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The reaction ~Al{d, p) Al has been investigated at a deuteron energy of 23 MeV. Distorted-
wave analyses of the angular distributions for the low-lying states of 28A1 have been carried
out for several sets of optical-model parameters. The spectroscopic factors obtained for
states up to 2.66-MeV excitation in Al are in qualitative agreement with shell-model pre-
dictions. It is found, however, that the results of analysis are sensitive to the choice of pa-
rameters, and there is difficulty in extracting reliable quantitative spectroscopic informa-
tion from this reaction without the use of information from other reactions.

I. INTRODUCTION

Until recently the nucleus "Al has not been ex-
tensively studied. Early experiments established
its level scheme" and assigned spins and pari-
ties' for several of the low-lying levels. But
prior to a preliminary publication4 of this 23-MeV
"Al(d, P) work, "Al had not been populated by a
nucleon-transfer reaction at a bombarding energy
at which such a reaction could be expected to be
dominated by direct processes. A previous "Al-
(d, p) experiment' at E, = 7 MeV established l„val-
ues for most states, but extracted spectroscopic
strengths with the plane-wave Born approximation.

Further understanding of the spectroscopy of
"Al is of interest for several reasons. The pro-
late deformations typical of nuclei in the mass
region 20 &A &24 decrease with increasing mass,
and nuclei in the region A = 27, 28 are believed' '
to be either spherical or only slightly deformed.
There is some evidence of oblate deformation' at
still larger mass, so that the A = 28 nuclei provide
an interesting testing ground for extended shell-
model and Nilsson-model calculations. Although
"Al is an odd-odd nucleus, its level scheme is
very simple' up to E„=3 MeV. (There are 12
states in this region of excitation. )

In the simple shell model, the»Al» ground
state would be a [&(ld», ) 'v(2s«, )],+,+ doublet.
Four states from the configuration

[v(1d„,) 'v(ld„, )],+,+,+,+

would also be expected at low excitation energies.
Obviously, such a picture is too simple, but the
shell-model calculation in the accompanying pa-
per has been quite successful in predicting exci-
tation energies and further properties of the first
12 levels of "Al. ¹ilsson-model calculations have
also been performed" for "Al, but these have
not been extended beyond the first six levels.

The recent interest in the spectroscopy of the
mid-2s1d shell has prompted several experiments
for the study of 2'Al. Quite a complete experi-
mental picture is now available for this nucleus.
Spectroscopic factors (present work), branching
ratios, "'"lifetimes, o and spin assignments' "'
are now available and all agree rather well with
shell-model predictions, as wilf be discussed
later.

A further feature in this study has been a com-
parison of distorted-wave Born-approximation
(DWBA) predictions for "Al(d, p)28Al by use of
several sets of deuteron and proton optical poten-
tials. Such an investigation was thought to be
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worthwhile, since consistent sets of parameters
do not yet exist for this region.

Section II discusses the details of data acquisi-
tion, and Sec. III presents the data. Section IV
discusses the distorted-wave calculations which
were performed. Section V considers the spec-
troscopy of "Al, and Sec. VI summarizes the re-
sults of this study.

II ~ EXPERIMENTAL ARRANGEMENT

"Al(d, p)"Al angular distributions were mea-
sured in two separate experiments. In each ex-
periment, a self-supporting Al target (-100 p, g/
cm' thick) was bombarded with 23-MeV deuterons
from the Argonne cyclotron. Angular distributions
of outgoing protons were measured in an 18-in.
scattering chamber for laboratory scattering
angles between 9 and 30'. In this case a telescope
of four Au-Si surface-barrier detectors was used
to determine the energies and identify the species
of the reaction products. The first two thin de-
tectors mere used as a standard telescope for 'He
and tritons and were summed to give a first sig-
nal for protons and deuterons. Signals from the
last two detectors (each 2000 pm thick) were
summed to complete the proton-deuteron tele-
scope. Mass and charge analysis of the telescope
pulses was performed in two analog multipliers,
and the output pulses from the multipliers were
used to route spectra into four 1024-channel quad-
rants of a Packard analyzer. The energy resolu-
tion width was typically -50 keV for all reactions

