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Abstract: In the energy range E= = 2.10-3.25 MeV, twenty-three resonances are reported fcom radia- 
tive alpha capture in s°Si. For the thirteen strongest resonances the main modes of decay and the 
resonance strengths are given. 

Angular distribution and angular correlation measurements yield the spin and parity of nine 
J= = 1- resonances and of three J= = 2 + resonances. 

Comparison of the radiative widths of E1 transitions in the compound nucleus s4S, as calcu- 
lated from the measured resonance strengths, with those of analogous E1 transitions in 32S, in- 
dicates that in this mass-region the isobaric-spin selection rule inhibits the El transition speed in 
self-conjugate nuclei by about one order of magnitude. 

1. Introduction 

Observation o f  ~-capture resonances is feasible if  in the compound  nucleus the 

binding energy o f  the ~-particle is considerably lower than that  o f  the neutron.  
Quantitatively, this difference in binding energies should be so large, that a certain 
range o f  bombarding  energies exists, where first Coulomb-barr ier  penetration by 

the incoming ~-particle is possible, and where secondly no neutron decay channel 
is open. 

In  the 2s ld  shell, one o f  the most  favourable nuclei in this respect is 3~S, where 
the c¢-, proton-  and neutron-binding energies amount  to 7.92, 10.89 and 11.42 MeV, 
respectively. These values imply that  for ~-particles up to 3.3 MeV (the energy avail- 
able f rom the Utrecht  Van de Graaff  accelerator), the 3°Si(~, ~))345 reaction can be 
investigated without  interference f rom the 3°Si(~, n)33S or 3°Si(~, p)33p reactions. 

This report  deals with the 3°Si(~, y)34S reaction in the energy range E~ = 2.10- 

3.25 MeV. A short description o f  the apparatus  (sect. 2) precedes the discussion o f  
the resonance curve (sect. 3). The determinations o f  spins and parities o f  the reso- 
nance levels by means o f  angular distribution and angular correlation measurements 
are given in sect. 4. 

Compar ison of  the results o f  this investigation with those o f  other (~, ?) experiments, 
in particular the 2SSi(~, ~)32S reaction, gives some indication as to the strength o f  the 

isobaric-spin selection rule for electric dipole radiation in self-conjugate nuclei 
(sect. 5). 

t Present address: Physics Department, University of Cape Town, South Africa. 
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2. Apparatus 

The apparatus used to investigate (~, T) reactions has been described previously 1). 
Alpha particles from the Utrecht 3 MV Van de Graaff accelerator passed through a 
90 ° analysing magnet and a liquid-air cooling trap before hitting the water-cooled 
3°Si target. The enriched 3°Si targets, thickness 15 #g/cm 2, evaporated onto 0.3 mm 
tantalum or copper, were obtained from A.E.R.E., Harwell, England. The peeling 
off of target material, characteristic for s-particle bombardment, was less serious 
with copper backing than with tantalum backing. The 3°Si target on copper with- 
stood a 25 W beam without measurable deterioration. 

The T-rays detectors were NaI scintillator assemblies, 10 cm diameter and 10 cm 
deep, surrounded by 10 cm of lead. The spectra were measured with a 400-channel 
transistorized RIDL analyser. 

3. Resonance Curve 

During the measurement of the resonance curve, the NaI crystal was placed at the 
distance D = 0.7 cm from the target at an angle ~ = 55 ° with respect to the proton 
beam. 
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Fig. 1. G a m m a - r a y  yield f rom alpha-part icle b o m b a r d m e n t  o f  an  enriched 3°Si target.  

Over the range E= = 2.10-3.25 MeV, the a-particle energy was varied in steps of 
about 5 keV. For  energies below 2.10 MeV Coulomb-barrier penetration is very 
improbable. The T-ray pulses were counted in two channels with differential dis- 
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criminators. During the measurement of  the yield curve, the discriminator settings 
were adjusted in small steps so that the highest channel counted only ground-state 
transitions and the lowest channel transitions to 34S* = 2.13 and 3.30 MeV. The 
excitation curve as measured in the highest channel is given in fig. 1. Due to the small 
distance between crystal and target, even resonances with virtually no ground-state 
transitions, give sum-effect peaks in this curve. The lower-channel excitation curve 
yields no new resonances. 

