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Abstract: Coulomb-excitation studies of the 3" first excited state 

of 2 G 8Pb using 1 2C and 1 60 projectiles for a range of 

angles give -0.34 ± 0.15 e b for the static quadrupole 

moment (Q3-) and 0.611 ± 0.012 e 2 b 3 for B(E3; 0+-*-3~). 

The value obtained for Q3- is c1 Sstantially more precise 

and reliable than previous determinations, and is larger 

in magnitude than theoretical predictions. 
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For many years the doubly-magic nucleus 2(^8Pb has provided a 

crucial testing-ground for nuclear theories [1]. In this connection the 

properties of the 2.615-MeV, J = 3 first excited state have played a 

vital role (in particular, the static electric quadrupole moment Q3- and 

the reduced transition probability B(E3; 0 -*• 3~) [2-8]). This report is 

concerned primarily with a new and improved determination of Q3-. A value 

for B(E3; 0 -»• 3~) is also obtained. 

There have been numerous calculations of Q 3- using a variety of 

models. Those which are known to us are summarised in table 1. In addition, 

Krainov [13] has calculated Q3- = -2.4 "spu" from the method of finite Fermi 

systems, but the units used are not defined. This result has been inter

preted as -0.79 e b [14] or -0.52 e b [3], which would be substantially 

larger in magnitude than all other calculated values, including that 

obtained from a similar calculation by Speth [11]. 

Experimental determinations of Q3- have used the reorientation effect 

in Coulomb excitation. In 1969 Barnett and Phillips [15] obtained 

Q 3- = -1.3±0.6 e b from angular-distribution measurements of inelastically 

scattered '•He and l 6 0 ions. Subsequently Barnett et al. [14] studied gamma-

rays emitted following Coulomb excitation by 1 2 C , 2 0Ne, 3 2S and l t 0Ar ions 

and obtained Q3- = -1.1±0.4 e b (using the value of the quadrupole moment 

of the first excited state of 2 0 6Pb measured by Joye et al. [16]). Both of 

these results were in serious disagreement with theoretical predictions [4], 

In addition, Hamamoto [5] and Bohr and Mottelson [4] pointed out that such a 

large magnitude for Q 3- would imply energy separations within the (h 9/ 2 S 3 ) 

septuplet of 2 0 9Bi substantially greater than observed, and Guidetti et al. 

[17] showed that it would be extremely difficult to reproduce simultaneously 

the experimental values of B(E3; 0 -*3~) and Q3- within a variety of config

uration spaces involving both standard particle-hole models and models 

including coupling to a quadrupole phonon. 



In 1977 Joye et al. [18], at the ANU, used an annular counter to 

detect scattered lfKe and 1 6 0 ions at 171.6° and obtained Q 3- = -0.26 ± 0.32 e b 

Cafter application of the correction given in ref. [18] for processes involv

ing the giant dipole resonance). This result was consistent with theoretical 

expectation. It seems likely [18,19] that the surprisingly large magnitude 

for Q3- reported by Barnett et al. was due to the use of bombarding energies 

sufficiently high for Coulomb-nuclear interference to have a significant 

effect on the excitation probability, so that the assumption of pure Coulomb 

excitation in the analysis would be invalid. Although the result of Joye 

et al. resolved an embarrassing conflict between experiment and standard 

nuclear theory, it was clearly desirable to improve the precision of the 

measurement. The quoted uncertainty was mainly due to the relatively large 

statistical errors in the ^He data (see fig. 3 of ref. [IS]). In addition, 

Joye et al. were unable to demonstrate experimentally that their 4He bomb

arding energies were "safe", i.e. sufficiently low tc justify the assumption 

of pure Coulomb excitation, although they argued that this assumption was 

probably sound. 