studied. The total dead time of the system and a
first-order correction to the dead-time measure-
ment were monitored by a system described pre-
viously. " Thus stripping (and pickup) cross sec-
tions were known very accurately relative to elas-
tic scattering cross sections. The pickup reac-
tions are discussed separately" and the remainder
of this paper will discuss only the (d, P) reaction,
but it is of interest to note that the absolute nor-
malization of the (d, P) data is constrained by con-
siderations discussed in detail in Ref. 14. Briefly,
the absolute cross sections were determined by
normalizing the elastic scattering data to the opti-
cal potential used in Ref. 14. This normalization
agrees within expected errors with target-thick-
ness estimates and sum-rule considerations ap-
plied to the pickup reactions.

In the second experiment, an Enge split-pole
spectrograph was used to measure "Al(d, P) reac-
tion cross sections at laboratory angles of 5, 7,
and 9'. Emulsions placed in the focal plane of
the spectrograph were used to detect outgoing
protons and were later scanned automatically. "
Resolution mas -12 keV.

III ~ DATA PRESENTATION

Spectra for the "Al(d, P) reaction are shown in
Fig. 1 (12' spectrum taken with the Au-Si detec-
tor telescope) and Fig. 2 (5' spectrum measured
in the split-pole spectrograph). The program
AUTOFIT" allowed the extraction of peak areas
even for closely spaced peaks such as those of
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the triplet 2.14, 2.21, and 2.28 MeV. The spectro-
graph data resolved even more closely spaced
states, such as the ground-state doublet. Angular
distributions for Al states populated in the Al-
(d, P) reaction are shown in Figs. 3 and 4. For
several of the states that were seen and identi-
fied, it was not possible to extract meaningful
angular distributions —either because the state
was very weakly populated at most angles or be-
cause the oxygen or carbon impurity peaks seen
in Fig. 1 obscured the state at most angles. Table
I lists the excitation energy for each of these
states and the cross section at an angle at which
it can be reliably determined.

Some of the angular distributions in Figs. 3 and
4 lack data points at the two most forward angles.
Since the spectrograph data were measured to
allow improved determination of l = 0 spectro-
scopic factors and since the l = 0 angular distri-
butions increase sharply as the angle decreases
toward 0', it was necessary to sacrifice counting

statistics for weak states of higher l value in or-
der to avoid overexposing the plates for the l =0
states. Finally, some states reported in low-
energy (d, P) studies' ' were not seen at all. A

notable example is the state at 0.973 MeV, which
must be populated entirely through multistep pro-
cesses at low bombarding energies.

IV. DISTORTED-WAVE ANALYSIS

A. Calculations with Several Potential Sets

The literature exhibits many discrepancies be-
tween the spectroscopic factors extracted in dif-
ferent direct-reaction studies in the mid-2sld
shell. It is of interest to determine whether these
discrepancies arise from poor data acquisition,
poor data analysis, inadequacies in the distorted-
wave treatment, or some combination of all these
factors. For this reason, distorted-wave calcu-
lations were performed for several sets of optical
potentials that have been used in this or neighbor-

500

400—

I I

27 28
AI (d, p) Al

Ed= 23,3 MeV

a=5

O

E
E 300-
N
O

20
Z
O

IO

400

0
LO y) N
Lo N

CUN~ L0, 0
N ~

~ D cf CV )

'N (4

i; t.!
0=--y ~ ~ 'I + ~

I I I

88 S9 90 9I

O

I

rn

Lo lO

lg ~ ~
4

I 7 I

92 93 94 95

tO
O
O

I I

96 97 98

300—
E
E

N

200—

O" Ioo-

CD
g)
LO ~

Y)

I~ ~
~ I
I

~ ~

O
~ i

tXI
gt I ~ C)

tO
CV O~

)
g)~ 0

~, ~

I I I I I T I I77 78 79 80 8I 82 83 84 85 86 S7
PLATE Dl STANCE ( cm )

FIG. 2. YA1(d, p) Al spectrum obtained ~th a split-pole spectrograph at 0 = 5'.lab



1316 MAHER, FORTUNE, MORRISON, AND Z EIDMAN

TABLE I. Weak states (and states obscured at sever-
al angles by impurities) seen in the 27Al(d, p) reaction
at 23 MeV.

