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1 Introduction 

In recent years considerable interest 1 - 3) has been displayed in the discontinuity observed in 

the excitation energy of the first 3" state at the Pt-Hg interface. For the even-mass Os and 

Pt nuclei (Z=76,78) values of the excitation energy, EX(3J"), lie in the range 1.35-1.68 MeV 

whereas E r(37) appears to undergo a sharp increase to the range 2.49-2.71 MeV for the 

stable even-mass Hg and Pb isotopes up to and including the doubly-closed shell nucleus 
3 M P b (see fig. 1). This discontinuity is unique in the periodic table for nuclei with masses 

greater than 20 [refs.1'5)] and various hypotheses1,3>6) have been put forward to explain it. 

These suggestions fall into t?;o categories : those which interpret the 3J" states of both Pt 

and Hg as collective vibrational states like those seen7) in the lead nuclei and those which 

suggest that in the platinum nuclei these states are due to some other mechanism. 

A knowledge of the E3 transition strengths for the mercury isotopes is important in as

sessing the conflicting explanations that have bem proposed for the observed Pt-Hg discon

tinuity. In the even-A platinum isotopes there were only two published model-independent 

measurements of E3 transition strengths before our recently reported experiment5) and 

for the Hg isotopes no such measurements had been carried out although a value for the 

octupole deformation parameter, #j , was obtained for 3 0 4 Hg [ref.7)] using inelastic alpha 

scattering. The B(E3;0f->3J") values for the stable even-A lead isotopes up to ^ P b have 

been measured to be about 35 Weisskopf units (W.u.)8'9) and our recent experiment yielded 

values for the platinum isotopes between 5 and 11 W.u. It has been suggested1) that the 

B(E3;0f-»3I") values for the platinum and mercury isotopes are approximately equal and 

that this reflects the similar nature of their 3J" states. This suggestion assumed a value of 14 

W.u. for the value of B(E3;0f-»3J") for ^ H g , based on the value of/?3 measured by Baxter 

tt a/.7). It has been argued by Spear4) that this value of & corresponds more probably to 

a value of 21(ll)W.u. Clearly, model-independent determinations of B(E3;0f -*3p values 

for the Hg isotopes are desiraHe. This paper describes such measurements, using Coulomb 

excitation of iM,200f202,JMHg w i t n UQ p r ojectiles. 
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2 Experimental procedures 

Beams of 54- and 55-MeV "C projectiles from the Australian National University HUD 

pelletron accelerator were used to bombard targets of isotopically enriched HgS on thin 

carbon backings. Two bombarding energies were used for each isotope with the exception 

of 19*Hg; the energies used are given in table 1. Scattered particles were detected at a 

laboratory angle of 90° using a gas-filled proportional counter situated at the focal plane of 

an Enge split-pole magnetic spectrometer. The acceptance angles of the spectrometer were 

set by horizontal and vertical slits to the values listed in table 1. 

The target was oriented at an angle of 45 s to both the incident and scattered beams 

such that detected particles were scattered from the HgS without passing through the 

carbon backings. The targets were made using the method described in ref.1 0). The isotonic 

composition of each target, as provided by the supplier (Oak Ridge National Laboratory), 

is given in table 2. Each of the targets had a carbon flash of ~ 1 /ig cm"2 evaporated 

onto the HgS layer to reduce deterioration under bombardment. In order to monitor target 

degradation during the experiment, the yield of elastically scattered particles was checked 

periodically and the target moved to a new position whenever significant reduction of the 

counting rate occurred. The partial thicknesses of the Hg targets ranged between 1 and 7 

fig c m - 2 as measured by Rutherford scattering at 15° and 90° (cf. table 2). Data were 

recorded event-by-event and written to magnetic tape for subsequent off-line .analysis, except 

for the I 9 8 Hg data, in which case the focal plane spectrum was recorded in singles due to 

temporary experimental exigencies. 