Recently, numerous experiments have been performed at the ANU involving 

the Coulomb excitation of various projectiles by 2 0 8Pb. In some cases a 

group corresponding to target excitation of|the first excited state of 2 0 9Pb 

was clearly resolved in the spectrum of scattered particles. We have ex

tracted excitation probabilities P (the ratio of inelastic to inelastic-

plus-elastic scattering cross sections [20]) from such spectra and have used 

the de Boer-Winther multiple Coulomb excitation code to deduce values of Q 3-

and B(E3; 0 ->• 3~) which give the best fit to the data. Table 2 summarises 

the data used in the analysis. The symbol E denotes laboratory bombarding 

energy, and s, the distance of closest approach between nuclear surfaces, is 

defined in ref. [20], Detailed descriptions of all experimental and analysis 

procedures may be found in refs. [18,20-22]. For all targets used, Rutherford 
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scattering measurements at low bombarding energies demonstrated that any 

contaminants present would contribute negligible error to the determination 

of P exp 
All except the 1 6 0 (171 - O data were taken using a split-pole magnetic 

spectrometer. The 12C(90°) and 160(90°) data were acquired in measuring the 

quadrupole moment of the first excited state of 1 2C [ref.22], and we demon

strated experimentally, in that work, that nuclear interference was negligible 

for the energies listed in table 2. The 12C(75°) and 160(80°,110°) data were 

taken at bombarding energies corresponding to values of s which were found 

to be safe for the corresponding 90° data. In preliminary analyses, 
160(171.6°) data were taken from the annular-counter results of Joye et al. 

[18]. However, it transpired that the 160(171.6°) data were particularly 

significant because they have the greatest sensitivity to the value of Q3-, 

so further annular-counter data were taken, some of them at lower bombarding 

energies than those used by Joye et al. In fig. 1 the ratio p
e Vr/Pf 1 ^ s 

plotted as a function of E and s, including both old and new data; ?c . is 

the excitation probability calculated assuming pure Coulomb excitation. We 

deduce from fig. 1 that nuclear interference may be significant for E >60 MeV; 

consequently only data obtained at E $ 60 MeV have been used in the analysis. 

The 4He data of Joye et al. have not been incorporated in the present work 

because their associated errors are so large that their effect is negligible. 

The same is true for those of our other published data, using 2 0 8Pb targets, 

which are not included in table 2. 

Small corrections were applied [20] for energy loss in the target, 

electron screening, vacuum polarisation and nuclear polarisation; the net 

effects were AQ3- = -0.03 e b and AB(E3) = +0.0017 e : b 3. The bombarding 

energy was known to better than ±0.1%; this corresponded to uncertainties 

AQ3- = ±0.033 e b and AB(E3) = ±0.0045 c 2 b 3. Interference effects involving 

the 2 state at 4.086 MeV and the 5" state at 3.198 MeV were calculated using 
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were not known; the net result was AQ3-' = +0.03 ± 0.03 e b and AB(E3) = 

0 + 0.003 e 2 b 3. Effects due to other known states were found to be neglig

ible. No correction was applied for relativistic effects because no approp

riate theory exists; an order-of-magnitude estimate using the formalism of 

Winther and Alder [23] gave AQ3- = -0.06 e b and AB(E3) = -0.007 e 2 b 3. Like-

• wise, no correction was applied for quantal effects since no relevant inform

ation was available for E3 excitation; however, Joye et al. argued that 
t 

such effects would be small, and for the present data they should be even 

smaller, because the exclusion of **He data means that the Sommerfold para

meters n are substantially larger. 

Corrections applied for virtual excitation of the giant dipole 

resonance were LQ3- = +0.09 t 0.04 e b and £B(E3) = -0.001 ± 0.004 e 2 b 3. 

These were estimated using the procedure described by Joye et al. [18] except 

that B(E1; 0 -+• 1") was taken as 0.6 e^ b, as obtained from analysis of 

(e,e') data [?4], with an uncertainty of ± 0.2 e 2 b assigned to encompass 

values from photonuclear measurements [25,26]. 