(Mev)
l

(Ref. 2)

do/des (8~~ )
(mb/sr)

Approximate ~

(2J+1)S

2.99
3.01
3.10
3.29
3.35
3.67
3.70
3.88
3.90
3.94

0.07 (25')

0.3 (9.4')
0.3 (12.6')
0.07 (19')
0.24 (25')

0.91 (12.6')

0.63

0.89
0.45
0.55
0.78

Based on only one angle.

ing mass regions, and the results were compared
for adequacy of fit and- given adequate fit to the
shape of angular distributions —for consistency
of spectroscopic information.

Parameters specifying the potentials that were
considered are listed in Table II. The first of the
deuteron potentials" (Dl) fits the "Mg+d elastic
scattering data at E, = 21 Mev and has a small
real radius, a strong real spin-orbit potential,
and a strong surface-imaginary potential. Poten-
tial D2, "the only volume-absorption potential
considered, is the only deuteron potential we have
found" to fit l = 2 (d, t) and (d, 'He) transitions in
the mass region 25 (A &27. This potential, which
is characterized by a large radius for both the
real and the imaginary wells and the absence of
spin-orbit coupling, is the one used to normalize
the "Al+ d elastic scattering angular distribution.
The elastic scattering angular distribution pre-
dicted by this potential is shown along with the
measured elastic scattering data in Fig. 5. Elas-
tic scattering cross sections calculated with all
of the other deuteron potentials considered agree
with this data normalization to within 20%. Al-
though D2 is not a "best-fit" potential, it can be
seen to reproduce the shape of the elastic scat-
tering angular distribution.
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FIG. 3. Angular distributions for Al states populated
by the 27AI(d, p) reaction at E~ =23 MeV. Curves are
DWBA fits to the data as discussed in the text.

Both the D3 potential" and the D4 potential'
resulted from fits to deuteron elastic scattering
data in the mid-2sld shell. D3 uses spin-orbit
coupling while D4 does not, and both have surface-
derivative imaginary potentials.

Pl is Percy's proton potential. " It arose from
fitting P+ "Al data at energies below 22 Mev. P2

TABLE II. Optical potentials used in DWBA analysis of VAl(d, p) Al data at E~ =23 MeV.

Potential System (MeV) (MeV)
+0 +so

(fm)
+OC

(fm)
a =aso
(fm)

&So
(MeV)

WD
(MeV) (fm) (fm)

D1
D2
D3
D4

P1
P2
P3

2'Al+ d
27Al + d
27A1+ d
27Al+ d

28Al +p
28Al+ p
28Al +p

100
100
105
123

43.5
55
50.4

0
16.5
0
0

0
0
5.49

0.969
1.40
1.02
0.89

1.25
1.124
1.108

1.00
1.40
1.30
1.30

1.25
1.124
1.108

0.853
0.60
0.86
0.945

0.65
0.57
0.705

8.5
5.5
5.92

24.107
0

20
27.3

9.02
8
2.03

1.33
1.74
1.42
1.38 5

1.25
1.124
1.407

0.651
0.80
0.65
0.539

0.47
0.50
0.521
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is an extrapolation of the potential of Watson,
Singh, and Segel, ' which fitted data throughout
the 1P shell. Satchler reports that P3 fits P+ Si
scattering at 40 MeV. All three proton potentials
include real spin-orbit terms and surface-deriva--
tive imaginary terms. P3 also has a volume imag-
inary part.

All deuteron potentials considered have real
well depths of -100 MeV and all three proton po-
tentials have real well depths of -50 MeV. Pre-
liminary calculations indicated that for the angu-
lar range of interest in this study, finite-range
nonlocal calculations yielded the same shape of
the angular distribution and the same Q depen-
dence as zero-range local (ZRI.} calculations.
Differences between these two calculated values
of the absolute cross sections were typically
about 25%. Thus all but the final calculations re-
ported herein were performed in the ZRL approxi-
mation. ZRL calculations for several values of l
transfer and Q were carried out with various
combinations of the potentials listed in Table II.
The code JULIE was used to perform these cal-
culations.

