.25+0.12. Furthermore, combining this mix-
ing amplitude with the electromagnetic transition
rate measurement of Maher et al.,? one can deter-
mine the values of B(M1) and B(E2) for the 1343-
keV y ray. The results, B(M1)=0.039 and B(E2)
=6.32, agree extremely well with the theoretical
values [B(M1) =0.05 and B(E2) =6.20] obtained from
the shell-model calculations of Maher et al.?

V. PERTURBED ANGULAR CORRELATION

To determine the magnetic moment of the 2*
state, time-integral perturbed-angular-correla-
tion measurements were performed with the ap-
plication of a 7-kG magnetic field. The major
source of uncertainty for this measurement turned
out not to be statistics or experimental errors,
but rather the uncertainty in the value of the un-
perturbed correlation coefficient. For this reason,
most of the experimental effort was expended on
measuring the precession of the much better deter-
mined 943-30-keV correlation. Measurements
were also taken on the precession of the 1343-30-

keV correlation but only to check the correctness
of the 943-30-keV data. Data for the precession
of the 943-30-keV correlation were collected by
two different methods. In the first method, the
full angular correlation was measured in a man-
ner identical to the method used to obtain the data
in Figs. 1 to 3 except that a 7-kG field from a per-
manent magnet (with T perpendicular to the plane
of the detectors) was applied to the source. The
field was reversed, and the experiment repeated.
An advantage of this method was that the data
could be normalized to the isotropic 943-400-keV
correlation. A seeming further advantage is that
the magnitude of b, as well as the precession angle
¢ could have been measured at the same time;
however, the measurement of b, is subject to the
same uncertainties as were present in the unper-
turbed correlation measurements, so little is to
be gained in this regard. The serious disadvantage
of this method of data collection is that it is inef-
ficient in that too much time is spent collecting
data at angles where the data is not sensitive to
the perturbation. The second approach, which
constituted a much more efficient use of the source,
consisted of placing two fixed 3-in.x 3-in. Nal
counters to detect 943-keV y rays symmetric
about the 180° position at 140 and 220°, with a
fixed 13 -in.x 1-in. Nal counter at 0° to detect the
30-keV y rays. The drawback of this approach is
that normalization of the data and checking for
systematic error are a little more difficult. On
the other hand since, unlike the first method, the
geometry is not changed with time, normalization
and systematic errors are much less a problem.
Normalization to singles counting rates and to
average coincidence counting rates were self-con-
sistent and judged therefore to be a satisfactory
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FIG. 6. The normalized 943-30-keV counting rate
with 140 and 220° between counters as a function of the
polarity of a 7.0-kG magnetic field. The solid lines are
fits to the function

- _ by cos2(6-¢)
WO, = B) =1+ tan2g) i % *



6 -y ANGULAR CORRELATION AND TIME-INTEGRAL... 883

procedure.

Results of data acquired by this method are dis-
played in Fig. 6. The data were corrected for
background and fit by a successive approximation
technique to the function:

_ b, cos2(6 - ¢)
WL(oy 0, B)'1+ 1+(tan2<p)2 1/2

To determine ¢, b, was held fixed at the value de-
termined by the unperturbed 943-30-keV correla-
tion. The resulting fit yielded ¢ =10.8+0.7°. If
the current best value for the half-life of the 2*
state of 1.91+ 0.08 nsec'? is used, the precession
angle corresponds to a nuclear moment of (4.27
+0.40) py. The precession angle obtained by mea-
suring the full correlation (the first method de-
scribed) corroborates the value quoted above; but,
because data accumulation was less efficient, the
uncertainty is about twice as large. Measurement
of the precession of the 1343-30-keV correlation
also corroborates this value but the uncertainty

is even larger.

VI. DISCUSSION

The 3* ground state of ?®Al and the 2* state, the
magnetic moment of which is reported in this
paper, form a doublet which can be thought to be
composed of the 3" ground state of 2’Al and the 1*
ground state of *Si. The magnetic moments for
both these states are known and can be used to

predict the ?*A1 moments. In another model, name-

ly the simplest shell model, the 3*state is a 1d;,,
proton hole and the 3* state is a 2s, ,2 neutron parti-
cle. If free of Dirac values are chosen for the
spin-g factors, one obtains other magnetic mo-
ments. The magnetic moments for the 3* and 2*
states as well as B(M1) for the 2* - 3* transition
for all three choices are presented in Table I.

