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Abstract: Particle-y angular correlation and DSA measurements with the Z6Mg(rx, p~)‘~Al reaction 
have been used to obtain spectroscopic information on 29A1 levels. Excitation energies, branch- 
ing and mixing ratios and mean lifetimes have been determined for a number of levels up to 
6 MeV excitation energy. The following new J” assignments have been made: J”(2.22) = %* 
and J”(3.18) = 3’. In addition, several J” limitations have been inferred. The experimental 
results are compared with shell model calculations. 

E 
NUCLEAR REACTIONS 26Mg(a, py), E = 14.2, 16.5, 18.0 MeV; measured 
py@), yy-coin, DSA, o(E,, E,). 29A1 levels deduced E, , t,, J, z, y-branchings, 

mixing ratios, s. Enriched target. 

1. Introduction 

Although many nuclei in the 2sld shell have been thoroughly studied, there re- 
main several, the present knowledge of which is rather rudimentary. One such nucleus 
is 2gA1. When the present investigation was started only five unambiguous J” assign- 
ments had been tiade for this nucleus ‘). 

Charged particle angular distribution measurements have been reported with the 
’ 'Al(t, p)” ‘Al [refs. “,“)I, 30Si(d, 2)“Al [ref. “)I and 30Si(t, N)~‘A~ [ref. “)I reac- 
tions yielding excitation energies, spectroscopic factors and some J” assignments 
and limitations. Particle-y angular correlation measurements with NaI detectors with 
the 26Mg(a, py)“Al reaction 3* “) and the 27Al(t, ~y)~‘Al and 30Si(t, ay)“Al reac- 
tions ‘) have yielded the decay and spin limitations of some states. Recently, Beck 
et al. “) have determined excitation energies and mean lifetimes of some low-lying 
states. The 2gMg(~-)2gA1 decay has been studied by Goosman et al. “). 

Shell model calculations on “Al have been performed by De Voigt et al. 1 opll). 
Levels of “Al have been interpreted in terms of the Nilsson model by Hirko et al. 3), 
Kean et al. “) and Jones et al. I’). 

The present investigation of p-y angular correlations with the 26Mg(a, py)’ ‘Al 

reaction was performed to gain additional spectroscopic information on “Al. Gam- 
ma rays were detected with a Ge(Li) detector which, due to its superior energy reso- 
lution and in spite of its lower detection efficiency, yields results not obtainable with 
NaI detectors. In sect. 2 the experimental procedure is described. The results from the 

t Permanent address: Department of Nuclear Physics, University of Lund, Lund, Sweden. 
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angular correlation and DSA measurements are given in sect. 3, and finally a com- 
parison with the theory is given in sect. 4. 

2. Experimental procedure and analysis 

The experiment was performed with a-particles from the Utrecht 6 MV tandem 
Van de Graaff accelerator. The target chamber consisted of an Al cylinder 12 cm 
in diameter. A beam current in the range 100-300 nA was maintained on the target. 
A 3 mm Ta diaphragm restricted the size of the beam, which after passing through 
the target was stopped in a Faraday cup 5 m from the target. 

The targets consisted of 50-100 pg/cm 2 26Mg enriched to 99.4 ‘A and evaporated 
on 30 ,ng/cm’ C foils. For the DSA lifetime measurements (see subsect. 2.2) Au back- 
ings were used. 

A 2 mm thick annular surface-barrier Si counter detected protons between 163” 
and 173”. Elastically scattered a-particles were stopped in mylar foils (100 pm thick 
for C-backed targets) placed in front of the Si detector. Fig. 1 shows a spectrum of 
protons coincident with all y-rays. The resolution is about 90 keV, mostly due to 
straggling in the mylar foil and reaction kinematics. 