Potential D1 was the only one that could easily
be excluded on the basis of the shapes of its pre-
dicted angular distributions. This feature is illus-

I I I I
I l I I I I

Al(d, p) Al, Ed= 23 MeV

trated in Figs. 6 and 7, where the data are corn-
pared with predictions of each of the four deuteron
potentials in combination with P2. Figure 6 shows
the best fit of each of the four predicted angular
distributions to the strong pure l =0 ground-state
transition, while Fig. 7 shows best fits of each of
the potential combinations to the strong pure l =2
transition that populates the 2.28-MeV state in
"Al. As can be seen from Figs. 6 and 7, the com-
binations of deuteron potentials D2, D3, and D4
with proton potential P2 all give acceptable fits to
the l =2 angular distribution. There is a slight
preference for D2, since it fits the large-angle
falloff best, while the seriousness of its slight
failure at small angles is mitigated by the large
possible error in normalizing the two forward
spectrograph points. Similarly, all three deuter-
on potentials yield acceptable predictions for the
positions of the first minimum and second maxi-
mum of the l =0 angular distribution, although D4
misses the first minimum by -2-,"and D3 places
the first minimum too far forward by -2'. None
of the three give a good account of the relative

Al {d,d} Al

Ed= 23 MeV
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FIG. 4. Angular distributions for Al states populated
by the ~'Al(d, p) reaction at E~ =23 MeV. Curves are
DWBA fits to the data as discussed in the text.

FIG. 5. Angular distributions for elastic scattering of
23-MeV deuterons from ~VAl. The curve represents the
prediction of the optical potential D2 (Table II) . Data
have been normalized to fit this curve.
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heights of the first and second maxima. The I =0
fits also show a slight preference for D2, and this
is enhanced by the success of D2 (and the corre-
sponding failure of DS and D4) in fitting the l =2
(d, t) and (d, 'He) angular distributions over a wide
range of Q values in this mass region. ' For
these reasons, the final finite-range nonlocal
(FRNL) calculations were performed with D2.
However, it must be emphasized that the two oth-
er potentials give almost equally good accounts of
the data; the systematics of their spectroscopic
predictions relative to those of D2 will be dis-
cussed below.

Predictions of D2 with P1, P2, and P3 for the
same two strong states are shown in Fig. 9 (for l
=0) and Fig. 9 (for l=2). All do well for the l=2
transition. P1 is clearly preferable for l =0,
since it fits both maxima. Not only is this im-
provement in l =0 fit important enough to justify
using P1 for the final calculations discussed below,
but it is also especially crucial for a reaction on
a target with nonzero spin, e.g. , for the "Al(d, p)
reaction. For this reaction, the good fit to both
maxima in pure I =0 transitions lends confidence
to values extracted for I =0 admixtures in mixed-I
transitions discussed below.

Spectroscopic strengths (28+ i}Shave been ex-

tracted for the strong I =0 and I =2 transitions
used above in Figs. 6-9. These are listed in Ta-
ble III for each of the potential combinations dis-
cussed above. Also shown for each potential com-
bination and each state is (2J+1)$ for a fictitious
state of identical cross section (and angular-dis-
tribution shape) but with a Q value 2 MeV more
negative than that for the original state. Not only
can it be seen that the absolute spectroscopic
strength varies from one potential to another, but
also there is a variation in I dependence and Q de-
pendence which makes the spectroscopic factors
reported in the next section less reliable than they
are normally thought to be.

B. Spectroscopic Factors

Using the potential pair D2-P1 discussed above,
FRNL calculations with the code DWUCK" were
performed for ~8A1 states populated in the ~7A1(d, P}
reaction. The bound-state well parameters are
r, =l.25 fm, a =0.65 fm, and A. =25. The (d, p) fin-
ite-range parameter is 0.62 fm, while the nonlo-
cality parameters are P~ =0.54 fm, P~ =0.85 fm,
and p„=0. The solid curves shown in Figs. 3 and
4 result from fitting the calculated FBNI angular
distributions to the experimental angular distribu-
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FIG. 6. Best fits of distorted-wave calculations to the
l =P angular distribution of the Al ground-state doublet.
Predictions for each of the deuteron potentials D1, D2,
D3, and D4 in conjunction with the proton potential P2
are shown as curves normalized to the experimental
angular distributions.