TAaL~ 1 

Resonances  in the  react ion s°Si(ct, 7)s4S; energies, spins and  parities,  main  modes  o f  decay and  
s t rengths  

Resonance  E= saS* Main  decay (2. /+ l )Fr / ' a /_P 
J= 

n u m b e r  (MeV) (MeV) Y0 )'~ ~2 2~H (eV) 

1 2.276 9.909 1 - 1 0.3 
2 2.332 9.958 1- 0.4 1 
3 2.457 10.067 
4 2.463 10.073 <0.1  l 
5 2.512 10.115 
6 2.545 10.144 1- 0.3 1 
7 2.581 10.176 
8 2.621 10.210 
9 2.635 10.223 1- 0.2 1 

10 2.712 10.290 2 + 0.4 1 
11 2.790 10.359 
12 2.815 10.380 2 + 1 1 
13 2.860 10.419 
14 2.913 10.465 1- 1 <0 .1  
15 2.952 10.500 
16 3.018 10.558 1- 0.6 
17 3.052 10.587 
18 3.062 10.596 1- 1 1 
19 3.104 10.633 
20 3.113 10.641 1- <0.1  0.3 
21 3.152 10.675 
22 3.223 10.737 2 + <0 .1  1 
23 3.249 10.760 1- 1 <0 .1  

all 4-5 keV 
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In addition to the four known 288i(t~, y)32S resonances 2), the yield curve shows 
twenty-three peaks. Since capture of ~-particles in this energy range in 29Si would 
lead to neutron-unstable levels in aaS, these twenty-three resonances can most likely 
be ascribed to the reaction 3°Si(=, y)34S. At the thirteen strongest resonances y-ray 
spectra were measured. After subtraction of  the background, measured just above 
or below the resonance energy, analysis of the y-ray spectra yields y-rays that can be 
fitted in the 348 level scheme, confirming the assignment of these resonances to the 
3 osi(ct, y)34 S reaction. 

In table 1 the twenty-three resonances are listed. The numbers in column 1 corre- 
spond to those of fig. 1. 



THE REACTION 8°si(~, y)a4s 107 

The second column lists the resonance energies. The magnetic field was measured 
with a lithium magnetic resonance fluxmeter; the calibration constant was calculated 
using the known 2ssi(a, y)32S resonance energies. In the latter reaction the excitation 
energy of the resonance levels, and thus the a-particle energy is very well known from 
comparison with the corresponding 31p(p, y)32 S resonances 2). 

The third column of table 1 gives the excitation energies of  the corresponding 
34S levels, calculated using the reaction Q value Q = 7.917 MeV 3). 

The spins and parities found from angular distribution and correlation measure- 
ments are given in the fourth column. 

Column 5 lists the main modes of decay of the resonance levels as found from the 
analysis of  the spectra measured at ,9 = 55 °. The ?o, )'1, ?2 and ?a denote transitions 
from the resonance levels to 3"S --- 0, 2.13, 3.30 MeV and higher levels, respectively. 
The numbers in this column indicate the intensities of the respective transitions, relative 
to that of the strongest transition for each resonance. Due to the high background at 
lower ?-ray energies, detailed analysis of  transitions to the 34S higher excited states 
is difficult. The + sign in the column YH, therefore is given only if an appreciable decay 
to one of the higher levels occurs. 

The relative intensities given in this column, have been calculated under the assump- 
tion that only dipole transitions occur. Then the measurements at 8 = 55 ° yield 
average intensities. For the J~ = 1- resonance levels this condition will generally be 
fulfilled, since, except may  be for ~H, only transitions are considered proceeding to 
J~ = 0 ÷ and 2 + levels. For the J~ = 2 + resonances, the dipole assumption is less 
certain for ~'1 and ~'2 (both 2 + ~ 2 ÷ transitions), and certainly not correct for ?o- 
For  the latter, a pure quadrupole 2 + ---, 0 + transition, however, the angular distribu- 
tion is known, so that the 8 = 55 ° intensity could be corrected to an average inten- 
sity. 

