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Abstract: The yrast and near-yrast energy levels of s ^ o H»VP been investigated 

to over 9 MeV excitation and up to spins of 2*Hr The measurements 

consisted of y-y coincidence data, internal-conversion-electron 

spectra, time spectra of y-rays relative to a pulsed beam, excitation 

functions and y-ray angular distributions. Two new isomers, with 

lifetimes in the one-nanosecond range, were found. The observed level 

structure is compared with the predictions of empirical shell-model 

calculations in which 2 0 6 Po is regarded as a 2 0 8 Pb core with two 

valence protons and four valence neutron holes. The agreement is 

generally satisfactory for the observed odd-parity levels and for even 

parity levels with J > 12; those with J = 6 to 12 are better accounted for 

by weak coupling of two valence pre *ons to a 2 0 4 Pb core in its 0+ l f 2*x 

and 4*! states. 

NUCLEAR REACTIONS 1 9 8 Pt («C, 5n), E * 70 - 80 MeV; measured 

yy(t), beam *t), E r 1̂  L/E), L/6), 1 .̂ 206po deduced levels, J, *, t, 

B(EL), ICC. Enriched targets, Ge, Si(Li) detectors, pulsed beam. 

Empirical shell-model calculations. 
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L Introduction 

Studies of the properties of the excited states of 2 1 0- 211.2i2Rn [reft. i-3)j have 

identified certain high-spin states (J>20), which are often isomeric, and which 

appear to involve the excitation of a neutron from the Z = 82, N - 126 core to one 

of the high-spin orbitals ( g w , i i v 2 or j l 5 / 2 ) outside the N = 126 closed shell. 

Similar excited-core configurations have been assigned 4 ) to high-spin isomers in 

212,2i3Fr. Despite the energy lost in promoting a neutron across the intershell 

gap, it is found s ) that such states may compete successfully for positions in the 

yrast sequence because the interaction between ah extra-core proton and an 

extra-core neutron, with both in high-spin orbitals, is strongly attractive 6 ) when 

the two are aligned for maximum spin. In contrast, the interaction between an 

extra-core proton and a neutron hole again both in high-spin orbitals and 

maximally aligned, is notably repulsive *). 

It might be expected that die neutron-deficient isotopes of polonium (N < 126) 

would be as likely as those of radon to exhihfc high-spin states involving the 

excitation of a neutron from the core. Evidence has been found 7 ) for such a state 

in 2 0 9 Po. However, in previous work, no other Po isotope has been investigated to 

sufficiently high spin to observe excited-core states. The nucleus 2 0 6 Po, having 

two protons more and four neutrons less than 2 0 8 Pb, should be a good candidate 

for such studies as states with spins up to 30 tr or greater are expected to be 

accessible by the 1 9 8Pt( 1 3C,5n) reaction. 

The yrast level scheme of 2 0 6 Po up to the 6* level has been well established 8 ) by 

studies of 2 0 6 At electron-capture decay, 2 1 0 Rn a-decay and of levels populated in 

the (3He,xn) and (4He,xn) reactions. Prior to the present work, the most 

comprehensive information on the higher-spin states was that reported by 

Rahkonen et al. 9); in that work levels up to 5.14 MeV excitation and having spins 

up to 16frwere identified. We present here a study of the yrast and near-yrast 

states of 2 0 6 Po which extends knowledge of the level scheme to 9 MeV excitation. 

Spins up to 24frhave been assigned and the results are compared with the 

predictions of shell-model calculations. 
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2. Enmimental pmcedune 

Excited states of 2 0 6 Po were populated with the 1 9*Pt ( 1 3C, 5n) 2 0 6 Po reaction 

using the 1 3 C beam from the HUD Pelletron accelerator at the Australian 

National University. The decay properties of the states were studied in several 

experiments the details of which are summarized in table 1. The targets 

consisted of self-supporting platinum foils, isotopically enriched to 95.8% in 1 9 8Pt, 

fabricated by rolling the platinum metal. The foil thickness was 4.0 mg/cm2 for 

all experiments except the internal conversion measurements for which it was 

3.2 mg/cm2. 

All measurements were made at a bombarding energy of 78 MeV which was 

chosen as the optimum following measurements of the yield of y-rays from 

lttpt (13C, 5n) 2 0 6 Po, and from competing reactions (mainly the fin channel), as a 

function of beam energy in the range 70 to 80 MeV. The energy loss of 78 MeV 
1 3 C ions in a 4.0 mg/cm2 target at 45° to the beam direction is about 5 MeV. 

Two separate y-y coincidence experiments were conducted. In the first, time 

correlations in the range ± 2.5 \is were recorded between Y-rays detected in two 

Compton-suppressed spectrometers (CSS). Each CSS consisted of a hyperpure, 

coaxial, germanium (HFGe) detector of about 23% efficiency inside a Nal 

anti-Coaipton shield. Energy and efficiency calibrations were obtained using a 
1 5 2 Eu source. In the second coincidence experiment four detectors were used: 

two large HPGe detectors (without Compton suppression) and two smaller, 

planar Ge detectors, (LEPS). This experiment was specifically intended for 

observation of cascades involving low-energy transitions (Ey£ 60 keV), making 

use of the superior sensitivity, energy resolution and timing characteristics of the 

LEPS at such energies. Relative time differences in the range ± 0.5 us were 

measured between the two HPGe detectors (summed) and the two LEPS 

(summed) and between the two LEPS. 

To measure excited-state lifetimes in the range of about 0.2 to several hundred 

ns the 1 3 C beam was pulsed to give - 1 ns (FWHM) pulses separated by 1 us. Time 
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spectra, relative to the beam pulses, were recorded of>rays detected in a large 
HPGe detector and also a LEPS. For determination of the longer lifetimes (-1 
us), these data were complemented by the y-^f coincidence measurements. 

Spectra of internal-conversion electrons emitted at 125° to the beam direction 
were obtained with a cooled Si(Ii) detector and "mini-orange'* magnetic filter10). 
This combination gave satisfactory electron-detection efficiency down to about 180 
keV. The corresponding fray spectrum was recorded simultaneously with a 
CSS at 55°. To aid in separating transitions above and below the longer-lived 
isomers, a pulsed beam was used, consisting of 1 ns (FWHM) pulses 1 us apart. 
The data were sorted into spectra which were either prompt or delayed relative to 
the beam pulses. 

Finally, angular distributions of y-ray intensity were measured at eight 
angles in the range 45° to 155° with a rotatable HPGe detector. A similar detector, 
fixed at 90°, served as a monitor for normalisation. 

3. Results 

3.1 THE LEVEL SCHEME 

The properties of the high-spin states of 2 0 6Po, as determined in the present 

work, are summarized in fig. 1. In table 2, the observed y-rays attributable to 

2oep0 a r e listed together with their locations in the level scheme, relative 

intensities and angular distribution coefficients. Two new isomers were found, 

however their lifetimes were - 1 nsec and they were of little help in deciding the 

ordering of transitions. Consequently, the level scheme above 2.5 MeV was 

deduced almost entirely from comparison of energy sums and from coincidence 

spectra obtained with the Compton-suppressed germaniiun detectors. 

