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Abstract 

The static quadrupole moment and B(E2;0 +2 ) value 

for the first excited state of 3 2 S were measured using the 

reorientation effect in Coulomb excitation of 3 2 S projectiles. 

Silicon surface barrier detectors were used to detect 3 2 S ions 

scattered from 2 0 8 P b at mean laboratory angles of 90° and 174', 

for bombarding energies in the range 122 to 160 MeV. The 

results for constructive (destructive) interference from the 

second 2* state in 3 2 S are 0.2* * -16.0 ±2.2 (-13.3 ±2.2) e fm 2 

and B(E2;0**2+) » 292 ± 17 (307 ±17) e 2 fin1*. 

NUCLEAR REACTIONS 208p b (32 S #32 St) f E » 122-160 MeV, lab 90°, 

174°; measured Coulomb excitation probabilities of 3 2 S first 
2 state, deduced 0.2 • and B(E2; 0*-» 2*). Enriched target. 



1. Introduction 

Measurements of static quadrupole aonents for nuclei in the 2s-Id 

shell ' have shown that near the middle of the shell there appear to 

be dramatic changes in shape between nuclei differing by as little as 

two mass units. One of the nuclei in this mass region for which the 

static quadrupole moment (Q2+) of the first excited state is uncertain 

is 3 2 S . Although there have been several measurements of Q2*( 3 2S) using 

the reorientation effect in Coulomb excitation there is a wide scatter 

in the results. 

The first two measurements (-20±6 e fm 2 by Nakai et al ', and 

-17.5±5.0 e fa 2 by Httusser et al J ) aroused interest due to the conflict 

between the large magnitude obtained for Q2+ and the usual picture of 3 2 S 

as a good vibrational nucleus. However these two measurements used rather 

high bombarding energies which correspond to minimum distances of closest 

approach »s* of the nuclear surfaces of 3.8 and 4.2 fm respectively. It 

seems likely that these results are affected by Coulomb-nuclear interference. 
4) A subsequent measurement of Q2+ by Olin et al. at a lower effective 

bombarding energy (s»6.2 fm) gave Q2+ * -6.6±1.7 e fm2 and a value of 

B(E2;0*-»-2*) consistent with the currently adopted value '. However, further 

Coulomb excitation work by Schwalm et al. ' appeared to be inconsistent with 

that of Olin et al. , and favoured a value of Q2* • -19 e fm 2 (weighted 

average of refs.2,3) in order to achieve agreement with measured values of 

B(E2;0 -*2 ). Recently there has been a measurement of Q2+ • -11.5±4.8 e fm 2 

by Ball et al. ' (s>6.6 fm) and a measurement, carried out at about the same 

time as the present work, by Dannhauser et ai. ' of -i8±4 e fm 2 (s»4.9-5.3 fin). 

If we ignore the initial measurements of Nakai et al. ' and Hausser et 

al. ' on the grounds that they are probably perturbed by nuclear interference, 

there remain three published measurements for Q2+( 3 2S): -6.6±1.7, -11.5±4.8 

and -18±4 e fm 2 (refs. 4,7 and 8 respectively). The present work was under-



taken in an attempt to clarify the experimental situation, taking particular 

care to ensure that data used for the determination of Q2+ and B(E2;0 -*2 ) 

were free fro* nuclear interference. 

2. Experimental Procedure 

The experimental procedures used have been described in previous 

publications ' ' and only essential details will be described here. 

Beams of up to 500 nA of 3 2 S 9 » 1 0 » 1 1 + ions were obtained from the ANU 

14UD Pelletron accelerator at bombarding energies E in the range from 122 

to 160 MeV. The targets consisted of 2 0 8PbS evaporated onto a thin carbon 

foil. The isotopic enrichment of 2 0 8 P b was 98.7% and its partial thickness 

10 wg/cm2. Backscattered ions were detected by an annular silicon surface 

barrier detector at a mean laboratory scattering angle of 174°. Detectors 

were also placed on either side of the target to detect ions scattered 

through 90°. 