3 Analysis and results 

It is well known11) that Coulomb excitation preferentially selects collective quadrupole 

and octupole excitations; hence the most strongly excited states in Coulomb excitation of 

even-mass nuclei are usually the 2 + , 3" and 4 + states. The most strongly excited states 

observed in our experiment were all found to correspond to known 2 + and 4 + states with the 

exception of states at the energies proposed by Baxter et al.7), on the basis of inelastic alpha 

scattering data, to correspond to EX(3J") for the Hg isotopes. This supports the findings of 
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Baxter et al. that the lowest-lying 3~ states which are strongly connected to the ground 

state occur at excitation energies of 2.674 MeV for ^ H g , 2.709 MeV for '"Hg, 2.609 MeV 

for ""rig and 2.486 and 2.525 MeV for 19*Hg. It should be noted that the members of the 

3~ 'doublet' observed by Baxter et al. for 1 9 , Hg could not be resolved in this work, hence 

our analysis provides the combined E3 transition strength for the two states, assuming that 

they are both 3" states. Upper limits on the E3 transition strengths of possible lower-lying 

3~ states were investigated for each isotope and are discussed below. • 

An example of a focal-plane position spectrum for each mercury isotope is shown in 

fig. 2. Each spectrum was fitted assuming that all peaks have the same shape and the areas 

were extracted by subtracting the fitted background from the integrated number of counts. 

The fitted line shape parameters were used to estimate appropriate integration limits for the 

weaker peaks. The extracted peak areas were employed to obtain experimental excitation 

probabilities P e i p (J*) defined as : 

i 

where A( J*) is the area of the JJJ peak and the summation is over all observed states. 

Excitation probabilities were obtained for the 2f, 4f and 3J" states in i9».*00'*».*)4Hg and 

also for the 2j" states in 200,202,2M]]g> The values measured for the positive-parity states 

were less precise than, but consistent with, those obtained from other experiments. Our 

results for the 3J" state are listed in table 1. 

Contributions from isotopes of the target element other than the one of interest were 

calculated using the supplier's assay together with matrix elements obtained from the lit

erature. The matrix elements used are listed in table 3. In the case of 1 9 S Hg, a significant 

amount of **Pb was present in the target. As the 3f peak for ^ P b (E,(3J")=2.615MeV) 

could not be completely resolved from the 3J" peak for 1 9 8 Hg, the position and intensity 

of the former were calculated using published values for B(E3;0f-»3I") [ref.4)] so that an 

appropriate correction (of the order of 2%) could be applied. 

It is essential that the data used to obtain B(E3;0}"—3f) values from Coulomb excita

tion should be free from significant nuclear interference. The bombarding energy at which 
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nuclear interference becomes significant can be found by plotting P«^/Pe«j as a function 

of s, the distance of closest approach of the nuclear surfaces, defined by the equation : 

si^) = *™£h{1 + i l ) [ i + cosec< W 2 ) ] - 1 .25(4' 3 + A^Jfrn (1) 

where 2\, Z 2, At and Aj are the atomic numbers and masses of projectile (1) and target 

(2), fem is the centre-of-mass scattering angle and E is the bombarding energy in MeV. 

The quantities P . , , and Pomj are, respectively, the measured excitation probability and the 

excitation probability calculated using the Winther-de Boer multiple Coulomb excitation 

program21). At distances less than a critical value of s, Coulomb-nuclear interference be

comes significant and the ratio Pc /̂PcoW is seen to deviate from a hitherto constant value. 

Due to the low counting rate for the 3J" state, it was necessary to compromise between the 

number of bombarding energies employed for each target and the statistical accuracy of the 

data at each energy. We chose to restrict ourselves to two energies for each Hg urotope, with 

the exception of 1 M H g where the counting rate was particularly low due to small target 

thickness. Because of the large statistical uncertainty in Perp(3J"), typically of the order of 

10%, we felt that our usual stringent checks could be safely omitted, provided reasonably 

large nuclear separation was maintained. In the present work, all bombarding energies were 

kept low enough for the nuclear surfaces to be at least 5 fm apart. Previous measurements 

of Pexp(2j") for the Hg nuclei 1 3 , 1 4 , 1 7) indicate that nuclear effects become important only 

when the nuclear surfaces of target and projectile are separated by less than 4.5 fm for the 

case of 1 3 C projectiles at scattering angles near 180°. Whilst this is not conclusive proof 

that B(E3;0^->37) can be safely measured at 5 fm for a scattering angle of 90°, we find 

that the values obtained for each isotope at 54 and 55 MeV are consistent, which provides 

further support for the assumption that nuclear interference is negligible. 