As mentioned earlier the yrast 0*, 2*, 4*, 6* level sequence in 2 M Po has been 

well-established by previous work. There is also evidence 9) that the yrast 8+ level 

is just above the 6* level and that it is isomeric with a mean life of about 300 nsec. 
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It is therefore expected that the spectrum of r*ays early with respect to the 395, 

477 and 701 keV transitions (upper panel of fig. 2) will contain exclusively **Pb 

Y-rmys above the yrast 8*_leveJ (fig. 1) and give an indication of which are the most 

important decays. The main decay path firom the 3462.8 keV level is by the 395.0 

and 805.9 keV transitions (the order of which is uncertain) to the isomer at 2262.0 

keV and thence via 61.8 and 614.6 keV transitions to the other previously-known 

isomer at 1585.6 keV. The spectrum in the lower panel of fig. 2, of early 

transitions minus late transitions relative to the 614.6 keV line, determines the 

ordering, with respect to these two longer-lived isomers, of a number of strong 

transitions and clearly demonstrates the existence of the doublet at 395 keV. 

Although the transition immediately depopulating the 1585.6 keV level was 

not observed, it is assumed firom the similarity of the 2 0 6 Po decay scheme in this 

region to those of 2 M P o [ref.")] and 2 1 0 Po [ref. 1 2)], and from the g-factor 

measurements of Brauer et al . I 3 ) , that this is the 8* state arising from the xtti^g2) 

configuration. Its excitation energy is inferred from observation of a weak 627.1 

keV line which is in prompt coincidence with the 61.8,395.5,477.0 and 700.6 keV 

Y-rays, but not with the 614.6 keV transition. Thus the 8* level is at 1585.6 keV 

and it decays to the 6* level by an unobserved, 12.5 ± 0.1 keV, E2 transition. 

The 3462.8 keV level also decays by two subsidiary paths: one via the 806.6, 

237.6 and 833.0 keV transitions and the other through the 252.5,429.3,167,9, 

189.8,837.2 and 1027.3 keV cascade. The 3462.8 keV level is populated almost 

exclusively by the 86.0 keV transition and, above about 3,5 MeV, the decay scheme 

separates rather cleanly into two sets of levels according to their parities. The 

spectra in fig. 3 illustrate the principal decay paths between the 5935.0 and 3462.8 

keV levels. These spectra are of y-rayg in prompt coincidence (± 140 nsec) with 

certain key transitions; this rather wide time range was chosen to allow for the 

time walk arising from the slower risetimes of low-amplitude pulses from the 

large, coaxial, Ge detectors. 

The main decay path from the 593C.0 keV level through the odd-parity levels is 

via the 557.7,744.8,469.6 and 595.8 keV transitions. The top panel of fig. 3 shows 
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the spectrum of frays in co'ncidence with the 595.8 keV transition and the 557.7, 
744.8 and 469.6 keV lines are prominent The ordering of these four transitions is 
established unambiguously by several cross-over transitions and by the excitation 
functions shown in fig. 4. 

The decay of the 5935.0 keV level through the group of even-parity levels is 
more complex. Energy sums and y-y coincidence data demand that the 1103.3, 
722.4.380.6.146.2.600.8.179.5 and 682.0 keV transitions be placed as shown in fig. 
1 and the spectrum of frays in coincidence with the 146.2 keV line (fig. 3) 
illustrates these relationships. 

The 600 J, 165.6.457.0 keV cascade connects the 5935.0 keV level to another at 
4711.6 keV which then decays either by a strong 1144.5 keV transition, which is in 
coincidence with the 86.0,806.6,237.6 keV cascade (see fig. 3), or by the weaker 
481.3,526.2,1285.6 keV sequence. Both these paths terminate at the 2418.6 keV 
level and comparison of the energy sums involved shows a difference of 18.4 keV. 
This discrepancy and other coincidence data require an unobserved 18.3 keV 
transition between the 1144.5 and 86.0 keV decays. The 3567.1 keV level, which is 
de-excited by the 18.3 keV transition, is also fed by the strong 557.7,744.8,469.6, 
595.8 keV cascade. 

The 146.2 keV line is in prompt coincidence with most of the frays lying 
below it in the scheme (fig. 3) and about 30% of the decay strength from the 4685.6 
keV level is through the 1064.1 keV transition. The 146.2 and 1064.1 keV decays 
are linked by the 33.7 and 39.0 keV lines. These low-energy frays could be seen 
in certain of the spectra projected from the array of coincidence events between 
the HPGe and LEPS detectors; examples of these spectra are shown in fig. 5. In 
the top panel is the LEPS spectrum in coincidence with the 380.6 keV line in the 
HPGe detectors. Peaks at 33.7 and 39.0 keV can be seen clearly and, although 
they appear to be weak, the transitions can carry the decay intensity required of 
them provided they have predominantly Ml multipolarity. A peak at 44.0 keV 
can also be seen in this spectrum and this transition, in cascade with those at 
33.7 and 39.0 keV, makes the connection between the 4685.6 and 4568.8 keV levels 
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required by the coincidence data. In the lower panel of fig. 5 is the fray spectrum 
in coincidence with the 39.0 kev* line in the LEPS; the 1462,380.6 and 1064.1 keV 
frays are among: the more prominent, consistent with the placement of the 39.0 
keV transition. The spectrum in coincidence with the 33.7 fceV line in the LEPS 
was qualitatively similar although considerable weaker. The ordering of the 
1462,33.7,39.0 and 1064.1 keV decays is established by several parallel 
transitions. The energies and placements of the 39.0,1064.1,1045.9 and 1084.8 
keV frays provide further evidence for the existence of the unobserved 18.3 keV 
transition which depopulates the 3567.1 keV level. 

Above 5.9 MeV excitation the principal feature of the decay scheme is the 
cascade of three strong transitions (1832,169.8 and 467.7 keV) populating the 
5935.0 keV level. Above these three transitions, the feeding- strength appears to be 
shared by a fairly large number of relatively weak transitions as can be seen (fig. 
6) in the spectrum in prompt coincidence with the 1832 keV frays. 

Prominent lines at 212.4 and 350.8 keV appear in the spectra in coincidence 
with essentially every 2 0 6Po fray except those in the cascades populating the 
5874.2 and 6009.5 keV levels. Coincidence spectra obtained with gates on the 212.4 
and 350.8 keV tines are closely similar except that each sees the other strongly. 
(See for example the 212 keV coincidence projection in fig. 6.) The coincidence 
relationships indicate that these two transitions are located together at high 
excitation which is consistent with the evidence (fig. 4) of the excitation functions. 

The 350.8 and 212.4 keV transition appear to populate a level at 8430.6 keV 
immediately below which the decay strength is fragmented over a number of 
relatively weak paths most of which then merge again to populate the 5935.0 keV 
level. The ordering of transitions in the 957.3,336.7,793.6,292.9,115.5 keV 
cascade is determined partly by their relative intensities and also by the 
observations that the higher members of the cascade have coincidence links with 
the 169.8 and 1832 keV frays whereas the lower members do not. Explicit decay 
paths linking this cascade with the 6288.0 and 6118.2 keV levels could not 
however be found. 



8 

The spectra in coincidence with the 212 and 351 keV gates indicate that the 
8430.6 keV level also has significant decay paths which include 581.1,662.1 and 
936.5 keV frays. In all-three cases, these energies correspond closely to 
unresolved doublets which have been placed elsewhere in the scheme, however it 
was not possible to establish the decay sequences from the 8430.6 keV level 
involving these frays. The HPGe - LEPS coincidence data show that a 43.1 keV 
Y-ray is closely associated with 212.4 and 350.8 keV lines and, although it is likely 
that this low-energy transition also plays a significant part in the decay of the 
8430.6 keV level, it too could not be placed in the decay scheme. 