FIG. 7. Best fits of distorted-wave calculations to the
l =2 angular distribution for the 2.28-MeV state of Al.
Predictions for each of the deuteron potentials D1, D2,
D3, and D4 in conjunction with the proton potential P2
are shown as curves normalized to the experimental
angular distributions .
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FIG. 8. Best fits of distorted-wave calculations to the
L =0 angular distribution for the 2.28-MeV state of Al.
Predictions for each of the proton potentials P1, P2,
and P3 in conjunction with the deuteron potential D2 are
shown as curves normalized to the experimental angular
distributions.

tions shown in the figures. Spectroscopic factors
have been extracted by use of the relation

)
N(2Ji+I) ~S,qc, ~ (6)

For the (d, p) reaction, N= 1.53. J, is the spin of
the target ground state (which for "Al is -',), and

Jf is the spin of the final state of the residual nu-
cleus. Table IV lists excitation energies E„ l
values, and the products (2Ji+1)S, for the states
populated in this study. All E =2 spectroscopic
strengths shown were obtained on the assumption

FIG. 9. Best fits of distorted-wave calculations to the
l =2 angular distribution for the 2.28-MeV state of ~ Al.
Predictions for each of the proton potentials P1, P2,
P3 in conjunction with the deuteron potential D2 are
shown as curves normalized to the experimental angular
distributions .

of d,i~ transfer. If the j transfer is —,', the value
of S shouM be decreased by about 30%. In addition
to the -25% limitation inherent in spectroscopic-
factor determinations with the DWBA, all the dif-
ficulties discussed above decrease the reliability
of the spectroscopic factors listed in Table Dt.

This decrease in reliability of the distorted-
wave analysis may, as discussed above, account
for many of the discrepancies between various
direct-reaction experiments performed in this
mass region. Also, the spectroscopic strengths
for the weak and partially obscured states listed

TABLE III. Values of (2Jf&+l)$& for the L =0 transition to the ground-state doublet and the l =2 transition to the
2.28-MeV state as calculated with several sets of optical potentials —all of which give good fits to the experimental
angular distributions. For convenience in this table, the value of (2Jf&+1)S, for the ground-state doublet is normalized
to 1 for potential set D2-P1.

Potential
set

(2 Jgp+ 1)Sp
g.s. doublet

{2Jyp +1)Sp
2.28-MeV state

~o+) o

(2 J~p + 1)Sp
(2Jfo + 1)$p

o
—2 Mev

(2Jf~+ 1)Sg

Q&
—2 MeV

(2 Jap+1)So
(2 Jf~+1)Sg
Q —2 MeV

D2-P1
D2-P2
D2-P3
D3-P2
D4-P2

1.0
0.80
0.75
0.51
0.58

0.56
0.49
0.33
0.13
0.17

1.8
1.7
2.3
3.9
3.4

0.84
0.80
0.72
0.54
0.64

0.40
0.37
0.35
0.13
0.17

2.1
2.2
2.1
4.2
3.8
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in Table I were roughly determined for use in

Sec. V. These estimates, shown in column 3 of
Table I, were based on the l -value determination
of Buechner, Mazari, and Sperduto. '

V. DISCUSSION

TABLE IV. VAl(d, p) Al spectroscopic factors.