Gamma rays were detected with a Philips 25 % efficiency 125 cm3 Ge(Li) detector, 
which had a resolution of 2.4 keV at 1.33 MeV. The detector subtended a half-angle 
of 12” at the target. Low-energy y-rays were suppressed by a 3 mm thick Pb plate 
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Fig. 1. Spectrum of protons coincident with y-rays from the 26Mg(u, ~y)*~Al reaction at E, = 14.2 
MeV. Random coincidences have been subtracted. The corresponding excitation energies (in MeV) 
in 29A1 are indicated. The peaks labelled 15N(0) and 27A1(2.98) result from the ‘%(a, p)15N and 

24Mg(Cr, p)a’Al reactions, respectively. 
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Fig. 2. Examples of y-ray spectra at 51” in coincidence with proton groups corresponding to the 
levels indicated by arrows in the inserts. Random coincidences have not been subtracted. The peaks 
are marked with tbe transition energies (in keV) corrected for Doppler shift. The 511 keV peak re- 
salts from positon an~hilation and the 844 keV peak from the 0.84 -+ 0 MeV transition in 27AI. 

Peaks marked with one or two primes are single or double escape peaks, respectively. 

placed in front of the detector. Fig. 2 shows two y-ray spectra coincident with differ- 
ent proton groups. 

Coincidences between protons and y-rays were detected with constant fraction 
timers and time-to-amplitude converters. The data were processed by a multi-param- 
eter data acquisition system 13), with event-mode recording on magnetic tape for 
later off-line sorting and analysis. The time spectra were Gaussian-shaped with 
FWHM of about 10 ns. The true-to-random coincidence ratio was usually so good 
(> 15) that random coincidences could be neglected. 

A measurement of the yield of the different proton groups as a function of the 
bombarding energy E, shows strong fluctuations. For .E, > 15 MeV the overall 
yield decreases with increasing E,. An energy .Ez = 14.20 MeV was used for most 
measurements since it gave optimum yield for many levels (see also, ‘however, sub- 
sect. 2.2). 
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2.1. EXCWATION ENERGIES 

Excitation energies have been determined from runs with the Ge(Li) detector at 
8, = 90.0+0.5” relative to the beam. Sources of “‘Th, ‘*Y, 6oCo and 56Co were 
used for energy calibration 14). The 6.13 -+ 0 MeV transition in 160 resulting from 

the 160(a, a’)160 reaction served as a high-energy calibration point 14). Calibration 
y-rays were recorded in coincidence in the Ge(Li) detector during the on-line measure- 
ments by the addition of a 12.7 cmx 12.7 cm NaI crysta1, which was shielded 
from target y-rays and from y-rays scattered in the Ge(Li) detector itself. The p-y 
and y-y coincidences were stored on magnetic tape together with labels indicating 
the detectors in coincidence. This procedure eliminated possible shifts in the Ge(Li) 
channel. 

Peak positions were determined from first-moment calculations after subtraction 
of Compton tails from higher-energy y-rays. Gamma-ray energies Ey were calculated 
from a third-degree polynomial fitted to the calibration points. Level spacings were 
determined from the measured y-ray energies by correction for the recoil of the “Al 
nucleus and for the transverse Doppler effect. The latter effect amounted to about 
0.3 keV for Ey = 2 MeV. The errors in the excitation energies were calculated as the 
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Fig. 3. Typicai y-ray Doppler shifts observed at @, = 47”, PO” and 133” in coincidence with protons 
from the reaction z6Mg(cc, p~)~~Al. 



quadratic sum of the ~ntribut~ons from the uncertainties in the peak positions, the 
uncertainties in the calibration energies and a possible 0.5” deviation of the Ge(Li) 
detector position from 90”. 

2.2. LIFETIME MIEAXUREMENTS 

For the lifetime measurements a target consisting of 90 @g/cm’ 26Mg evaporated 
on a 4.2 mgjcm’ Au foil was placed perpendicular to the beam. Elastically scattered 
g-particles were stopped in a 250 ym mylar foil in front of the Si detector. Higher 
bombarding energies, I$ = 16.50 and 18.00 MeV, were used because protons cor- 
responding to higher levels were stopped in the mylar foil at E, = 14.2 MeV. Most 
data were taken from the Ez = f&5 MeV rtm, but for some higher levels the E, = 
18.0 MeV run was used. 