The Winther-de Boer code3 1) was used to deduce values for B(E3;0f -* 3f) from 

the excitation probabilities. Table 3 lists the magnitudes of E2 matrix elements used in 

the analysis. In general, the matrix elements involving the positive-parity states above 

the 2f state had little effect on the predicted excitation probability for the 3J" state. 

The effect of including the matrix elements |< 2?||M(£l)||3r >|, |< 2?||M(£3)||3r >| 
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and |< 37i|M(£2)iJ3f >|, corresponding to the major two-step excitation processes, was 

also investigated. The assumption tha* |< 2+||M(£l)||3;~ >| < 0.1 e b^fef. ref.*2)] re

sulted in a change of less than 0.005 e*b3 in the deduced values of B(E3;0f—3f). For 

|< 2f ||A/(£3)||31" >| = 0.4 e b 3 ' 2 , corresponding to an E3 transition strength of about 2 

W.u. 2 3- 2 4), the magnitude of the change in B(E3;0f—3f )would be about 0.02 e 2 b 3 while for 

|< 3ri|M(£2)||3f > | = 0.5eb , corresponding t o | Q(37) | = 0 . 4 e b [cf. Q(^) = -0.34 e b 

for 2 0 , P b , ) ] f the change in 3(E3^)+—37)would *• approximately 0.01 e'b 3 . The variation 

of excitation probability across the angular acceptance of the spectrometer was included 

by weighting the values of P e ^ obtained from the Winther-de Boer code according to the 

Rutherford angular distribution. The uncertainties in mean laboratory angle (±0.1*) and 

in the bombarding energy (±0.05%) were negligible. 

The values of B(E3j0f-*3J") obtained at both bombarding energies in the present 

work are listed in table 4, together with the weighted means. Corresponding E3 transition 

strengths in W.u., denoted by | M (£3) |* as defined in ref.2*), are compared with the 

published values for the Pt and Pb isotopes in table 5 and fig. 3. The results show that all 

the stable even-mass Hg isotopes have | M(E1) |* for the 3J" state of about 25 W.u. The 

estimate of ~ 21 W.u. by Spear4) for the E3 transition strength of 3 M Hg, based on the 

value of fa of Baxter et a/.7), is confirmed. The values of | M(£3) | 2 for all the even-mass 

Hg isotopes are significantly less than those for the Pb isotopes and significantly greater 

than those for the Pt isotopes. 

4 Discussion 

Our results support the 3J" assignments of Baxter *« a/, and therefore the proposition that a 

marked discontinuity in E,(3J") exists between Pt and Hg. Comparison with the behaviour 

of the excitation energies of the 5J" *nd 7J" states (fig. 4) emphasizes this discontinuity. Our 

measurements (fig. 3) clearly show a significant change in B(E3;0f-»3p as Z is changed in 

steps of two protons from 78(Pt) to 80(Hg) and finally to 82(Pb). The new data for the Hg 

nuclei confute the suggestion of Cottle et al.1) that the Pt and Hg isotopes have similar E3 

transition strengths for the first 3" state and thus invalidate the conclusions drawn from this 
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assumption. The large difference seen between B(E3;0f—3J") for Hg and Pb is particularly 

surprising, given the consistency in E,(3J") for those nuclei. The observed increase in 

B(E3;04"-»3f) with Z is dramatic when compared with the almost constant values for each 

set of isotopes. Only in the case of the platinum isotopes is there any clear variation 

with N : the B(E3^-»37) values **e seen to decrease as N approaches the N=126 shell 

closure. It is interesting to compare our results with the observed trend in the B(E3;04*-»37) 

values for the Ba isotopes as N increases to the N=82 shell closure : B(E3^)J*-»3f) values 

for i*4»U3»J»Ba (N=76,78,80,82) are 24.3(31), 19.8(24), 20.1(24) and 16.8(17) W.u. 3 3), 

i.e. either constant or decreasing slightly. The variation with neutron number is easy to 

explain in terms of a simple shell model : firstly, that neutrons, being electrically neutral, 

have much less effect than protons and, secondly, that as the number of valence particles 

(holes) decreases to zero, the probability of intrashell excitation decreases34). However, this 

approach offers no explanation for the observed sharp increase with Z. 