Fig. 2 shows a plot of (P /f) as a function of the sensitivity 

parameter p (the fractional change in excitation probability per unit quad-

rupole moment) for all the data listed in table 2. The quantities f and p 

are uefined in ref.[21] and are calculated using the de Boer-Winther code; 

they provide a useful framework for visual presentation of the results. 

t Comparison with fig. 3 of ref.[18] shows that the present data are greatly 

superior in quantity and quality to those of Joye et al. The results ob

tained are Q3- = -0.34 ± 0.15 e b and B(E3; 0*-*-3~) = 0.611 ± 0.012 e 2 b 3. 

As is evident from the previous paragraphs, the uncertainties are almost 

entirely due to statistical and spectrum-fitting limitations. 

Previous experimental and theoretical determinations of B(E3; 0 -»• 3 ) 

are too numerous to list here. Some of them are discussed by Goutte et al.[8], 

who analysed (e,e*) data and obtained B(E3; 0+->-3~) = 0.612 ± 0.014 e 2 b 3. 
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The present result is in excellent agreement with that value. 

Fig.3 presents a visual comparison of the present result for Q3-

with previous experimental values and with the theoretical predictions 

listed in table 1. As indi:ated above, the data of refs.[14] and [15] 

probably suffer from the effects of nucler interference. The present 

result is consistent with that of Joye et al. [18]. However, in contrast 

to that work: (a) the experimental errors have been halved; (b) the un

certainty concerning the safety of the ^He bombarding energies no longer 

applies; and (c) the value obtained for Q3- is inconsistent with zero. 

Furthermore, the present value for Q3- is larger in magnitude than all 

theoretical predictions by amounts ranging from one to two standard 

deviations (apart from the calculation of Krainov [13] discussed above). 

Our results for Q3- and B(E3; 0 •*• 3 ) can be simultaneously 

accommodated within the configuration spaces investigated by Guidetti et al. 

[17], especially when particle-hole excitations up to 3 fiu are included. 

However, they are consistent with the space in which particle-hole calcul

ations for 2 0 8Pb are usually performed only if ground-state correlations 

are included within the random-phase approximation. The discrepancy between 

theoretical predictions of Q3- and our experimental value is probably small 

enough to be attributable to the neglect of 3 -Aw excitations in some of 

the calculations. 
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Table 1 

Calculated values of the static electric quadrupole moment of 

the 2.615-MeV 3" state of 2 0 8Pb 

Author [Ref.] Q3- (e b) 

Blomqvist [9] -0.09 or -0.10 

Hamamoto [2] -0.20 

Sorensen [3] -0.12 

True et al. [10] -0.061 

Speth [11] -0.17 

Bohr and Mottelson [4] -0.10 

Hamamoto [S] -0.13 

Deii and Pao [12] -0.098 



Table 2 
Data used for determination of Q3- and B(E3; 0 -• 3 ) 

Projectile Angle E s 
(lab.) (MeV) (fm) 

1 2C 75° 58 6.4' 
1 2C 90° 53-56 6.5-5.6 
1 60 80° 76 6.1 
1 60 90° 70-72 6.6-6.1 
1 60 110° 67 6.1 
1 6 0 171.6° 5 7 - 6 0 7 . 3 - 6 . 4 
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FIGURE CAPTIONS 

Fig. 1 Safe-energy plot for 160(171.6°) data. P C o u l is 

the excitation probability for pure Coulomb excitation, 

calculated assuming Q 3- = -0.34 e b and B(E3; 0 ->-3") = 

0.611 e 2 b 3. The open circles are the data of Joye ^t 

al.[18] and the closed circles are data obtained sub

sequently. 

Fig. 2 The ratio (p
exT)/f) plotted as a function of the sensitivity 

pirameter p. The slope of the fitted line is equal to the 

product of Q3- and B(E3; 0 -*• 3") , and the intercept on the 

vertical axis is equal to B(E3; 0 -*-3~). 

Fig. 3 A comparison of experimental and theoretical values of Q3-. 
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