3. Analysis and Results 

Typical spectra obtained at 90° and 174° are shown in Fig. 1. Well 

established procedures ' were used to extract the excitation probability 

P of the 2.23 MeV, 2 state [P.__ • do^/Cdoo* * do 2*)]. A group due 

to target excitation of the 2.615 MeV, 3" state of 2 0 8 P b was not resolved 

from the 3 2 S 2 peak. The contribution of this group was taken into account 

using values of Q3- and B(E3;0 -»-3") given in ref. 11), assuming a 10% 

uncertainty in B(E3;0 -K5") and assuming pure Coulomb excitation. The 

correction to the 3 2 S 2* peak area ranged from 10 to 20%. The resulting 

uncertainty in Q2+ was smaller than the statistical error. 

Elastic scattering from target contaminants with mass A^200 could produce 

peaks in the region of interest. Spectra obtained with beams of 56 MeV 
3 2 S and 41 MeV 1 6 0 showed no indication of any contaminant peaks and that 



any effect of P due to contaminants was negligible. The possiblity 

that transfer reactions might contribute peaks under the 3 2 S 2 peak was 

also investigated. The only single-nucleon transfer reaction which could 

produce peaks under or near the 3 2 S 2* peak was 2 0 8 P b ( 3 2 S , 3 3 S ) 2 0 7 P b . 

Peaks attributable to this reaction were observed at 174* for bombarding 

energies greater than 130 MeV, but were not observed for any energy at 90*. 

From the energy dependence and relative intensities of the transfer reaction 

peaks observed it was clear that these were negligible for E < 130 MeV at 

174° and for E 5 160 MeV at 90*. 

The Winther-de Boer multiple Coulomb-excitation program was used to 

derive Q2+ and B(E2;0*-»-2 ) from the values obtained for P . Interference 

effects due to the involvement of higher states of 3 2 S were investigated 

for states up to E * 7 MeV using matrix elements obtained from ref.S. The 

largest effect was due to the 2z state at E » 4.28 MeV with significant 

effects due to the 0\ and 4j states at E * 3.78 and 4.46 MeV respectively. 

Fig. 2 shows the energy dependence of the ratio p
e X D / p

c o u l » where P C ( m l is 

the excitation probability of the 2 state calculated assuming a pure 

Coulomb interaction. For the 174* data it appears that above 130 MeV nuclear 

interference effects are significant. For the 90* data there is no clear 

evidence for nuclear interference. However as a conservative approach 

only those energies less than 150 MeV were used in the analysis. This 

corresponds to the same minimum distance s of closest approach of the nuclear 

surfaces ' for 90* as was used for 174* (s • 5.4 fm). It is noteworthy that 

direct determination of the safe bombarding energy permits the use of data 

for a range of energies up to the maximum consistent with negligible nuclear 

interference. Consequently the data analysed to determine Q2+ and B(E2;0 +2 ) 

cover a wider range of energies and are statistically superior to those of 

most previous work; for example, the data of Ball et al. , although covering 

three angles, were restricted to one bomarding energy (122 MeV), which was 

substantially below the maximum useable energy and hence corresponded to a 



relatively small excitation probability. The results obtained from the 

present work are Q 2* - -16.0±2.2 (-13.3±2.2) e fm 2 and B(E2;0*+2*) » 

292±17 (307±17) e
2 fmi1* for constructive (destructive) interference from the 

2 2* state at E » 4.28 MeV. Various nuclear models predict » 1 2 » 1 3 ' that 

interference from the 2 2 state should be constructive and this will be 

assumed to be the case in the discussion. 

The various contributions t? the uncertainties in Q2+ and B(E2:0*->-2 ) 

are listed in table 1. The statistical error is the largest single contribution 

but improved statistics would not significantly reduce the overall errors. 

Bombarding energy corrections for target thickness, electron screening, 

vacuum polarisation, and nuclear polarisation *cre applied; the net result 

was to change Q 2* by -0.4 e fm 2 f.nd B(E2:0 +2 ) by -2.0 e 2 fW*. In addition 
14) a ±0.1% uncertainty was assigned to the beam energy calibration . A 

correction for the effect of the giant-dipole resonance was applied ' ' 

assuming that k«1.0±O.5, where k is defined as the ratio of the assumed effect 

to that predicted by the hydrodynamic model . This correction changed 

Q 2* by +0.5 e fm 2 and B(E2:9*-»-2*) by +17.4 e 2 fa*. Recently Ball et al. 1 7 ) 