The strengths of the resonances are listed in column 6. For resonances with strong 
ground-state transitions, the relative strengths were calculated f rom the heights of  
the peaks in fig. 1. This procedure is possible since the measured widths of  the peaks 
are purely instrumental; they are mainly due to the target thickness. The heights, 
multiplied with the appropriate efficiency factors, are proportional  to the relative 
strengths after correction for the variation both in the a-particle wave length and in 
dE/dr. For  the J~ = 2 + resonances an extra factor had to be included since here the 
8 = 55 ° measurement does not yield an average intensity. 

The relative strengths of  the resonances with at most  a weak ?o transition were 
determined in an analogous procedure applied to the yield-curve measured with the 
lower discriminator channel. 

The relative yields given in this column are considered to be correct within a factor 
of  two; considerable background contributions, especially for the lower ?-ray ener- 
gies prevent higher accuracies. 

The relative resonance strengths found so far, were converted to absolute strengths 
using the known 2) strength of the 2.904 MeV 2ss i (~ ,  ?)325 resonance: o9? = ( 2 J +  1) 
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F~F~/F = 0.7 eV. The relative strengths of  the 3.249 MeV 3°Si(~, 7)34S resonance 
and the 2.904 MeV 28Si(~, )')32S resonance were measured with a natural silicon 

target. After application of  the appropriate efficiency, abundance and ~-particle wave 
length corrections, it follows that the strength of the 3°Si resonance is 13 times that 
o f  the 2aSi resonance. 

4. Angular Correlations 

Bombardment  of  a J~ = 0 + target nucleus with the spinless ~-particles leads to 
natural parity resonance levels only. Therefore, all 30Si(ct, )')34 S resonances decaying 
to the 34S ground state, must have spin and parity J~ = 1 - or 2 +, since higher mul- 
tipole radiation is improbable and 0 + ~ 0 + transitions are forbidden. 

A simple angular distribution measurement then leads to a unique assignment 
J~ = 1- or 2 +, since the two 70 angular distributions are easily distinguishable. For 
J~ = 1- the theoretical angular distribution ~) has the form 

W(9) oc sin 2 9 oc 1 - P 2  (cos 9). 

For J~ = 2 + one finds: 

W(9) oc sin 2 29 oc l+~P2 (cos 9 ) - ~ - P 4 ( c o s  9), 

where P2(cos 9) and P4(cos 9) are Legendre polynomials. 
The measured angular distributions for nine resonances with measurable ground- 

state transitions are given in fig. 2. The measurements were performed with the NaI  
crystal at D = 5 or i0 cm from the target. For  each resonance the distance is given 
in the left-bottom corner of  the corresponding figure. The solid line in each figure 
gives the theoretical angular distributions for the assigned spin after application of  
the appropriate solid angle correction. 

The resonances at E,  = 3.018, 3.113 and 3.223 MeV show only weak ground-state 
transitions, if  any at all. Angular correlation measurements were performed in four 
standard geometries to determine the spins and parities of  the resonance levels. One 
counter rotated in a horizontal plane through the beam at a distance D = 10 cm from 
the target; data were taken at the angles ~ = 0 °, 30 °, 45 °, 60 ° and 90 ° with respect to 
the proton beam. The second counter (D = 10 cm at E,  -- 3.018 and 3.223 MeV; 
D = 5 cm at E~ = 3.113 MeV) had a fixed position in a plane perpendicular to the 
beam, either in the horizontal plane (geometries I and I I )  or vertically above the 
target (geometries V and VI). In geometries I and V the first )'-ray of the cascade was 
detected in the rotating counter; in geometries I I  and VI it was detected in the fixed 
counter. Actually the measurements in geometries I and I I  (and also in V and VI) 
were performed simultaneously by selecting the ),-rays from each of  the two crystals 
in two channels, each counting one of the y-rays of  the cascade and by feeding the 
pulses into two coincidence circuits (resolution time 1/~sec). 