3.2 EXCITED STATE LIFETIMES 
Two isomers in »«Po, the 8* level at 1535.6 keV and the 9" level at 2262.0 keV 

had been established9) prior to the present work. Even though knowledge of the 
level scheme has been greatly extended by the experiments reported here, only 
two additional isomers were found, both with comparatively short mean lives 
(<2ns). 

New values for the lifetimes of the 8* and 9" isomers were extracted from the 
y-y coincidence data; these data were obtained with a time range (± 2.5 us) better 
stated to measurements of longer lifetimes than that (1 us) used in the 
pulsed-beam experiment. Representative time spectra used for this purpose are 
shown in fig. 7. The upper panel of fig. 7 shows the time spectrum of 477.0 keV 
y-rays relative to the 614.6 keV transition and illustrates the effect of the 8* isomer 
at 1585.6 keV. The spectrum in the lower panel demonstrates that one member of 
the 395.0/395.5 keV doublet lies above the 614.6 keV transition, the other is below 
and an isomer intervenes in each case. The values obtained for the mean lives of 
the 8* and 9" isomers are given in table 3; each is the weighted mean of four 
essentially independent determinations. The results of previous measurements 
are also given. 

For the measurement of lifetimes in the nanosecond range the time of 
detection of frays relative to 1 ns-wide beam pulses was recorded in spectra with 
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a dispersion of 0.2 ns/rhannd Time spectra for r-rays known to be prompt 

relative to the arrival of the beam pulse (i.e., intervening lifetimes < 0.1 ns) were 

fitted with a skewed Gaussian function. Such "prompt" lines were provided by 

^decays following i«*Pt + 1 3C inelastic scattering and from the *»Pb( WC, 3n) 
a*Ra reaction which was run, immediately following the l s t P t • 1 3 C experiment, 

with identical pulsed-beam conditions and electronics arrangement. The 

dependences on "f-ray energy of the parameters of the skewed Gaussian were 

fitted with suitable polynomial functions and the coefficient, of these polynomials 

then specified a so-called prompt response function (PRF). The time spectra of 

BtPb frays were fitted with a convolution of the PBF appropriate to the energy of 

the fray and an exponential function representing the lifetime of the emitting 

state. If the frays in question did not directly depopulate the isomer, a PRF 

contribution could be added to take account of side-feeding. Apart from those 

transitions whose time spectra were influenced by the known 8+ and 9" isomers, 

only two transitions (the 212.4 and 237.6 keV lines), definitely attributable to 2 0 6 Po, 

showed time spectra which differed significantly from the PRF. 

For the 237.6 keV transition de-exciting the 2656.2 keV level, the time 

spectrum is shown in fig. 8 and toe mean life involved was found, from the fitting 

procedure described above, to be 0.7 ± 0.2 ns. This lifetime was assigned to the 11' 

state at 2656.2 keV since none of the transitions feeding this state showed any 

significant deviation from prompt behaviour. 

For the 212.4 keV line a mean life of 1.5 ± 0.4 ns was obtained. The 350.8 keV 

transition did not show this lifetime; this implies the ordering of these transitions 

shown in fig. 1 and that the lifetime can be assigned to the level directly 

depopulated by the 212.4 keV y-rays. 

3.3 SPIN AND PARITY ASSIGNMENTS 

The spin and parities of the levels shown in fig. 1 were, in most cases, 

deduced from measurements of internal-conversion coefficients and y-ray 

angular distributions. In addition, for a number of the low-energy transitions 
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(< 260 keV), values of total internal-conversion coefficients were inferred from 
balancing the intensities of transitions feeding a level with those depopulating it. 
The conversion-ekction data are shown in fig. 9; one pair of spectra (electrons 
and Y*ays) contains transitions which occurred within the range +20 to -40 ns 
relative to the 1 ns-wide beam pulse while the other contains those which were 
delayed by 40 to 900 ns with respect to the beam pulse. The internal-conversion 
coefficients which ware calculated firm the— mj^rtrm »nA thnmm rm\™\mt~\ from 

intensity balances are listed in table 4 together with the multipoUrities deduced 
from comparison with the calculation of Rose! et aL u ) . 

The y»ray angular distributions were fitted with the uaiial expansion in 
even-order Legendre polynomials; the coefficients are listed in table 2. Thesedata 
also provided the basis for most of the determinations off-ray relative intensities. 

As discussed earlier it is assumed, on the basis of comparison with the 
208,2iop0 level schemes, that the 1585.6 keV level is the yrast 8+state. The 2422.8, 
2612.7,2780.6,2901.4,3209.9 and 3462.8 keV levels are then assigned J* values of 
9*, 10*, 11*, 12*. 12* and 13* respectively by the stretched transitions of known 
multipolarity connecting them. 

In the main cascade, the 805 J keV line is a stretched E2 transition and 
internal-conversion measurements indicate predominant E2 multipolarity for 
the 395.0 keV transition. The angular distribution of the latter y-ray is obscured 
by that of the stronger 395.5 keV line. The angular distributions of the 614.6 and 
61.8 keV lines are attenuated by relaxation during the lifetime of the 2262.0 keV 
level, however the internal-conversion measurements indicate Ml for the 614.6 
keV transition and the 61.8 keV line is assigned El from consideration of 
intensity balance. Given that J* (3462.8 keV)»13', these results, together with 
the observation of the 627.1 keV line, yield J* « 8* and 9* for the 2200.2 and 2262.0 
keV levels respectively. The indication from the K-shell conversion data (table 4) 
that the 676.4 keV transition is E2 must therefore be incorrect. Presumably the 
K-shell conversion line is contaminated and the L-sheH coefficient, which favours 
El, is the more reliable. The 2418.6 and 2656.2 keV levels are assigned 10* and 11' 
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respectively from the observed multipolarites of the 806.6,237.6 and 833.0 keV 
transitions. 

The 86.0 keV transition is found to be a stretched Ml from iteangular 
distribution and from intensity balance for the 34624 keV level. The 3548.8 level 
is therefore assigned J*« 14". The mnhipolarity of the unobservefc 18.3 keV 
transitkmcAnbeiiifoiTedbythefolkminf reesoninf. If the 3567.1 keV level had 
a lifetime longer than 0.5 ns, the eflecttf 
time spectra, relative to the beam pulses, of the 805.9 and 806.6 keV-frays. A 
lifetime shorter than 0.5 ns implies that, if the 18.3 keV transition were pure E2, 
it would hare a strength greater than 400 Weisskopf units (W.u.). Although 
perhaps not impossible, this strength would be extraordinarily large for « 
transition such as this and we therefore conclude that it is predominantly dipole. 
A loop of transitions of well-established multipolarities, viz.. 595.8 keV (Ml). 469.5 
(MIX 744 J (Ml). 557.7 (MIX 11*03 (E1X14&2 (MIX 33.7 (MIX 39.0 (Ml) and 1064.1 
(El), linking the 3567.1 and 3548.8 keV levels requires that there be no parity 
change in the direct transition between them. The 18.3 keV transition must 
therefore be predominantly Ml. We assume that it is a stretched Ml, giving 
J*(3567.1)» 15', as one would expect this level, which plays such a pivotal role in 
the decay scheme, to be an yrast state. The cascade of stretched Ml transitions 
feeding the 3567.1 keV level then leads to assignments of 16', 17*. 18* and 19* 
respectively to the levels at 4162.9,4632.5,5377.3 and 5935.0 keV. 