Extensive theoretical effort has been directed towards understanding the positive parity 

level schemes of even-mass Pt and Hg nuclei. For example, comprehensive descriptions have 

been developed in terms of the pairing-plus-quadrupole model3 5), the Interacting Boson 

Model (IBM) 3 6 - 3*), the Boson Expansion Theory 3 9' 4 0) and the asymmetric rotor41). In 

c: atrast, the negative parity structure of the Pt and Hg isotopes has attracted relatively 

little theoretical attention. Calculations have been performed by Neergard et a/. 4 2) and 

Toki et a/.4 3) in the framework of the semi-decoupled model, considering states from 0~ to 

13". Engel has carried out IBM calculations27) for i*M«.»«,is«pt using an f-boson coupled 

to an 0(6) core. In the semi-decoupled calculations, negative parity states with J < 5 were 

found to have octupole structure, arising from coherent intra-shell excitations. In the IBM 

calculations, it is not clear to what extent the f-boson represents this type of excitation and 

to what extent it represents the "Pb-like" octupole state arising from coherent cross-shell 

excitations. The predictions of both these calculations have been used to propose two types 

of explanations for the apparent discontinuity in E»(3p at the Pt-Hg interface: those which 

postulate a difference in the nature of 3J" states in the two elements6) and those which assert 

that 3J" states in both elements are collective vibrational states like their counterparts in 
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the Pb nuclei except that in the Pt nuclei the oUupole strength is fragmented2). 

Let us first consider the idea that collective octupok strength in the Pt nuclei is 

shared between several 3~ states. This is predicted by Engd 2 7) and farther developed by 

Cottle el aL2). EngeTs calculations of E3 transition strength are subject to an arbitrary 

normalization but serve to demonstrate that application of the IBM-1 incorporating an f-

boson and assuming an 0(6) structure for »*M»M»*.M«pt nuclei results in the prediction of 

three collective 3~ states at excitation energies of ~ 1.4,2.1 and 2.3 MeV in each isotope. 

As yet, there are no definite 3~ assignments for states above the 3f state. EngeTs results 

also appear to suggest that the total E3 transition strength should decrease with increasing 

neutron number (fig. 3). It would be interesting to see whether similar predictions of 

fragmentation are also obtained for the Hg isotopes if an 0(6) structure is assumed. 

Cottle et aL base their proposal of significant fragmentation of the octupole strength 

in the platinum isotopes') on their interpretation of angular distributions for certain states 

in i*4,is«,i9«pt measured by Deasoc et aL*4) from 35 MeV proton scattering. They make 

spin assignments of 3~ to these stater from DWBA fits to the data. In the original paper 

of Deason et oL**) these states are described as having unique angular distributions that 

are unlike those for the known 2f, 3J" and 4J" states. These somewhat uncertain spin 

assignments form the basis of the analysis by Cottle et al.. They find that the 'centres of 

gravity* cg, defined as : 

' ZiB(EZ;0+-.3-)' l ' 

form a smooth curve with E x(3f) of the mercury and lead nuclei as shown in fig. 1. If 

one assumes that the unconfirmed 3" assignments of Cottle et al. are correct, then it is 

instructive to consider the sums of the E3 strengths obtained for I W P t , 1 9 6 P t and m P t 

from their analysis (denoted by the open squares in fig. 3) : 15.7, 20.3 and 24.9 W.u., 

respectively3), which would suggest that there is no discontinuity in E3 strength between 