For  the E~ = 3.018 and 3.113 MeV resonance the angular correlations were 
measured of the cascades through the J~ = 2 + level at 3.30 MeV. Comparison of the 
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experimental correlations with the calculated ones for J~ = 0 +, 1 - ,  2 +, 3 -  and 4 +, 
immediately excludes J~ = 0 ÷, 2 + and 4 +, even if for J~ = 2 + quadrupole/dipole 
radiation admixture is included in the possibilities. For J~ = 1 - and 3 -  the theoretical 

a°Si(~,y)34S Angulor  distr ibutions 
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Fig. 2. Measured angular distributions of  ground-state transitions at nine a°Si(Qt, 7)s4S resonances. The 
solid line in each figure gives the theoretical angular distribution for the assigned resonance spin in- 

cluding the correction for solid angle attenuation. 

angular correlations for pure dipole radiation of  the primary y-ray differ appreciably 
only in geometry VI. (Here M2/E1 admixture is far less probable than E2/M1 ad- 
mixture in the case mentioned above). The solid angle attenuated theoretical curves 
for J~ = 1- (solid line) and J~ = 3 -  (dotted line) are given in fig. 3 together with 
the experimental points. A X 2 test indicates for both resonances J~ = 1 - .  The pro- 
bability that the 3 -  assignment would be correct is in both cases less than 0.1%. 
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The results of  the measurements on the cascade through the 2.13 MeV level at the 
E~ = 3.223 MeV resonance are given in fig. 4. The Vl angular distribution excludes 
only the possibility J~c, = 4+. The four other possible values for the resonance spin 
all can yield, with or without radiation mixture, the nearly isotropic angular distribu- 
tion. Since the angular distribution determines the quadrupole/dipole admixture for 
each possible spin value, the measurement of the angular correlations in geometries 
I and II only, suffice to yield the unique resonance spin assignment J "  = 2 +. The 
corresponding E2/M1 amplitude mixing ratio of the first v-ray of  the cascade is 
+0.3. 

5. Isobaric-Spin Selection Rule 

A striking aspect of fig. 1, is the fact that most resonances, and especially all the 
s t rong ones, have J~ = 1- ;  the latter fact is more clearly exhibited in table 1. A 
similar phenomenon has been observed in the investigation of  the S4S(0t, 7)38A reac- 
tion, where all six observed s) resonances have J"  = 1-.  

The predominance of  1 - resonances in these reactions is even more striking when 
it is compared with the relative weakness of these resonances in a second group of  
(ct, V) reactions. In the reactions 2°Ne(ct, V)24Mg and 24Mg(~, V)28Si (refs. 2, t), re- 

spectively) the strongest resonances have J ~ =  2 +, or even J ~ =  4 +, and in the 
28Si(~, V)a2S and 32S(ct, V)36A resonance curves (refs. 2, 5), respectively) the J~ = 2 + 

resonances compete favourably with the 1- resonances. 
Qualitatively this difference can be understood in terms of the isobaric spin selec- 

tion rule for electric dipole radiation 6). According to this rule E1 radiation is prohib- 
ited in self-conjugate nuclei, unless A T  = _+ 1. In the second group of  reactions men- 
tioned above one bombards a T = 0 nucleus with a T = 0 particle and thus if in the 
2s ld  shell the isobaric spin is a good quantum number, one excites only T = 0 levels. 
All final nuclei in this second group are self-conjugate nuclei with T = 0 low-excited 
states. So in this group all transitions from the 1- resonance levels to the ground 
states or first excited states are E1 transitions with A T  = 0, and thus forbidden. 
Since f o r  most resonances the resonance strength is determined by the radiative 
widths of the capture v-rays, the isobaric spin selection rule explains the relative 
weakness of  the 1- resonances. A reasoning of this type does not hold for the 
3°Si(ct, V)3*S and 34S(ct, v)3SA reactions since the final nuclei in these reactions are 
not self-conjugated. The fact that E1 transitions in these nuclei are not forbidden then 
accounts for the relative predominance of 1- resonances in these reactions. 

A superficial and qualitative comparison of the resonance curves of  the reactions 
mentioned above therefore already leads to the conclusion that the isobaric spin 
selection rule is effective in sd shell nuclei; and it even seems to be more effective for 
nuclei around A ~ 25 than for the A ~ 35 nuclei. 