The spin and parity assignments to the 4685.6 (17*). 4831.8 (18*) and 5212.4 
keV(19+) 'evels depend upon the 19* assignment to the 5935.0 keV level and the 
multipolarities of the 1103.3,146.2 and 380.6 keV y-rays. The angular-distribution 
data indicate that all three are stretched transitions. Other assignments to the 
even-parity levels in the region come from the 1064.1 keV, stretched El transition, 
the Ml multipolarity of the 33.7,39.0 and 44.0 keV y-rays and from the 179.5 (Ml), 
165.6 (Ml), 457.0 (Ml) and 1144.5 keV (El) cascade of stretched dipole transitions. 

The three stretched Ml transitions (183.2,169.8 and 467.7 keV) give 
assignments of 20", 2V and 22* to the 6118.2,6288.0 and 6755.7 keV levels 



12 

respectively. The angular-distribution data have yielded spins for some of the 

higher-excitation levels but their decays were not sufficiently strong for 

internal-conversion measurements. 

To summarize, the present work has established the high-spin states of 2 0 6Po, 

and their principal decay modes, up to the 22~ level at 6755.7 keV in the case of 

odd-parity states and to the 19+ level at 5513.7 keV for the even-parity states. 

Above about 6.5 MeV excitation, the decay strength is apparently shared between 

a large number of paths; owing to the weakness of most of them,it has been 

possible to assign spins only to a few of the levels.concerned. 

4. Discussion 

4.1 EMPIRICAL SHELL-MODEL CALCULATIONS 

The excitation energies of the yrast and near-yrast levels of 2 0 6 Po were 

calculated using the semi-empirical shell model developed for the lead region by 

Blomqvist and co-workers15). In this approach pure configuations are assumed, 

and, as far as possible, experimentally-determined values are used for both 

single-particle energies and two-nucleon interaction energies. Two sets of 

calculations were carried out: in one the 2 0 6 Po nucleus was regarded as an inert 
2 0 8 Pb core with two valence protons and four valence neutron holes, while in the 

other we calculated either the energies of two valence protons coupled to a 2 0 4 Pb 

core or of four valence neutron holes coupled to a 2 1 0 Po core. 

4.1.1 Calculations with a 208Pb core. In the first set of calculations the 

excitation energy E x of the state in a specified configuration is given by 

Ex • Egp - Eflg + EJOT 

where Egpis the sum of the empirical single-particle energies, relative to the 
2 0 8 Pb core, obtained from 2 0 9 Bi for protons and ^ b for neutron holes, EQS is the 

energy of the 20«Po ground state relative to the 2 0 8 Pb core [21273 ± 11 keV, ref.1 6)] 
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and EJOT is the combined effect of all the interactions between the valence 

particles and holes. It was assumed that only two-nucleon interactions would 

contribute significantly to E Q ^ empirical values of the interaction energies were 

obtained from the tabulations of Ldnnroth 6 ) with a few corrections to take 

account of more recent experimental data 1 7). Where experimental values were 

not available, the theoretical values of Kuo and Herling18) were used or, in a few 

cases where even such calculations were absent, reasonable estimates were 

made. The values of Em? for a particular spin in a given configuration were 

obtained by diagonalizing the matrix of interaction energies corresponding to all 

possible couplings giving that spin. 

The configurations which might be expected to contribute to the yrast or 

near-yrast states of 2 0 6 Po are listed in table 5 together with their values of 

E 0 = E S P - EQS which is the excitation energy of a configuration unperturbed hy 

the two-nucleon interactions. The calculated excitation energies of the 

higher-spin states in each configuration are summarized and compared with the 

observed levels in figs. 10 and 11; for each configuration only the lowest energy 

state for a given spin is included. For some configurations the calculations 

involved a substantial number of two-nucleon interaction energies nj& derived 

from experimental data; i.e., they were estimated or taken from the calculations 

of Kuo and Herling1S). In these cases, which are identified in figs. 10 and 11, the 

level energies will be subject to an additional uncertainty, possibly of several 

hundred keV, apart from that arising from any inadequacy in the shell-model 

description of 2 0 6 Po. For the sake of clarity in the following discussion even-parity 

and odd-parity states are, for the most part, considered separately. 

Even-parity levels have been established experimentally up to the J at 19 level 

at 5514 keV and, according to the calculations, the yrast sta fes with J £ 20 should 

be almost enti *ly confined to the KOI^ 2 ) v(p1^*2fM'2) and i^hg^i^ 

vCPi/^w'^ia*"1) configurations. Lp to 3 MeV excitation the observed levels are 

not well described (fig. 10) by the calculations. Although the energies of the 0+, 6* 

aid 8* states of the n(h9/22) v(p 1^' 2fM- 2) configuration agree reasonably well with 
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those observed for the ground state, the 6-*- level and the 8+ level at 1586 keV, the 

energies of the 4", 9", 10", 11" and 12*- states of this configuration are all much too 

low compared with their likely experimental counterparts. Indeed, the 4* state is 

predicted to fall below the first 2" state. This low-lying 4* state comes mostly from 

the v ^ - 2 ) ^ coupling; it appears (see subsect. 4.1.3) that the calculations do not 

treat the interactions of the four neutron holes adequately and that the 4* level 

observed at 1178 keV probably owes more to the J^h^ 2)^ coupling than to the 

neutron holes. The observed even-parity levels with J = 6 to 12 are considerably 

better accounted for by the simpler calculations, described later (subsect. 4.1.3), 

which involve two valence protons and a 2 0 4 Pb core. 

Above 3 MeV the observed energies of the even-parity states are fairly well 

reproduced by the calculations and it is noticeable (fig. 1) that the bunching of the 

JTC - i4+ to 18* levels near 4.6 MeV has a counterpart in the closely-spaced 

group of states near 4.45 MeV of the nOia^i^) vipyi^sn'^idto'1) configuration. 

This bunching gives rise to the observed low-energy transitions between the 4686 

(17"), 4652 (16*), 4613 (15"), 4569 (14') and 4483 keV levels. The high-energy 

transitions from the 4569 and 4483 keV levels to those at 2781 (11"), 2901 (12") and 

3201 keV (12") presumably reflect the large energy gap between the 7t(h9/2iia^) 

vtPw'^w'^iM'1) fcfld Ji(hfl/2"2) v(pi/2"2W2) configurations. Apart from the group 

of levels near 4.6 MeV, it is not possible, in the absence of experimental evidence 

other than level energies and decay modes, to attribute other even-parity levels in 

this excitation region to any particular configuration. For example, on the 

available evidence, any of three configurations could account for the 19" level at 

5514 keV. 

Similarly, for even-parity levels with 19 < J £ 24, a number of configurations 

could contribute to the yrast level scheme. However, for J > 24, it is necessary to 

invoke the i ^ ' 3 coupling for neutron holes and hg/2ii3/2 f° r protons. For example 

the K(hg/2iiara) v(Pv2"1»ia '̂3) «"* ̂ h^iia*) v f e ' 1 ^ ' 3 ) configurations can produce 

aates with Jn up to 28" and 30" respectively. However, owing to the strong 

repulsion [889 keV, ref.6)] between the h 9 / 2 proton and i 1 3 £ neutron hole when 
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aligned for maximum spin, the highest-spin states of these configurations are 

predicted to occur above 10 MeV and it is likely that, at this energy, core excitation 

will have become significant. 

The lowest-lying, odd-parity level observed in the present work is the isomeric 

9- level at 2262 keV. There can be little doubt that it belongs to the KOI^ 2 ) 

^Pi/^W'Uara'1) configuration and is analogous to the 9" isomei in 2 0 4 Pb. The 

same configuration probably accounts for most of the observed odd-parity levels 

(see fig. 11) up to the 17* level at 4633 keV with the XthgQ hag) vtei/^fW2) 

configuration playing a subsidiary role. In particular the closely-spaced 13", 14' 

and 15' levels observed at 3463,3549 and 3567 keV can be identified with the 

similar group in the ttdi^2) vtoinfttafiiani1') configuration although the latter 

are about 200 keV too low. 