Ex
(MeV) (2J~+1)S

0.000
0.031

1.017

1.372

1.633

2.14

2.21
2.28

2.49

2.59
2.66
3.46
3.54

+3.59
4.03
4.32

3+
2+

3+

1+ 2+

1+

(2, 3, 4)+

(5)'
(4)'
4

(0-6)
(0-5)+

2s

2s&/2

2s)/2
1d3/2
1d3/2
2s,n
1d3/g
2S 1/2

1d3/,
1d3/p
1d3/g
2s
1d3„
1d3/2

3/2

2p 3/2

2p 3/2

9.7
5.4
0.97

14.1
1.76
0.35
3.2
1.7
4 0
3.7
9.2
0.21
0.58
2.3
9.7
4 3

4.3
16
1.3

Of the 12 states up to 2.66-MeV excitation in
"Al, only the 0.973-MeV state was not populated
in this experiment. Since the ground-state doublet
is populated by virtually pure l=0 transfer, it is
possible to use the forward-angle spectrograph
exposures to apportion the spectroscopic strength
unambiguously between the members of the ground-
state doublet. These strengths are listed in Table
V, where they are compared with the shell-model
predictions from the accompanying paper '(In.
this table, the ground-state strength has been re-
normalized to the shell-model value. ) The rela-
tive 1 =0 strengths of the two members of the
ground-state doublet are well accounted for by the
shell-model calculation.

An l = 2 strength of the magnitude the shell mod-
el predicts for the ground-state doublet would
correspond to a maximum / =2 contribution of 0.4
mb /sr to the cross section. This small amount of
k= 2 may be present in the data, but could not be
detected in the presence of the large l =0 strength
seen for these states. Thus, the lack of experi-
mentally observable l =2 strength does not argue
against the shell-model ground-state wave function.

The model calculation is qualitatively in agree-
ment with the experimental result for the next TABLE V. Values of (2J+1)S for the reaction

"Al(d, p) "Al.

E l =0 transitions I =2 transitions Odd-L

(MeV) Exp. Theory Exp. Theory trans itions

0.000
0.031
0.973
1.017
1.372

1.633
2.14
2.21
2.28
2.49

46
2.8

0.46 0.12

0.16
0.78

0.03
0.07

0.10 0.00

b 0.68
b 0.53

-0 0.15
6.7 2.4
0.83 0.18

1.5 0.51
1.9 1.55
1.7 0.04
4.4 0.64
0.28 0.02

2.59
2.66
3.46
3.54

+3.59

4.03
4.32

1.1
4.6

0.63

0.49
3.4

i=1: 20
/ =1: 2.0

i=3: 74

The experimental value was normalized to the theo-
retical one by dividing S by 2.1.

See discussion in text.

three excited states (0.973, 1.01V, and 1.3V2 MeV).
The first serious discrepancies arise for the
states at 1.633 and 2.14 MeV. (Note that the state
here labeled 1.633 MeV is known"" to be a dou-
blet and that the shell model predicts pure l =2
for one member of the doublet and mixed l =0, l
=2 strength for the other. ) In each of these cases,
the l =0 strength seen experimentally is greater
than the shell model predicts. It is difficult to
assess the seriousness of this discrepancy, since
(a) the experimental number is a small fraction of
the total l =0 strength; (b) the data points that
force this l =0 strength up to its listed value re-
sult from normalizing spectrograph data to coun-
ter data and thus, as discussed above, must entail
errors somewhat larger than the statistical errors
shown in the data; and (c) the relative strengths
for states populated by mixed / values have an
additional uncertainty because pure l transitions
are not fitted perfectly by the calculations.

The results for the remainder of the states up
to 2.66 MeV in Table V are basically in agreement
with theory -with the exception of the state at 2.21
MeV. This l =2 transition is strong, and no good
reason for the failure of the model for this state
presents itself.

Thus the qualitative agreement between shell-
model and experimental results is satisfactory for
l =0 and l =2 strengths —i.e., states predicted to
be strong are strong and states observed to be
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weak are indeed predicted to be weak. However,
the l =2 experimental strengths are systematically
stronger than the calculated strengths because the
shell-model calculation predicts that most of the
1d strength is spread over many weak states at
higher excitation energies. The arbitrary experi-
mental normalization discussed above is attrac-
tive in that it not only allows state-to-state com-
parison with the shell-model predictions, but also
puts 88% of the l =0 and l =2 sum-rule strengths
in the observed spectrum.