Pt and Hg. However, this does not explain the large increase that is encountered when 

going from Hg to Pb (see fig. 3). Clearly, there is a need for more data on higher 3~ states 

in the Pt nuclei to either confirm or refute the proposal of fragmentation. 
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Yates ei at*) proposed that the 3f states in the Pt nuclei are best described by the 

semi-decoupled model calculations of Toki ef e l 4 3 ) while higher-lying 3~ states may be 

of the same collective octupok character as the 3J" states of the Hg and Pb nuclei. This 

suggestion was made on the following grounds: (a) the 3f state in 1 M P t at 1.681 MeV is 

connected to the 5J" state at 1.367 MeV by a strong transition4*) as would be expected 

from members of a semi-decoupled band (b) a state at 2.603 MeV is argued to be a 3" state 

because it appears to decay only to the 3J" state and seems to be the primary state deexciting 

to the 3^ level6); this state may correspond to a strongly populated 2.611 MeV state seen 

by Deason et 0L4*). It should be noted that the assignment of 3" to the 2.603 MeV state is 

at best tentative; in fact, as mentioned above, there is no conclusive evidence for a strongly 

excited 3~ state with excitation energy above the 3f state in any of the stable even-mass 

Pt isotopes. Nevertheless, the excitation energies predicted for Pt by the semi-decoupled 

model agree with experiment well enough to warrant serious consideration of the model as 

an alternative explanation for observed octupole behaviour in this region. However, the 

values predicted by Toki et al. for E»(3J") in the Hg isotopes are too small; they lie in 

the range 1.6-1.8 MeV, w>ll below the observed values of about 2.6 MeV. From the data 

collected in the present experiment we were able to set upper limits on the E3 transition 

strength of any 3~ states with excitation energies in this range to be of the order of 5.5 W.u. 

for I M H g and 2.5 W.u. for w°.2W,»4jjg Values of the quadrupole deformation parameter, 

/?, which have been deduced from experimental quadrupole moment measurements indicate 

that the values of/? assumed for the Hg isotopes by Toki et al. may have been too small4*). 

Similarly, although the value of 60° assumed by Toki et al. for the triaxiality parameter, 

7, appears to be the best choke for the negative parity states of the Hg isotopes, there is 

evidence to suggest that this choice is inappropriate for the positive parity states *7). It is 

possible that the use of more realistic values for these parameters might produce values of 

EX(3J") in better agreement with experiment. 

At present, the semi-decoupled model has not been employed to predict E3 strengths. 

The existing calculations were performed before any 3" states had been identified in the even 

Hg isotopes. It would be valuable for these calculations to be repeated for the Hg isotopes, 
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this time including more realistic values for 0 and taking into account the experimental 

data now available. 

5 Conclusions 

Measurements of B(E3;0j"—3J") for »««>MOJi»UO«Hg have shown that the E3 transition 

strength to the first 3~ state is about 20-25 W.u. for each of these isotopes, very dif

ferent from the values found in Pt and Pb isotopes. None of the existing the?~«es provide 

an adequate explanation for the observed rapid increase of | M(E3) | 2 with Z. New calcu

lations for the Hg isotopes which incorporate our improved knowledge of the behaviour of 

these nuclei would be helpful. In addition, further experimental studies of higher 3" states 

in the Pt nuclei would be of great assistance in elucidating this matter. 
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Table 1. Experimental details and measured excitation probabilities of the 3J" state Pexp(3i ) 

Target E(MeV)») s(fm)k 

1 9 8 Hg 54 5.57 

^ H g 54 5.54 

™Hg 55 5.26 

M 2 H g 54 5.51 

2 0 2 Hg 55 5.23 

2 0 4 Hg 54 5.48 

2 0 4 Hg 55 5.20 

") 1 2 C bombarding energy 
) distance of closest approach 

') horizontal x vertical 

Aperture0) 10 4P e i p(3J-) 

4.5° X 2.5° 6.1(1.7) 

4.5° X 2.5° 4.99(48) 

4.5° x 2.5° 6.21(89) 

4.5° x 2.5° 4.70(47) 

4.5° X 2.5° 5.33(44) 

6.0° x 2.5° 4.45(69) 

6.0° x 2.5° 5.33(70) 

(see text) 
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Table 2. Target thicknesses and isotopic composition of Hg target material 