Data were taken in short (z 2 h) runs with the Ge(Li) detector at angles of 47.0”, 
90.0” and 133.0” and at a distance of 13 cm from the target. During the lifetime mea- 
surements y-rays from a ‘%o source were simultaneously recorded as described in 
subsect. 2.1, This served as a check on the stability of the y-ray detection system and 
also as an energy calibration. No significant shifts were detected during three days 
of measurements. 

Peak positions were determined as described in subsect. 2.1. Fig. 3 shows a few 
transitions at the three angles. It can be seen that the decay of the rather tong-lived 
1.40 MeV level shows very little shift, confirming that the backing was thick enough 
to stop the recoihng 29Af nuclei. 

The experimental attenuation factors F(z~) were determined from a least+quares 
fit to the expression 

where E is the measured energy, E0 the transition energy and v(O) the initial recoil 
velocity of the final nucbus. The relative velocity u(O)/c calculated from reaction 
kinematics took values in the range 1.65 to 1.75 %, depending on the excitation 
energy. The effect of the finite sohd angie of the Si detector on the initial velocity 
was found to be negligible. Possible effects due to the finite sohd angle of the GeCLi) 
counter and to mgulsr con-etatims, caIcuIated for extreme ~ondit~ous~ were also 
found to be negligible. 

Theoretical values of F(Q) were caiccufated as described by Engelbertink and Van 
Middelkoop ’ “> with the theory of Lindhard t?2 rrl, ’ “) and the Bhugrund approxi- 
mation I’), The target was assumed to consist of four equally thick layers with iden- 
tical yield. For the nuclear stopping power the theoretical estimate given by Lindhard 
et al. ’ “) was used. The velocity dependence of the reduced electronic stopping power 
5, [for a definitiou see ref. ’ 5)j was expanded as 
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and the parameters ci were determined from a fit to the values of the electronic 
stopping power S, given by Northcliffe and Schilling ‘*). For the target material 
the value of <, for Al was used, since 5, does not depend strongly on the stopping 
medium. 

The errors in the mean lives were calculated by quadratic addition of the statistical 
error in the experimental F-value and a 16 % error (the maximum value for the F- 

values measured) in the theoretical F(z,) curve. The latter error was comprised of 
a 10 % uncertainty in the density, a 10 % uncertainty in the stopping powers of the 
target and the backing material and a 25 % uncertainty in the target thickness. Since 
the initial recoil velocity was rather high, the relatively well-known electronic stopping 
power dominates over the nuclear stopping power and thus a 10 % uncertainty in 
total stopping power was taken as a reasonable estimate. 

2.3. ANGULAR CORRELATION MEASUREMENTS 

In the angular correlation measurements y-rays were detected at 1’3~ = 90.0”, 63.4”, 
50X’, 39.2” and 26.6”. The Ge(Li) detector was placed 12 cm from the target. The 
angles were changed every 2 h in order to minimize possible systematic effects. Data 
were collected for a total of 16 h per position. 

The efficiency of the y-ray detection system in the range 0.8-3.5 MeV was measured 
for each angle with a 56Co source. The uncertainty in the efficiency was estimated 
to be 5 %. The isotropy of the set-up was found to be so good that the same efficiency 
could be used for all five angles. The Doppler shift had a negligible effect on the 
efficiency. 

For normalization purposes a random sample of the singles proton spectrum was 
continuously collected on magnetic tape by accepting random coincidences between 
protons and pulses from a 15 kHz pulser. The isotropic 1.40 -+ 0 MeV transition 
served as a check on the normalization. 

Peak areas were calculated after subtraction of Compton tails from higher-energy 
y-rays. The experimental correlations were fitted by a least-squares method to the 
Legendre polynomial expansion W(Q,) = A,,{1 +a,P,(cos f&,)+a,P,(cos 0,)}. The 
coefficients A,, corrected for the y-ray detection efficiency, were used for calculating 
the branching ratios. The errors in the branching ratios were calculated taking into 
account correlated errors. 