have suggested that uncertainties in the value of k might produce significant 

uncertainties in the reorientation-effect determination of quadrupole moments 

for some nuclei in the 2s-ld shell. However, the value determined for Q 2+ 

in the present case is not very sensitive to k and even a value of k»5 would 

not change Q 2+ by more than the overall error. An estimate of relativistic 

effects was made using a modified adiabaticity parameter suggested by Winther 
181 and Alder . Since the magnitudes of the relativistic corrections are 

not well established these corrections have not been applied but have been 

included as contributions to the estimated uncertainties. Other effects 

which have been taken into account ' are E4 and Ml reorientation, E4 
+ 19) excitation of the 4j state , mutual excitation, quantal corrections, and 

uncertainties in scattering angles, lifetimes of the 2 2, 4i and 0\ states 

in 3 2 S , and the effects of other states in 3 2 S . 



4. Discussion 

Our result for B(E2;0*-»-2*) of 292±17 e 2 fa1* is consistent with che 

weighted averages of values taken from ref.5, for both the previous DSA 

measurements (312±17 e 2 fa1*) and the previous Coulex work (300±9 e 2 fa1*). 

Our result for Q2+ of -16.0±2.2 e fa 2 is inconsistent with the value of 

-6.6±1.7 e fa 2 obtained by Olin et al. ' but is consistent with, and 

falls between, the two values -11.5±4.8 e fm 2 (Ball et al. 7)) and 

-18±4 e fm 2 (Daimhausser et a l . 8 ) ) . 

There have been many calculations of Q2*( 3 2S). Some of these are 

listed in tables 5.1-5.5 of ref. 1. One of the more successful models 

for calculating static quadrupole moments in the 2s-Id shell has been the 

band-mixed Hartree-Fock model (Morrison J ) . For 3 2 S this model predicts 

a value for Q2+ of -6.9 e fm 2, in disagreement with the present experimental 

value. This makes 3 2 S the only nucleus (apart from 2 0Ne) where this model 

is in disagreement with experiment. There have been two shell model 

calculations of Q 2+, -2.7 e fm 2 (Singhal et al. 2 1^) and -13.6 e fm 2 

221 (Wildenthal et al. ' ) . Clearly the latter is in much better agreement 

with experiment. 

In conclusion, the experimental situation for Q2+ has been substantially 

clarified by the work of DannhHusser ' and the present work. On the basis 

of the three most recent measurements (refs 7,8 and the present work) it 

appears that Q2 +( 3 2S) is larg« 

model value ^ of ±15.6 e fm 2. 

appears that Q2+( 3 2S) is large in magnitude and close to the rotational 
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• -•,. TABLE 1. Sources of uncertainty in Q 2+ and B(E2;0 -*2 ) 

AQ_* AB(E2) 
(e fn*) (e* fie*) 

Statistical error 

Uncertainties in boabarding energy corrections 

± 50% uncertainty in k 

Uncertainty in 2 0 8Pb(3~) subtraction 

Relativistic correction 

Others 

± 1.6 

± 0.9 

± 0.3 

± 0.7 

± 0.3 

± 0.8 

± 9.0 

± 3.2 

± 8.7 

± 6.3 

± 6.8 

± 6.0 

Total ± 2.2 ± 17.0 
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FIGURE CAPTIONS 

Fig. 1. Spectra obtained at 90" and 174" for - ZS ions scattered from 
2 0 a P b . Arrows indicate positions corresponding to the 2* state 

of 3 2 S and the 3~ statw of * 0 8Pb. The full curves are fits to 

the data, obtained as described in the text. The dashed curves 

represent the coabined contributions of the tail of the elastic 

peak and the 3~ state of 2 0*Pb. The shoulder on the high-energy 

side of the elastic scattering peak at 174" is characteristic of 

the lineshape obtained for nono-energetic 3 2 S ions with the 

particular detector used. 

Fig. 2. Plots of the ratio P9xJ^coal against bean energy E and the 

distance s of closest approach of the nuclear surfaces. 



FIGURE CAPTIONS 

•if. 1. 

Fif. 2. 

Spectra obtained at 90* and 174* for 3 2 S ions scattered 
2 0 , P b . Arrows indicate positions corresponding to 

of 3 2 S and the 3" stata of 2 0 a P b . The full curvesdM Wits to 

jhe data, obtained as described in the text. 
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