It seems reasonable to identify the observed 19", 20' and 21* levels at 5935,6118 

and 6288 keV respectively with the states of corresponding spin and parity in the 

*(bg^ija^) ^Pi/a'̂ iafc"2) configuration. The energies match well and the nearest 

21* state in any other configuration is calculated to be at 7296 keV, over 1 MeV too 

high. These three levels are linked by the very prominent 169.8 and 183.2 keV 

transitions. The 18' and 17* states of the nChmiis/d vtPi/^iaa'2) configuration fall 

within 50 keV of the 19* state which would inhibit decay of the latter to either of 

the former two. The observation then that the 19* level at 5935 keV has four 

competing decay routes of comparable intensity is consistent with identifying it 

with the 19* state of the JttfWia/s) yiPi/2'%3/2'2^ configuration as proposed above. 

Assuming this identification is correct the 722.4 and 1103.3 keV transitions would 

then be to the 19* and 18* states of the fltfWiara) vtvwptm'^im'1) configuration, 

the 600.8 keV transition would be to the 18+ state of the n (ha^iia^) vCp^fW^iara'1) 

configuration and the 557.7 keV transition would have to be to the 18* state of the 

Ktfig/22) v(p1/2-1f8i2'8ii»a*-) configuration. 
The highest-spin, odd-parity, yrast state which can be produced by the 

configurations listed in table 5 is J* « 27' from the nOi^aa) v^'^iart* 2) 

configuration. It is calculated to occur a'. 9417 keV and may correspond to the 
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observed level at 8994 keV. 

4.1.2 Excited-core states. It is of interest to estimate the energy at which 

states involving core excitation might first appear in the yrast sequence. Two 

examples are given: for even-parity states the configuration is xftgg2) 

vlPm'^sn^isn^Bari)* giving spins up to 23tr, while for odd-parity states it is 

KGW13/2) vfPi/^W^iM^ferc). giving spins up to 26te 

Roy et al. 1 9) have observed four 10+ states in 2 0*Pb, populated by the 2 0 9Bi(t, a) 

reaction, at excitations ranging from 4.89 to 5.93 MeV. They identified these 

states with lp • lh excitations and found that the lowest three have significant 

vtiiarĉ ggre) components in their wave functions. The mean of the excitation 

energies of the 10+ states weighted by the square of the amplitudes of these 

components is 5.04 MeV. The maximum spin which may be obtained from the 

v(i13^1ga^) configuration is 11* and there is some evidence, from (e, e') work1 7), 

for an 11* level at 5.27 MeV in 2 0 8 Pb. However, as the core-excited states with spin 

Jrnax'l are expected to be favoured over those with J m n , it is the former which are 

considered here. 

The excitation energies of the core-excited states are estimated, assuming 

weak coupling, by adding the calculated energy (5.04 MeV) of the v(i 1 3^- 1g f t^) 1 0 + 

excitation to the energy in 2 0 6 Po of the parent, valence configurations. Under this 

assumption the interactions of the gg/2 neutron and i ^ neutron hole with the 

valence protons and neutron holes are neglected. Although in individual cases 

these two-nucleon interactions may be several hundred keV, the attractive 

proton-neutron interactions tend to cancel the repulsive proton-neutron hole 

energies such that the total of the two-body interactions of the ggg neutron and 

iia/2 neutron hole is not expected to exceed 500 keV. 

In the even-parity example, the parent state is taken as the observed 12* level 

at 2901 keV which should have a strong nfli^) vfp '̂Sf&a"2) component. With the 

vftm^sW excitation a J* • 22* excited-core state would be expected at 

2900 + 5040 • 7940 keV. This is about 1 MeV above the observed yrast line. For thi 

odd-parity case the particle-hole excitation is added to the excitation energy (3670 
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keV) calculated for the 15* level of the ^hg^ij^) v(Pi/2-2fs/2*2) configuration to give 

a 25" state at 8710 keV. Now, although it was not possible to assign tl* = 25~ to any 

of the levels observed in the present work, the 8430.6 keV level is connected by 

three, parallel, two-step cascades to lower levels having J = 23. The 8430.6 keV 

level is therefore likely to have J = 25 or 26. It is populated by the prominent 212.4 

keV transition but decays by a number of weak transitions indicating that its 

structure is substantially different from that of the levels below it. Thus, bearing 

in mind the uncertainties involved in the weak-coupling calculation, the 8430.6 

keV level appears to be a good candidate for an excited-core state, most likely the J 

« 25 member of the ndig îja^) ^.Py^^sn^isn'1^^ configuration. 

4.1.3 Calculations with a 204Pb core or a 210Po core The observed level scheme 

0 f 206po i 8 reasonably well accounted for overall by the shell-model calculations 

described in subsect. 4.1.1. However the agreement is not good for most levels 

with J £ 12 and it is believed that the discrepancies are caused mostly by the use of 

empirical two-neutron-hole interaction energies from 2 0 6 Pb. The levels of 2 0 € Pb 

with J £ 4 have highly-mixed configurations drawn from the p ^ , f^ and pa# 

orbitals. This mixing will be partially blocked in 2 0 6 Po by the two additional 

neutron holes and, consequently, the 2 0 6 Po levels with low-spin, neutron-hole 

configurations will not be as low in energy as the empirical interactions from 
2 0 6 Pb indicate they should be. This proposition is supported by the fact that 

calculations of the kind described in subsect. 4.1.1 reproduce very well the 

energies of the high-spin levels of 2 0 4 Pb and 2 0 5 Pb but do not give a good account 

of the lower-spin yrast levels of these nuclei. For the levels of 2 0 6 Po with J * 6 to 12 

we therefore carried out some calculations in which two valence protons in the 

hg/2. f7/2 a n d '13/2 orbitals are coupled to a 2 0 4 Pb core in its ground and first 2* and 

4+ states. The single-particle energies were obtained from 2 0 5 Bi, adopting the 

identifications by Ldnnroth 2°) and Hlibel et si. 2 1 ) of certain observed 2 0 5 Bi levels 

with single proton states relative to a 2 MPb(0 +) core, and with the multiplets 

formed by weak coupling of an h ^ proton to 2 0 4Pb(2*1) and 2<>4Pb(4*1) cores. It 

should be noted that, in the n(h9/2) ® 2 M P b (4*{) coupling, the identifications are 
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less well established than in the other cases. The single-particle data required 

for the present calculations are summarized in table 6. 

The empirical interaction energies for the two protons were taken from the 

appropriate levels of 2 1 0 Po. However there is experimental evidence [ e.g., reft 22> 

23)] that these energies should be modified because the core is 2 0 4 Pb, not 2 0 8 Pb. 

This so-called core-polarization interaction arises from virtual excitation of the 

core by one proton and de-excitation by the other. Blomqvist et a l . 2 2 ) represent the 

interaction with a quadrupole • quadrupole coupling which, for two extra-core 

protons with spins j x and j 2 coupled to a resultant spin J, gives **) an interaction 

energy 

' 3 x ( x + i ) 1 

where X = J (J +1) - ji (ji + 1) - J2 O2 + D and X is a coupling parameter which 

reflects the softness of the core. For a 2 0 8 Pb core % =0, while for a 2°-Pb core 

Blomqvist et al. 2 2 ) find that % » -1100 keV gives a good account of the differences 

between observed and calculated energies of the 6*v B+i and l l ' i levels of 2 0 6 Po. 