TABLE I. Moments and B(M1) for 28Al, Underlined
numbers are experimentally determined values. Mo~
ments for 27Al and #®Si have been taken from the compila-
tion of V. S. Shirley in Hyperfine Interactions in Excited
Nuclei, edited by G. Goldring and R. Kalish (Gordon and
Breach, New York, 1971), p. 1255,

Present work 27A1-%Si Free Dirac

udt (1w +4.162 +3.09 +2.88 +3
pi* (kp) +4.27 +3.77  +5.74 +3.80
BM1)  (py)? 0.71 0.91 4.58 0.20
v, (1) +4.42 +3.64  +4.79 3
ki (ky) -0.25 -0.55 -191 o0

2 This value and other numbers in this column that
are not underlined have been calculated using the exper-
imentally determined p%* and B(M1).

The moments are related by: [ =g/pr + 1Ly /o)
Ko+ = ﬁl-‘-s/v - %Hy/5+, and

T [ Ksszr 2
B(Ml) =Z1; 5 +u1/2+]

The B(M1) has been measured and together with
the 2" magnetic moment reported here may be
used to obtain the 3* and &* magnetic moments
and from these the 3" moment. These are also
presented in Table I. It seems clear that the mea-
sured 2' moment and B(M1) agree quite reason-
ably with values based on the moments of 2’Al and
2%Si. The agreement is certainly better than for
the case using the free or Dirac d;,, and s,,, mo-
ments. This is to be expected since the 2’A1-?Si
system already includes most of the wave-func-
tion admixtures found in 2Al.

The 3* and 2' states of 2®Al, #Si, and *P form
isotriplets. The moments of these states are re-
lated to the weak magnetism contribution to the
superallowed 8 decay of #®P.!® Information is not
yet sufficient for direct prediction in this matter
without additional assumptions. Several choices
present themselves. One can assume a d;,,-S,,,
configuration and use free, Dirac, or ?’Al1-%Si val-
ues for the spin-g factors. The assumption most
likely to be successful would be to use the ground
state of 2°P for the 3* configuration and ?Si for the
2*. Unfortunately the ?’Si moment is not known.
?Mg, with two additional proton holes predomini-
nately coupled to zero angular momentum, should
have a moment which does not differ greatly from
that of ?Si. The small effect of two additional
particles can be seen, for example, in the com-
parison of the moments of ?°P and *'P. The mo-
ments and B(M1) for 2P based on the various as-
sumptions are presented in Table II. Considering
the success of the neighboring nuclei prediction
for ?*Al and the near equality of the °P and 3'P
moments, one should expect the Mg-2°P predic-

TABLE II. Moments and B(M1) 2P, All new moments
listed here are derived as described in the text. Mo-
ments of 2°Mg and P were taken from the same source
as those of 27Al and 2%Si of Table I.

Present work 25Mg-2p 27A1-Si Free Dirac

ud* (Hy) 2.16 0.28 1.08 0.88 1
u¥*  (ny) -1.85 -1.55 -1.61 -3.64 0.66
BM1) (pp?  3.40 0.94 171 5.60 1
2t — 3%

Yy (ky) =025 -0.85 —0.55 —1.91 0
ufs  (ma) 2.42 1.13 1.64 2,79 1
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tion to be correct to within 20-30%.

The present results suggest several other ex-
periments. Determination of the magnetic mo-
ment of ?’Si would allow better prediction of the
2P moments. The moment of the 3* ground state
of ?8Al should be as well predicted as that of the
2" state, and a confirmation would be encouraging.
[Note added in proof: This moment has now been
measured™: g, =(2.789+0.001)py.] The M1 rate
between the 3*-2* doublet of ?®P and the moments
of both states would provide an interesting test
and comparison of the assumption that 2*Mg-2°P
provide the basic moment information. The mag-
netic moments of the 3* states of 2®P and 2°Al are
related by the assumption of a conserved vector
current (CVC) to the weak magnetism contribution
to the g decay from the 3*, T =1 analog state in

o

28Si. By detailed study of this 8 decay one can
separately obtain the weak magnetism contribu-
tion for comparison. It should be noted that the
value of the magnetic moment for the 3* state in
2P based on the moments of 2°Mg and 2°P, which
the above analysis indicates is most appropriate,
is markedly smaller than that based on the other
assumptions. With this moment, the isovector
contribution to the moments of the istriplet (u,

= 135, —M3sp) is 2.81 in contrast to a value of p,=2
based on the free or Dirac g factors and simple
wave functions. Since the weak magnetism term
would be expected to go with the isovector mag-
netic moment, this result indicates that the weak
magnetism amplitude may be larger than might
have been expected.
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