The analysis of the angular correlations was carried out as described by Poletti 
and Warburton I’). Theoretically the angular distribution from an aligned state 
with spin Ji decaying by y-ray emission to a state with spin Jf is given by 

where pk are statistical tensors which depend on the population parameters p(m), 

Fk are angular distribution coefficients depending on the multipole mixing ratio 
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6, Qk are the y-ray detector solid-angle attenuation coefficients and 0,. is the y-ray 
detection angIe with respect to the quantization axis, in this case the beam direction. 
In the present experiment the geometry of method II of Litherland and Ferguson ’ “) 
was used, and ideally only the lowest magnetic substates m = _t+ were populated. 
Due to the finite size of the Si detector the TTZ = 1-3 substates could be populated to 
a small extent ““). It was checked that a 10 y0 population of the higher substates 
did in no case significantly change the results of the analysis. For the attenuation 
coe~cients the values Q, = 0.97 and Q4 = 0.91, calculated with the program of 
Cane 2 I3 22), were used. 
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Fig. 4. Angular correlation data with theoretical fits and the corresponding x2 curves for the 1.75 + 0, 
2.87 + 1.40 and 3.58 -+ 0 MeV transitions. 



For each possible combination of Ji and Jf and for different values of the mixing 
ratio 6 the best fit (one free parameter: the normalization A,) and the goodness of 
fit x2 were calculated. The sign convention of Rose and Brink 23) was used for the 
mixing ratio. The values of arctan S were varied in steps of 1” (or smaller steps wften 

necessary for determining the best value of arctan 6) from -90” to 90”. For spin 
restrictions the 0.1 y0 probability criterion was applied. Examples of angular corre- 
lations with the best theoretical fits and the corresponding x2 curves are shown in figs. 
4 and 5. Possible J” values were rejected if they yielded unacceptable transition 
strengths r,jr, where Tw is the relevant Weisskopf estimate. The criteria of Endt 
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TABLE 1 

&citation energies (in keV) for 29AI states 

Present work 

“1 

Other work 

b, 
‘) -- 

1398.2&0.3 1405flO 1397.7f0.4 1397.6hO.4 
1754.510.3 17591 6 1753.8&0.4 1753.710.4 
2223.9f0.4 22X++ 6 2223.&&O-4 2224.QO.6 
2865.7@.6 28731 6 2865.4$X8 
3062.0&0.5 306991 6 3060.8f0.7 
3184.410.5 3193& 6 3184.010.6 3185.0&0.8 
3433.1 rto.7 3439ztlO 
3577.8f0.6 3584It 8 3577.3ztl.5 
3641.3310.9 3647+10 
3672.21fi1.3 3679+10 
3934.6*1.4 3947flO 
3985 &2 3993 
4056.8hO.7 4064 
4219.sLtro.7 4228 
4403.3rtl.O 4411 
4715.2rt1.4 (4716) 
4828.9rt1.3 (4846) 
4940.8&1.0 (4939) 
5023 &3 (5024) 
5181 22 5190 
5248.3b1.7 
5263 &3 5267 
5392 +3 5395 
5433 &4 (5424) 
5733 &4 (5732) 
5855..5&3.0 (5869) 
5993.611.0 6002 

“) Ref. I); the brackets indicate excitation energies which do not follow the systematic trend (see 
subsect. 3.1). 

b, From the z9Mgf~-y)z9Al reaction9). 
“> From the 26Mg(a, p~)~~Al and 27Af(t, p~)~~Al reactions *>. 

and Van der Leun 24) were used: if r,/I’w minus its error exceeded 100 W.U. for 
E2 and E3,3 W.U. for M2 and 10 W.U. for M3 the solution was rejected. The limiting 
strengths given in the discussion in subsect. 3.4 are the calculated strengths minus 
the error determined from compounding errors in the mean lifetimes, branching 
ratios and mixing ratios. The errors in the mixing ratios were calculated by the method 
described in ref. ‘“) with the correction of ref. 26)_ 

Only primary transitions were considered in the analysis, since the near-isotropy 
of transitions between low-lying states eliminated the possibility of obtaining in- 
formation from secondary transitions. 
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3. Results 

3.1. EXCITATION ENERGIES 

The “Al excitation energies determined in the present investigation are collected _. 
in table 1 together with those from a recent compilation ‘) and from some more 
recent publications *, “). F or most levels there is a systematic difference in energy 
between the present results and those of the compilation. The bracketed entries, 
however, do not follow this systematic trend, and the level correspondence is thus 
uncertain. The results of the present work can be seen to be in good agreement 
with those of Goosman et al. ‘) and Beck et al. “). 