In order to find a more quantitative measure for the factor of  forbiddenness in the 
case of the sulphur isotopes the radiative widths of the E1 transitions in a4S and 32S 
have to be compared. Therefore the radiative widths of the E1 transitions between the 
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resonance levels and 34S* = 0, 2.13 and 3.30 MeV were calculated from the measured 
resonance strengths for the resonances with E, > 2.6 MeV. A determination of the 
radiative widths from the resonance strengths is possible only if F~ << F,;  therefore 
all resonances with E, < 2.6 MeV have been disregarded since there the resonance 
strength could very well be determined by F~. The absolute radiative widths Fr thus 
found are listed in table 2 together with the transition strengths in Weisskopf units 
I M I  2 = F:,/1-'.., where Frw is the single-particle shell model estimate given by Weiss- 
kopf 7). I f a  nuclear radius of 1.5A t fm is used in the calculation, one finds Frw(E1 ) = 
0.11 A~E 3 eV. The nuclear radius given above is used to facilitate comparison of the 
results with earlier calculations of transition strengths in the sd shell 8). 

TABLE 2 

Radiat ive widths  o f  E l  t ransi t ions in s2S and  s*S 

Nucleus Ei Ef E~ I~  IM[ ~ 
(MeV) (MeV) (MeV) (eV) a) × 103 

~3 S 

34 S 

9.24 2.24 7.00 0.V ~) 0.3 
9.49 0 9.49 0.3 e) 0.3 

10.46 0 10.46 0.8 0.6 
10.56 2.13 8.43 0.5 0.8 
10.56 3.30 7.26 0.8 2 
10.60 0 10.60 0.35 0.3 
10.60 2.13 8.47 0.35 0.5 
10.64 2.13 8.51 0.2 0.3 
10.64 3.30 7.34 0.5 1 
10.76 0 10.76 3 2 

s) A s s u m i n g  / '7 ~ f'~" 
b) Ref. 6). 
~) Ref. u) .  

The eight El  transition strengths in 34S listed in table 2 centre around the value 
IM[ z = 10 -3, a value slightly lower than, but still in good agreement with, the value 
IMI 2 = 1.7x 10 -3 found as an average for 15 E1 transitions in the sd shell 8). Un- 
fortunately, only two E1 transitions have been observed in the 2sSi(~, 7)azs reaction. 
Their strength (see table 2) about equals the strength of the weakest E1 transitions 
observed in 34S. 

Since, in view of  the very few transitions considered here, a discussion in terms of 
average transition strengths is risky, and since, moreover, the average values would 
be strongly influenced by the fact that weaker transitions are easily overlooked in the 
experiments, it probably is better to compare the strengths of the transitions with the 
highest speed in the two nuclei. Then the results will be influenced by the experimental 
circumstances as little as possible. 

Considering then the strongest E1 transitions in a4S and azS (for the latter this 
means the only transitions observed), the conclusion seems to be justified that for 
nuclei in this mass region the T selection rule inhibits the E1 transitions by one order 
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of magnitude. This is, as can be expected, certainly less than the inhibition factor found 
for the very light nuclei 9). 

I t  should be noted that, though the discussion is given in terms of absolute transi- 
tion strengths, only the relative strengths of  the 28Si(~, y)3°Si and 3°Si(~, y)a4S 
resonances, measured with higher precision, are pertinent to the final conclusion. 

The conclusion of this discussion is confirmed by the preliminary results of the 
analysis of  the 32S(~, y)36A and 34S(~, y)asA experiments 5). I t  also indicates a 

factor of  T-forbiddenness of  about  one order of  magnitude; in this case too, however, 
only a small number of  transitions could be considered. 

A similar test of the isobaric-spin selection rule for M1 radiation 1 o) is impossible. 
In the first place, only three M1 transitions were found in 34S, and only two in 32S. 
Secondly, the M1 transitions originate from J"  = 2 + resonances. For these ~-capture 
resonances the essential assumption F~ << F,  is less readily fulfilled than for the p- 
capture resonances discussed above. If, disregarding the latter complication, the M1 
transition strengths are calculated, one finds IMI 2 values of  about 5 x 10 -3 for both 
nuclei. 

6. Conclusion 

The investigation reported here confirms the notion that (~, y) reactions can be a 
useful tool in nuclear spectroscopy, even in the mass 30-40 nuclei. 

Comparison of the results of  this investigation with those of  other experiments 
is impossible since no other investigations of  34S levels at these excitation energies 
have been reported previously. 

We are indebted to our colleague P. J. M. Smulders for communicating both his 
extensive experience in experiments on (~, y) reactions and his results of  the investiga- 
tion of the 28Si(~, y)32S reaction before publication. We thank Professor P. M. Endt 
for his continuous interest in this work. 
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