We also have used x s -1100 keV and, in the absence of any evidence to the 

contrary, we assumed that the core-polarization correction for 2 0 4 Pb in its lowest 

2* and 4+ states is the same as that for the ground state; that is, it is given by the 

above expression for Apoi with x • -1100 keV. 

The results of these calculations are summarized in fig. 12 and compared 

with the corresponding part of the observed level scheme. It should be noted that 

for the 6*, 8*1,8+2 and l l ' i levels, these calculations are essentially the same as 

those carried out by Rahkonen et al. 9); the only difference is that they used % * 

-1000 keV instead of -1100 keV. It can be seen (fig. 12) that good agreement is 

obtained between the excitation energies calculated for these simple 

configurations and those of their likely experimental counterparts. Furthermore 

the agreement is significantly improved by the inclusion of the core-polarization 

V = * 
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correction, not only for the 6*, 8^ and 11^ levels where this is to be expected since 

they were used in deducing the value x = -1100 keV, but for all but one of the 

other six levels as well. -The mean of the magnitudes of the differences between 

calculated and observed energies for these six cases was reduced from 52 to 38 

keV by inclusion of the core-polarization correction. 

The good agreement between experimental excitation energies and those 

calculated fcr the simple configurations involving a 2 0 4 Pb core contrasts with the 

relatively poor account (figs. 10 and 11) of these levels provided by the more 

sophisticated calculations involving a 2 0 8 Pb core and six valence nucleons. This 

is consistent with the conclusion that, when the four neutron holes are coupled to 

low spin (J = 0 to 4), the two-neutron-hole interaction energies from sospb levels 

may not be appropriate owing to the strong configuration mixing in the latter 

cases. 

Also included in fig. 12 is the result of a simple shell-model calculation of the 

excitation energy of the 9" state arising from the ftdig/^W vCpi^"2^'1^^'1) 

configuration in which the interaction energy between the valence nucleons is 

not completely reduced to a combination of two-nucleon interactions. As in the 

first set of calculations (subsect. 4.1.1) the excitation energy E x of the 

configuration may be expressed as 

EJJ a Egp - EQS + EjpjT 

where Egp is the sum of the single-particle energies relative to a 2 0 8 Pb core and 

EGS »the 2 0 6 Po ground-state energy relative to that core. However in the present 

case the total interaction energy EJNJ was calculated from empirical values for 

the (li9/22)o and P1/2'2, two-nucleon interaction energies and from empirical 

interaction energies for all pair-wise combinations, with appropriate spins, of 

these two and the f̂ *1 and i 1 3 ^ 4 neutron holes. These interaction energies were 

obtained from experimental data for zospb [refs. ™>»)], 2°«Pb [refs. "&)], 
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2°8Po [re£ *«)] 2»Po [reft.*«*)] and w<>Po [n f. !•)]. The calculation gives 

E, » 2271 keV for the 9- state of the nfh^o* ^Pw^fctf^iaia"1) configuration. No 

correction for core polarization has been made because, with the two protons 

coupled to zero resultant angular momentum, the ground-state configuration of 

2iop0 i s probably mixed, and it would therefore be misleading to use j x = J2 = 9 / 2 

in the calculation of A^. This calculated excitation energy agrees very much 

better with the experimental value for the yrast 9" level (2262.0 keV) than does that 

(1926 keV) for the lowest 9* state of the rth^2) vipw^sri^im1) configuration 

obtained in the first set of calculations which involved a complete reduction to 

two-nucleon interactions and in which the resultant spin of the valence protons 

was not restricted to zero. This is probably due to the fact thut, in the simpler 

calculation, the use of interaction energies from configurations similar to those 

in 2 0 6 Po means that the calculation includes, to some extent, the configuration 

mixing which no doubt arises when the spins of the valence nucleons are not 

coupled to produce the maximum resultant. 

4.2 TRANSITION PROBABILITIES 

Reduced transition probabilities calculated from the lifeticus measured in 

the present work are given in table 7; two are new results and the other two 

confirm values from earlier work 9 ) . With the measurement of the 8\-* 6*x 

transition energy, it is now possible to calculate unambiguously the reduced 

probability, B(E2) for this transition. The value of 2.35(4) W.u. is consistent with 

the trend in the neighbouring even-mass polonium isotopes; these are 1.11(16) 

W.u. for 2K>Po [refs.1 2.2 8)], 1.60(10) W.u. for 2°*Po [refs.11'28)] and 3.52(5) W.u. for 

2<wp0 [refs.29-30)]. The steady increase as N decreases below the N » 126 closed 

shell presumably reflects increasing admixtures of 2* collective components in 

the states concerned. This is supported by the close agreement between the ratio 

of the B(E2;8+

1->6+

1) values for 2 0 6 Po and ^ o (ratio • 1.45 ± 0.09) with the ratio of 

the quadrupole polarizabilities, defined » ) as B(E2;0+

1->2*1) / EX(2V> for the 

corresponding 2 0 4 Pb and 2 0 6 Pb cores (ratio * 1.44 ± 0.02). 
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The 9-x-> 8 +

l t transition (table 7) is strongly hindered and, as has been 

remarked elsewhere 9 ) , this suggests rather pure v(j-2

0 fsa'^iaa'1) and xfli2^) 

configurations for the 9*! and 8*j states respectively. Tie lifetime obtained in the 

present work of 0.7(2) ns for the 2656.2 keV level gives a hindrance of 4 x 104 for 

the 11^-tlO*!, El transition. This is intermediate between the values 2.2 x 105 for 

^ P o [refe. 3 1. 3 2] and about 2 x 10* for »*Po. Using the lifetime and transition 

energy given by Rahkonen and Ldnnroth 2 9 ) , we calculated the hindrance for 
2 M P o to be 2.3 x 10 4 or 1.7 x 104 depending on whether the transition energy of 93.1 

keV is respectively greater or less than the K-shell binding energy of 93.105 keV 

in polonium. We conclude therefore that the small value of 1.4 x 103 given and 

remarked upon by Rahkonen and Ldnnroth is incorrect. 

5. Summary and conclusions 

In the work reported here we have extended knowledge of the yrast and 

near-yrast states of 2 0 6 Po up to about 9 MeV excitation. Two new isomers, with 

lifetimes in the one-nanosecond region were found in addition to the two 

longer-lived ones already known. Only one of the four isomers is at high 

excitation. The level scheme is complex and above about 6.7 MeV excitation, the 

decay strength is shared between several weak paths. Consequently it was not 

possible to assign spins to levels above that at 7502 keV (J = 24). 

Semi-empirical shell-model calculations assuming a 2 0 8 Pb core and six 

valence particles give a satisfactory account of the energies of the observed 

odd-parity states and of the even-parity levels with J > 12. The energies of the 

even-parity levels with J * 6 to 12 agree better with those arising from the weak 

coupling of the configurations of two valence protons to a 2 0 4 Pb core in its 0+ l t 2+ l f 

and 4+! states. At high excitation, while there is a suggestion that excited-core 

states may be present in the yrast sequence, the evidence is inconclusive. This is 

similar to the situation in the radon isotopes where such states have been 
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identified in *i°. *". 2 1 2 Rn [refe.L 2. 3) respectively] but not in 208. 209Rn [refe. 23,33) 

respectively]. 