3.2. MEAN LIFETIMES 

The measured attenuation factors F and mean lifetimes r, are given in table 2. 
When the measured F-value differs from unity by less than one standard deviation 
an upper lifetime limit of two standard deviations is given. The lifetime limit of the 

TABLE 2 

Mean lifetimes from DSA measurements 

(MY&) 
F(Q 

present work “) 

%ll(fs) 

“) “) average 

1.40 
1.75 
2.22 
2.87 
3.06 
3.18 
3.43 
3.58 
3.64 
3.67 
3.93 
3.99 
4.06 
4.22 
4.40 
4.83 
4.94 
5.02 
5.25 
5.26 
5.86 
5.99 

0.05 kO.03 
0.96&0.02 
0.80&0.03 
0.77&0.04 
0.97&0.14 
0.76f0.07 

0.94f0.02 
1.03&0.10 
1.01 hO.10 
0.7550.03 
1.00f0.04 
0.77&0.12 
0.901fro.04 
0.88f0.06 
0.88&0.05 
0.93&0.02 
0.92f0.08 
0.96f0.10 
0.78&0.13 
0.93+0.04 
1.02*0.10 

5000’:8;: 6500+500d) 3300~zz00 1000 6500+500 
25+11 so*40 60&30 < 50 32&12 

110&30 llOf50 go*70 < 80 110130 
120130 70+40 < 150 100+30 

< 160 90&50 80f40 < 50 SO&30 
120&50 280f70 180&70 210flOO 180f40 

< lonse) 
36410 < 70 

< 100 
< 100 

130&30 
< 40 

120170 
60&20 
60130 
60+30 
42&12 

< 120 
< 130 

110170 
42119 

< 90 

“) From the Z6Mg(Cr, p~)~~Al reaction, DSA8). 
b, From the 27Al(t, ~y)~~Al reaction, DSA’). 
‘) From the 27Al(t, ~y)~~Al reaction, DSAIZ). 
“) From the 26Mg(q ~y)*~Al reaction, recoil distance ‘). 
“) See text, subsect. 3.2. 
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3.43 MeV level was deduced from a comparison of spectra with gates on and close 
to the peak in the time spectrum. Table 2 also shows previous measurements of 
mean lifetimes of some low-lying levels. It can be seen that where a comparison is 
possible the present results are consistent with those previously obtained. 

3.3. BRANCHI-NG RATIOS 

The decay scheme and branching ratios inferred from the present work are given 
in fig. 6. Upper limits of two standard deviations have been given for very weak and 
unobserved transitions. The branching ratios from the present work compare welt 
with those given in refs. ‘* ‘> witht~oex~e~t~o~, The (f41_ I>“k branch depopulating 

Ex IMtV) BRANCHING RATIO I%1 

5,1J9--*$ 

~~2i~/~~~2* , a 

112+ 

s/2+ 

s/z+ 

3/z+ 

3/z+ 

-I___ 3fZya', 

112+ 

0 -- -_ .I. 
2SAl 

5/z+ 

Fig. 6. The 29AI level scheme and branching ratios from the present experiment. The J” assigaments 
are from t&e presentwmk combined with previous data; see diSC~xSSion in SubSeCt. 3.4. 
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the 3.18 MeV level to the I.40 MeV level (see fig. 2) was not observed by Jones et 
al. ‘). The 3.64 -+ 0 MeV branch is (91 t2)% from the present work, whereas Jones 
et al. ‘) quote (56&3)%. In both cases the present results are in good agreement 
with the work of Hirko et al. “). The disagreement with the work of Jones et al. ‘) 
could be due to their use of a NaI detector. 

3.4. J” ASSIGNMENTS AND MULTIPOLE MIXING RATIOS 

,The Legendre polynomial expansion coefficients of the angular correlation of 
primary transitions are shown in table 3. Only the statistically significant a, coeffi- 
cients are listed. 