As can be seen from Tables I, IV, and V, there
are fragments of the l =0 and I, =2 strength between
2.66 and 4.4 MeV, but only the state at 4.32 MeV
has appreciable strength. The main interest in
the region above 2.66 MeV centers on the observed
l =1 and l =3 strengths. In Table V, the listed
strengths for these states were normalized by the
same factor as that used for the others; i.e., 8,„
was divided by 2.1-the normalization factor re-
quired to make (2 J+1)S=4.6 for the ground state.

It is not yet possible to compare these odd-pari-
ty states with any model. Nilsson-model calcula-
tions could in principle be performed, but it would
be unrealistic to expect large enough shell-model
configuration spaces to be available in the near
future. However, these results are in qualitative
agreement with simple shell-model considerations.
The first odd-parity states that should be seen in
"Al(d, p)28AI would be

[m(1dsgm) v(1fv/2)]1 2, 3,4, 5, 8

followed by

[m(lds(, ) 'v(2 p~g, )]i, ~ 4

The sum-rule 1imit on the l =3 states of the form-
er is (2J+1)S=48, and on the I =1 states of the
latter it is (2J+l)S=24. The I =1 and I =3 contri-
butions seen in this experiment represent small
fractions (i.e., -15%) of such limits, and it is not
unreasonable to expect that the shell model could
allow the lowest fragments of these configurations
to appear at 3-4 MeV in "Al.

Vl. CONCLUSION

The reaction "Al(d, p)"Al has been studied at a
deuteron energy of 23 MeV. Distorted-wave cal,-
culations with several parameter sets indicate
that there is difficulty in extracting quantitative
spectroscopic information from this direct reac-
tion. Such difficulty may account for some of the
discrepancies among various direct-reaction stud-
ies in this A =28 mass region.

Qualitatively, the results obtained are in rea-
sonable agreement with the shell-model calcula-
tion. The states which the model predicted to be
strong are observed to be strong, and the states
which we observed to be weak are indeed predict-
ed to be weak. However, some states that were
observed to be strong were predicted to be weak;
these discrepancies may perhaps be indicative of
mixings not included in the model. Finally, three
odd-parity states are seen at excitation energies
below 4.4 MeV.

Note added in proof: After this work was com-
pleted, another report of the reaction "Al(d, p)"Al
appeared [T. P. G. Carola and J. G. Vander Baan,
Nucl. Phys. A173, 414 (1971)]. The results of that
study, performed at E„=12 MeV, are in qualita-
tive agreement with the present results.

*Work performed under the auspices of the U. S. Atom-
ic Energy Commission.

g Present address: University of Pittsburgh, Pitts-
burgh, Pennsylvania.

f. Present address: University of Pennsylvania, Phil-
adelphia, Pennsylvania.
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Lifetimes for the 2nd through 12th excited states in Al have been obtained by use of the
attenuated-Doppler-shift technique. Combining these results with previous information on
this nucleus makes it possible to assign spins to all of the states that have been studied. All
of the information is then compared with a shell-model calculation and with other theoretical
descriptions that have been advanced.

I. INTRODUCTION

In the simplest shell-model picture, the 1d„,
subshell closes at "Si. While the closeness of the
1d»„2s„„and 1d,,„subshells indicates that this
simplest picture can only be a rough approxima-
tion to the true situation for the nuclei in the mass-
28 region, the level scheme of "Al does give sub-
stantial support to the simple picture. This level
scheme is relatively simple for an odd-odd nucle-
us; it has only seven levels below 2 MeV, and
the two lowest states are as predicted by the
(d, ») 's», assignment. In order to determine how
well a simple picture holds up when the stringent
test of predicting electromagnetic transition rates
is applied, the present work of measuring the life-

times of the low-lying states in "Al was under-
taken.

The attenuated-Doppler-shift method was much
the same as in earlier Argonne work"; i.e., the
spectra of y rays in coincidence with each of two
proton detectors were recorded. Figure 1 is a
schematic diagram of the experimental arrange-
ment. The pulses were processed by conventional
electronics, and for each event the proton and y-
ray pulse heights in digitized form were recorded
on magnetic tape. The available memory capacity
was sufficient for on-line recording of some of
the y-ray spectra of interest, though others had
to be obtained by sorting the data stored on the
tapes. The Doppler shifts were extracted for
those transitions deemed to be most useful in de-