Target 

Isotope 1 9 8Hg ^Hg *>2Hg 2 0 4Hg 

198 9? 69 ± 0.10 1.2 ± 0.05 0.06 ± 0.02 0.28 ± 0.05 

199 5.18 ± 0.05 2.85 ± 0.05 0.17 ± 0.02 0.56 ± 0.05 

200 1.10 ± 0.03 88.92 ± 0.05 0.53 ± 0.05 0.90 ± 0.05 

201 0.40 ± 0.03 2.51 ± 0.05 1.38 ± O.05 0.76 ± 0.05 

202 0.54 ±0.03 3.76 ± 0.05 97.58 ± 0.05 4.85 ± 0.10 

204 0.09 ±0.03 0.76 ±0.05 0.28 ± 0.05 92.64 ± 0.10 

Thickness(/*g cm"2) 1.5(3) 4.1(8) 4.0(8) 6.7(13) 
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Table 3. Magnitudes of E2 matrix elements, < J?\\M{E2)\\Jj >, for the Hg isotopes (eb) 

Jf i) ^Hg") ^ H g 6 ) 2 0 2 Hg c ) ^Hg**) 

Oj- 2+ 0.992 0.924 0.778 0.650 
2+ 2f') 1.08 1.41 1.33 0.53 
2J- 4f 1.64 1.54 1.31 1.05 
0+ 2$ 0.117 0.089 0.059 
2f 2% 0.59 0.274 0.424 

Jf J / i«»Hg/) Jf J/ M1Hg«) 

1/27 5/27 0.851 3/27 5/27 0.529 

1/2," 3/27 0.69 3/27 3/2J 0.75 

i/2r 3/2? 0.57 3/27 1/27 0.26 

1/27 5/27 0.44 3/27 5/27 0.58 

3/2," 7/27 0.78 

3/27 5/27 0.91 

3/27 3/27 0.37 

") refe."u) 
») lef. . 1 4'") 
c) ref»."'1T) 
' ) ret. . 1 7 1 *) 
' ) i m u M destructive interference for 2% »t»te 
'><«••") 
») ref.30) 
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TABLE 4. Values of B(E3;0j"-3D in e 2 b 3 obtained in present work 

E=54 MeV 0.44(14) 

E=55 MeV 

Weighted mean 0.44(14) 

^ H g *»Hg '"Hg 

0.41(4) 0.44(5) 0.40(6) 

0.43(7) 0.41(5) 0.35(5) 

0.41(4) 0.42(4) 0.37(5) 



TABLE 5. Values of B(E3;0j"-»31 ) in e 3 b 3 (upper lines) and W.u. (lower lines) as measured 

by Coulomb excitation for i».m.i*U98p t ) i98.200.an.J0«Hg M d 204,jos^oepb [^.4.53.9.26)] 

N 

Z 114 116 118 120 122 124 126 

78(Pt) 
0.173(31) 0.125(8) 0.102(4) 

11.1(2.0) 8.0(5) 6.38(25) 

0.084(18) 

5.2(1.1) 

80(Hg) 
0.44(14) 

27(S) 

0.41(4) 

25(2) 

0.42(4) 

25(3) 

0.37(5) 

22(3) 

82(Pb) 
0.66(4) 

38.1(2.3) 

0.65(4) 

36.8(2.3) 

0.611(9) 

34.0(5) 

» 
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Figure captions 

Fig. 1. Excitation energies of the 3f state for all the stable even-mass Os, Pt, Hg and Pb 

isotopes up to 2 O 0 Pb [ref.4)] and centres of gravity for the Pt nuclei, cg, as calculated by 

Cottle et al.2) using eq. (2). 

Fig. 2. Representative focal plane position spectra. The broken curves denote cal

culated contributions due to Hg isotopes other than the primary isotope in the target. 

The vertical lines indicate excitation energies previously reported for excited states, J* 

[refs.7-1 2"1 8)]. 

Fig. 3. Experimental values (table 5) of the E3 transition strengths in W.u. for the 3f 

states, | M(EZ) \2, for all the stable even-mass Pt, Hg and Pb isotopes up to 3 M P b . The 

total transition strengths for all attributed 3~ states in the Pt isotopes deduced by Cottle 

et al.2) from analysis of (p,p') data, and those calculated by Engel3 7), are also shown by 

open squares and open triangles, respectively. 

Fig. 4. Excitation energies in keV of the first 3", 5" and 7" states in »»*,i9s,i9ipt f 

198,200,202,204Hg ^ 204,20«,208pb J r e f g 13,15,16,18,28-32)] p ^ p u r p o g e g o f p r e s e n t a t i o n , the 

3J" states are emphasized. 
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