Some multipole mixing ratios 6 are collected in table 4. Two criteria were used 
for selecting the mixing ratios given. Only those hypotheses giving distinct minima 
in the 11’ WYSUS arctan 6 plot with more than 0.1 a?$ confidence were accepted. Since 
the assignments J”(1.75) = 3’ and J”(3.58) = $* are considered to be very likely 
(see subsect. 4.1) only values consistent with these assumptions are included. The 
agreement with previously published 3* 6Y ‘) values is good. 

TABLE 3 

Legendre polynomial expansion coefficients”) of the anguiar correlatians of primary transitions 

(ZeV) (ZeV) 
az”) 

(I&?) (ZeV) 
--- 

1.40 
1.75 
2.22 
2.87 

3.06 

3.18 

3.43 
3.58 

3.64 
3.67 
3.93 
4.06 

0 0.00~0.05 
0 -0.05~0.03 
0 0.06+0.06 
0 -0.52*0.13 
1.40 -0.83f0.09 
0 -0.27&0.14 
1.75 -0.24+0.07 
0 0.6310.14 
1.40 0.44*0.09c) 
1.75 -0.4610.06 
2.22 -0.34i0.03*) 
1.40 -0.03&0.11 
0 0.43rtO.12”) 
1.75 -0.13+0.02 
0 0.33*0.09 
0 0.09iO.12 
0 -0.7610.12 
1.40 -0.19~0.12 
2.22 -0.15&0.12 

4.22 
4.40 

4.72 
5.18 
5.25 
5.26 
5.39 
5.43 
5.13 
5.86 

5 99 

1.75 -0.11&0.05 
0 0.66AO.13 
1.75 0.3910.11 
0 0.09&0.12 
0 -0.5310.10 
1.40 -0.12&0.15 
1.75 -0.8 kO.2 
0 -0.1 10.2 
0 1.0 f0.3 
1.75 1.0 kO.2 
1.75 0.30~0.10 
3.58 -0.15f0.05 
3.58 -0.21 ao.17 
4.22 -O.O6ci,O,i2 

“) Not corrected for the finite solid angle of the Ge(Li) detector. 
b, The a4 coefficients are given (as footnotes) only in those cases, in which their values are at least 

twice their standard deviations, and then az corresponds to the fit with both 02 and ~4. 
‘) a4 = -0.60&0.13. 
“) a* = 0.11 iO.05, 
“) a4 = -0.32f0.16. 
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TABLE 4 

Multipole mixing ratios, S, for some transitions and assumed J” values 

G 
(MeV) (ZV) 

.Ii” Jf ?i W 

1.75 
2.22 
3.06 

3.18 

3.58 

3.64 
3.93 
4.06 

4.22 
5.25 
5.86 

5.99 

0 
0 
1.75 

1.40 
1.75 
2.22 
0 
1.75 
0 
0 
1.40 
2.22 
1.75 
1.40 
1.75 
3.58 
3.58 
4.22 

G+ )“) 
3 9t 
5c a 
8’ 

G’)‘) 

(%‘Y) 
G’)“) 
G’)“) 

G’Y) 
W) 
(%-‘)“) 

f~+)‘) 

-0.147&0.016 
0.1510.04 or X7*0.3 

-0.08iO.04 or jai > 7 
0.07~0.08 

-0.23f0.07 or 16/ > 6 
-0.02$-0.02 

0.03$70.09 
-0.097~0.014 

0.10+0.08 or -2.J,trO.9 
0.23+0.09 or 2.2106 

-0.1610.06 or 2.6-cQ.5 
0.37*0.10 or jdj > 4 
0.02+0.02 or 6.0&1.0 

-0.203,0.08 or 3.OiO.8 
0.03~0.10 

-0.08&0.03 
-0.02&0.12 or 161 > 3 
-0.14,tO.O4 or ISi > 13 

“) The sign convention used is that of Rose and Brink ?I. 
‘) Also possible J” = 3’. 
‘) Also possible Js = (3 -$) +. 
“) Also possible J = $. 
“) Also possible J = 4-g. 
‘) Also possible .P = 4, Q, %*. 