We are pleased to acknowledge the continued support in this work of the staff 

of the ANU 14UD accelerator facility. 
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TABLE 1 

Summary of experimental conditions 

Experiment type Detectors and 
angles*) 

Beam energy 
and pulsing 

Target 
angle0) 

Excitation functions CSS,+90° 
CSS, -120° 

70,75,78,80MeV 
not pulsed 

45° 

Y~ 7 coincidences (i) CSS, +90° 
CSS,-120° 

78MeV 
not pulsed 

45° 

(ii) HPGe, +135° 
HPGe, -135° 
LEPS,+45° 
LEPS,-45° 

78MeV 
not pulsed 

0° 

Timing relative HPGe, +45° 78MeV 0° 
to beam LEPS,-45« 

NE213,135° 
Ins pulses 
1 us apart 

Internal conversion CSS, +55° 
Si(Li), -125° 

78MeV 
Ins pulses 
1 us apart 

0° 

Angular distributions HPGe, +45° -+ 
HPGe, -90° 

155° 78MeV 
not pulsed 

45° 

*) CSS denotes Compton-suppressed spectrometer; HPGe denotes coaxial 

hyperpure germanium detector, LEPS denotes planar, germanium, 

low-energy photon spectrometer; NE213 denotes liquid scintillator for 

neutron detection; Si(Li) denotes lithium-drifted, silicon detector and 

mini-orange magnetic filter for electron detection. Detector angles are 

relative to the beam direction. 

°) Angle between the normal to the target and the beam direction. 
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TABLE 2 

Properties and placements of y-rays assigned to 2 0 6 Po 

Energy") Energy of Relative A^AQ A^AQ 
(keV) emitting state intensity 

(keV) 

(12.5)b) 1585.6 
(18.3)b) 3567.i 
33.7 4685 3 0.10(2) 
39.0 4651.. 0.09(2) 
43.1 
44.0 4612.9 0.08(2) -
61.8 2262.0 45(2) 
63.3 3548.8 0.7(5) 
85.6 6958.0 2(1) 
85.8 4568.8 0.8(4) 
86.0 3548.8 16.0(5) -0.24(03) -0.03(05) 

115.5 6050.5 0.5(1) 
116.8 8381.3 0.2(1) 
119.5 
120.8 2901.4 0.6(1) -0.33(13) 0.29(19) 
136.8 0.9(1) -0.29(09) 0.06(12) 
138.9 1573.1 1.0(1) -0.07(08) -0.0302) 
146.2 4831.8 5.2(2) -0.30(02) -0.02(03) 
163.4 8381.3 1.0(2) -0.13(07) -0.03(11) 
165.6 5334.2 2.2(2) -0.25(03) -0.03(05) 
167.9 2780.6 3.2(3) -0.28(02) 0.01(04) 
169.8 6288.0 5.1(5) •0.29(02) -0.07(03) 
170.2 2432.1 0.8(2) 
179.5 5513.7 1.9(2) -0.31(04) 0.01(06) 
180.5 8381.3 0.7(2) 
183.2 6118.2 8.0(5) -0.31(01) -0.05(02) 
189.8 2612.7 2.3(3) -0.45(03) 0.01(05) 
195.0 0.6(1) 
196.7 1.9(2) -0.15(06) -0.27(10) 
200.3 7158.2 2.5(2) -0.34(04) -0.08(08) 
203.3 1.1(2) 
212.4 8643.0 4.5(2) -0.10(04) -0.04(06) 
215.0 1.6(2) -0.23(07) 0.09(11) 
224.1 2656.2 1.3(2) 
237.6 2565.2 18.6(4) -0.23(01) -0.02(02) 
245.8 8627.1 2.2(2) -0.35(05) 0.01(07) 
252.5 3462.8 1.5(2) -0.53(06) -0.35X09) 
256.4 1434.1 1.7(2) -0.17(05) -0.04(07) 
267.7 1.4(2) 
270.6 8897.7 2.2(2) •0.40(04) -0.11(07) 
292.9 6343.4 1.5(3) -0.58(11) -0.08(14) 
300.6 1.0(5) 
317.6 5486.2 2.3(1) 
326.5 1.2(1) 

•) Uncertainties range from 0.1 keV for strong lines to 0.3 keV for weak lines. 
b ) Unobserved transitions inferred from y-y coincidence data and energy stuns. 
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TABLE 2 (continued) 

Properties and placements of y-rays assigned to 206p0 

Energy*) Energy of Relative Â A© Â A© 
(keV) emitting state intensity 

(keV) 

336.5 7473.5 2.0(2) -028(05) -0.06(08) 
343.8 7502.0 2.5(3) -0.36(05) 0.12(08) 
3442 1.3(5) 
350.8 o993.o 7.1(3) -021(05) 0.15(11) 
362.1 2780.6 2.6(3) -0.47(07) -0.27(11) 
380.6 5212.4 12.9(5) -0.46(02) -0.01(02) 
384.0 0.8(2) 
395.0 3462.8 48(2) -0.10(01) -0.05(01) 
395.5 1573.1 94(2) 
396.9 75932 0.3(2) 
402.4 71582 1.3(5) 
416.3 1.4(2) -0.53(09) -0.41(04) 
421.8 7121.0 1.9(3) -0.35(06) 0.07(09) 
422.6 1.0(3) 
429.3 3209.9 3.8(4) -0.42(04) 0.04(05) 
440.6 7196.3 3.5(5) -0.41(08) 0.32(19) 
457.0 5168.6 8.5(5) -0.40(02) -0.01(03) 
457.2 1.7(7) 
466.0 3951.5 4.7(5) •0.26(03) -0.10(05) 
467.7 6755.7 7(1) -0.43(02) -0.02(03) 
468.0 6477.5 2.7(5) 
469.6 4632.5 6.3(6) -0.50(03) -0.06(05) 
477.0 1177.6 98.4(4) 0.01(01) -0.03(01) 
481.3 4711.6 1.1(2) 
495.8 6009.5 5.4(3) -0.42(03) 0.07(04) 
504.9 6982.4 1.4(3) -0.59(09) 0.31(14) 
510.5 1.7(2) 
522.5 4685.6 0.9(2) 
526.2 4230.3 1.1(2) 0.00(03) 0.02(05) 
541.7 8043.7 0.5(1) 
544.5 3(1) 
557.7 5935.0 11.0(5) •0.36(02) 0.04(03) 
558.1 
561.1 3462.8 1.1(3) -0.36(11) •0.26(20) 
568.2 7267.4 2(1) 0.10(07) 0.01(10) 
581.0 ftctnn o 2.6(5) -0.19(01) -0.02(02) 
581.1 4744.0 2.7(5) 
595.8 4162.9 17.1(5) •0.47(01) •0.00(02) 
600.8 5935.0 4(1) 4)21(04) -0.15(06) 
607.8 8430.6 0.6(1) 
614.6 2200.2 45(1) 0.01(01) -0.05(01) 
617.3 4568.8 2.4(5) 0.13(08) 0.05(13) 
622.9 5334.2 1.7(7) 
626.4 7822.7 1.4(4) 
627.1 2200.2 1.5(4) -0.24(12) -0.26(17) 
633.3 5377.3 1.8(2) -0.04(07) 0.20(12) 
647.4 6521.6 1.8(2) •0.52(06) 0.33(09) 

*) Uncertainties range from 0.1 keV for strong lines to 0.3 keV for weak lines 



29 

TABLE 2 (continued) 

Properties and placements of y-rays assigned to 2 0 6 Po 

Energy •) Energy'of Relative Aa/Ao A^AQ 
(keV) emitting state 

(keV) 
intensity 

661.3 
661.8 

4612.9 
5874.2 

2.5(5) 
3.5(5) 