The J” assignments and limitations from the present and other work ‘) are dis- 
cussed below and summarized in fig. 6. Bracketed assignments have between 0.1 % 
and 10 % probability. The limiting strengths have been calculated from the averaged 
mean lifetimes in table 2. 

3.4.1. New spin andparity assignments. The x2 analysis of the angular correlation 
of the 2.22 + 0 MeV transition excludes J(2.22) > 3. In addition J”(2.22) = +- 
is excluded since this would give an M2 strength of at least 7 W.U. The angular corre: 
lation of the strong 3.18 -+ 2.22 MeV transition (see fig. 51, together with the assign- 
ment J”(3.18) = 3’ (see below), excludes J(2.22) = f and 3. The (17&3)% branch 
from the J”(3.43) = 4’ level with a lifetime upper limit of 10 ns would give E3 or 
M3 strengths of more than 130 or 4000 W.U., respectively, for the 3.43 + 2.22 MeV 
transition if J(2.22) were 5. Conclusion: J”(2.22) = 4’. 

The lifetime of the 3.18 MeV level excludes decay by octupole transitions. The 
x2 analysis of the angular correlation of the 3.18 4 1.40 MeV transition only allows 
J(3.18) = 3 (see fig. 5). Negative parity would give an M2 strength of at least 150 
W.U., and thus J’(3.18) = 3’. 
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3.4.2. Confirmed spin andpavity assignment. The x2 analysis of the angular corre- 
Iation of the 2.87 -+ 1.40 MeV transition {see fig. 4) excludes 3 and 5 as possible 
spins of the 2.87 MeY level. The assumption J(2.87) = 3 would give an E3 strength 
of at least 8 x lo6 W.U. or an M3 strength of more than 3 x lo8 W.U. The assumption 
J”(2.87) = $- would give an M2 strength of at least 20 W.U. The only remaining 
possibility J”(2.87) = 3 * is in agreement with the previous ‘) assignment. 

3.4.3. New spin limitations and parity assignments. The anguIar correlation of the 
1.75 -+ 0 MeV transition (see fig. 4) gives the restriction J(1.75) 5 3. From the life- 
time and mixing ratio one can further exclude $-, since this would give an improbably 
large M2 strength. The angular correlation of the 3.06 4 1.75 MeV tramition ex- 
cludes J(1.75) = 3 and 3. Since the 3.58 MeV level is known “) to have even parity, 
the admixture of a higher multipole in the 3.58 + 1.75 MeV transition excludes 
J”(1.75) = $-. Conclusion: J”(1.75) = j$* or 3’. 

The 3.58 MeV level has positive parity “) and together with the correlation of the 
ground-state transition (see fig. 4) this yields the possibilities J”(3.58) = ($)‘, 3+, 

(5)’ or $+, where the brackets indicate solutions with less than 10 % probability. 
The 4.22 MeV level is known ‘) to have J” = 3’ or 3’. If J”(1.75) = I+, then 

J”(4.22) = $+, since -2’ would require an improbably strong M3 component in 
the 4.22 + 1.75 MeV transition. The assumption J”(3.58) = f’ leads to the same 
assignment (see discussion of the 5.99 MeV level below), ensuring consistency for the 
proposed (see subsect. 4.1) ground-state rotational band. 

An indication that the 5.86 MeV level has a rather high spin is that at high bom- 
barding energies (E, z 18 MeV) the 5.86 MeV level is by far the strongest populated 
state. If it is assumed that J(5.86) = $A, the assig~e~t J(3.58) = 4 follows from 
the angular correlation, and from this one can deduce J(1.75) = 3. 

The short lifetime of the 5.99 MeV level excludes decay by octupole transitions. 
The 5.99 -+ 4.22 MeV transition gives the limitation J”(5.99) = 3, 3, 2’ or 3+, with 
the 3 -+ 3 hypothesis excluded. The assumption J(3.58) = 8 requires J”(5.99) = 3’. 

The remaining limitations given in fig. 6 have been deduced by similar arguments. 

4. Summary and discussion 

The excitation energies of 27 levels up to E, = 6 MeV have been determined (table 
1) more accurately than before and at least one hitherto unobserved level has been 
found. Decay properties and mean lifetimes have been determined (fig. 6 and table 2) 
for many levels. Previous knowledge of these properties was rather scarce, especially 
for levels above E, = 3.58 MeV. From this and previous work some unambiguous 
J” assignment can be made (fig. 6), and some multipole mixing ratios have been in- 
ferred (table 4). 

4.1. GROUND-STATE ROTATIONAL BAND 

From the collective model one can infer that the odd (13th) proton is in Nilsson 
orbit 5 and that the deformation is prolate, since the ground state of 29A1 has J” = 
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Fig. 7. Excitation energy versus J(J+l) for the suggested ground-state rotational band shown in the 
insert. 

3’. It has been suggested 6s I’) that the 1.75 and 3.58 MeV levels are the second and 
third K” = 3’ levels built on the ground state. The decay of the 5.86 MeV level 
suggests that it might be the fourth member of this band. For a rotator with a con- 
stant moment of inertia the excitation energies are expected to follow the J(J+ 1) 
rule, and one can see from fig. 7 that the levels mentioned follow this rule very 
closely. 

The sign of the mixing ratio [sign convention from Rose and Brink ““)I for EZjMl 
transitions within a rotational band is given by “) 

sign [6(E2/Ml)] = - sign [(SK - d/Qol, 

where ga and gR are the intrinsic and rotational g-factors, respectively, and Q, is 
the intrinsic quadru~ole moment. ‘For a proton in orbit 5, g, = 1.92 [ref. ““)I. For 
gR the estimate gR M Z/A = 0.45 [ref. ““)I can be used, and Q, is positive for pro- 
late deformation. Thus the sign of 6 should be negative and this is in agreement with 
the experimental result for the 5.86 -+ 3.58, 3.58 -+ 1.75 and 1.75 -+ 0 MeV transi- 
tions (table 4). 

4.2. COMPARISON WITH SHELL MODEL CALCULATIONS 

If one makes the plausible assumption J(1.75) = 3 (see subsect. 4.1), the spin and 
parity of the lowest eight levels are known and a comparison with theory could be 
meaningful (see fig. 8). The theoretical data have been calculated from the wave 
functions of De Voigt 1 ‘* w o p f ormed a model calculation a 
truncated 2s, Id, space, with modified surface interaction 
(MSDI) an effective interaction. 
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Fig- 8. C~rnpa~is~~ of cdcu$ated I*) (see subsect. 4.2) and measured quantities for 29Af. The exper- 
imental data are from the present work except for the lifetimes, which are the averages given in table 
2. Round brackets indicate incompletely determined experimental quantities, square brackets indi- 

cate theoretical data. 

We have re-interpreted these theoretical results for “Al with the following modi- 
ficatisns. The lowest 3’ and 3” levels were identified with the 1.75 and 2.22 MeV 
states, respectively. The second $* level was identified with the 3.18 MeV state, 
and the third 3’ level [calculated but not mentioned in ref. ““)I with the 3.06 MeV 
state. 

From the wave functions calculated by De Voigt ct ccl. ““) and the experimental 
excitation energies we calcufated the multipole mixing ratios, lifetimes and branching 
ratios shown in square brackets in fig. 8. For the reduced single-particle matrix 
elements we used the bare-nucleon values instead of the two fitted effective matrix 
elements used in ref. lo). As can be seen the agreement with experiment is good ex- 
cept for the excitation energies and a few transition strengths. It should be noted that 
this results from fitting only eight parameters [three single-particle energies, the 
four MSDI parameters and the isoscalar effective charge (e, I- e,)] to known proper- 
ties of A = 27-29 nuclei. 

The problem of inconsistent spectroscopic factors for proton pick-up l~entioned 
in a later paper by De Voigt and Wildenthal ‘I) is resolved by our suggested inter- 
change of the two upper J” = 3’ levels mentioned above. The theoretical spectro- 
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scopic factors are 0.90 and 0.18 in fair agreement with the experimental values 1.76 
and 0.10, respectively, obtained with the 30Si(t, CX)~‘A~ reaction 5z12). 
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