-0.34(02) 0.05(03) 
670.0 6958.0 4(1) -0.29(10) -0.15X10) 
676.4 2262.0 7.9(5) -0.03(02) 0.02(04) 
679.7 OUS7S7.Z 0.6X1) 
682.0 5513.7 4(1) -056(04) 0.07(06) 
700.6 700.6 100 0.01(01) -0.05(01) 
722.4 5935.0 5(1) 0.30(01) -0.04(02) 
7305 9724.3 1.2(3) -0.09(09) 0.03(14) 
7335 1434.1 1.0(1) 0.03(10) -0.13(17) 
744.8 5377.3 7.2(5) •0.48(02) 0.10(04) 
7545 6872.7 2.2(4) -0.49(07) 0.01(11) 
759.9 7281.5 2.6(3) -0.05(06) 0.19(07) 
793.6 
793.8 

7137.0 2.0(5) 
1.0(5) 

-0.32(06) 0.11(10) 
805.9 
806.6 

3067.9 
3462.8 

46(5) 
11(2) 

0.21(01) -0.06(01) 
807.1 60195 0.6(3) 
829.3 o40o.O 7.0(5) 0.35(10) -0.02(10) 
833.0 2418.6 26(2) 0.20(05) -0.08(05) 
837.2 2422.8 9(2) -0.39(01) 0.05(02) 
837.2 8430.6 0.3(2) 
901.8 3558.0 2(1) -0.99(12) 0.18(16) 
919.2 8200.8 1.4(2) •0.54(08) 0.16(12) 
928.6 8430.6 1.0(3) 
936.2 4494.2 2(1) -0.43(05) 0.01(07) 
936.2 8348.4 1.0(2) 
957.3 8430.6 0.7(2) -0.54(15) -0.33(20) 
977.2 8258.7 0.9(2) 
979.2 7267.4 0.8(1) 
983.2 8264.6 0.7(1) -0.77(14) -0.07(24) 

1027.3 2612.7 4.9(4) 0.15(03) -0.10(04) 
1045.9 4612.9 0.9(2) 
1047.9 3704.1 3.0(3) 
1064.1 4612.9 6.1(5) -0.29(03) -0.01(07) 
1065.8 46325 3.2(4) 0.33(07) 0.11(12) 
1084.8 4651.9 2.3(3) 
1103.3 5935.0 2.5(3) •0.21(04) 0.02(06) 
1124.2 7412.2 1.4(2) 
1125.3 
1131.0 
11445 4711.6 7.6X5) -0.32(02) 0.04(03) 
1191.2 5935.0 0.8(2) 0.35(21) •0.42(28) 
1214.3 5377.3 0.6X2) 0.11(17) 0.13(26) 
1235.7 8218.0 0.7(2) -0.11(13) 0.00(22) 
1273.1 4483.1 1.6X2) -0.59(06) -0.12(10) 
1285.6 3704.1 1.1(3) 
1293.2 1.2(2) 

») Uncertainties range from 0.1 keV for strong lines to 0.3 keV for weak lines 
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TABLE 2 (continued) 

Properties and placements of frays assigned to 2 0 6 Po 

Energy •) 
(keV) 

Energy of 
emitting state 
(keV) 

Relative 
intensity 

A2/A0 VAo 

1302.7 
1311.5 
1358.9 
1581.8 
1667.2 
1702.9 

5935.0 
4568.8 
4483.1 
4568.8 
4483.1 

0.8(2) 
1.1(2) 
1.9(2) 
1.0(1) 
1.3(1) 
1.0(1) 

-0.09(10) 

0.17(05) 

0.28(07) 
0.18(09) 

-0.11(15) 

0.03(08) 

0.02(11) 
-0.14(14) 

*) Uncertainties range from 0.1 keV for strong lines to 0.3 keV for weak lines 
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TABLE 3 

Mean lives of 2 0 6 Po levels 

Mean life (usee) 

Level energy 
(keV) Present work Rahkonen et al. 9 ) Brodaetal. *) 

1585.6 335(6) 303(14) 310(7) 

2262.0 1520(90) 1440(290) 

2656.2 0.7(2) <1 

8643.0 1.5(4) 

•) Quoted in refs.*#) 
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TABLE4 

Assignments from internal conversion measurements 

Internal conversion coefficients (xlOO) 

Experiment Theory *) Deduced 
multipolarit 

Ey Type b) 
(keV) El E2 E3 Ml M2 

33.7 T 5000(800) 186 >105 >H>7 5500 >105 Ml 
39.0 T 4900(700) 125 65000 >10« 3500 >105 Ml 
44.0 T 3700(600) 91 36000 >106 2500 >105 Ml 
61.8 T 6.6(26) 36 7000 >10» 910 29000 El 
86.0 T 300(30) 14.8 1450 40000 350 6900 Ml 

120.8 T 600(110) 29 330 6700 690 4700 Ml 
138.9 T 240(60) 20 188 3100 460 2800 E2 
146.2 T 350(30) 17.9 154 2400 400 2300 Ml 
166.6 T 200(50) 13.2 95 1240 280 1490 M1(E2) 
167.9 T 260(50) 12.7 90 1150 270 1420 Ml 
169.8 T 290(50) 12.4 87 1090 260 1360 Ml 
179.5 T 280(40) 10.8 71 820 220 1120 Ml 
183.2 T 240(30) 103 66 740 210 1040 Ml 
189.8 T 290(100) 9.4 58 620 191 920 Ml 
237.6 T 21(11) 5.4 26 210 102 420 El 

L <23 0.79 11.2 129 14.4 86 
M <1.4 0.29 2.9 36 3.4 22 

252.5 T <30 4.7 22 157 86 340 E1.E2 
344 K 66(8) 1.90 5.0 13.1 30 93 (Ml) 
362 K 28(6) 1.69 4.4 11.6 26 79 Ml 
381 K 27(1) 1.51 4.0 10.4 23 68 Ml 

L 4.0(5) 0.26 1.87 133 4.0 16.1 
395 «) K 3.81(14) 1.40 3.7 9.5 21 61 E2 

L 1.65(10) 0.24 1.66 113 3.6 14.2 
M 0.76(4) 0.05 0.42 3.0 035 3.5 

396 K 4.13(14) 1.40 3.7 9.5 21 61 E2 
L 1.65(11) 0.24 1.66 113 3.6 14.2 

429 K 17.5(13) 1.17 3.1 7.9 16.6 47 Ml 
L 7.2(11) 0.20 1.25 7.9 2.9 10.8 

457 K 17.6(9) 1.02 2.7 6.8 14.0 39 Ml 
468 K 16(4) 0.98 2.6 6.5 13.3 36 Ml 

L 4.1(7) 0.16 0.94 5.5 2.3 8.2 
470 K 19(4) 0.97 2.5 6.4 13.0 36 Ml 

L 4.9(9) 0.16 0.92 53 2.2 8.0 
477 c) K 3.2(2) 0.94 2.5 6.2 12.5 34 E2 

L 1.01(6) 0.16 0.88 5.0 2.2 7.6 
M 0.27(2) 0.04 0.22 1.33 0.51 137 

558 K 8.3(5) 0.68 1.79 4.4 83 22 Ml 
L <3.9 0.11 0.53 2.7 1.42 4.6 
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TABLE 4 (continued) 

Internal conversion coefficients (xlOO) 

Experiment Theory *) Deduced 
multipolarity 

EL Typety 
(keV) El E2 E3 Ml M2 

581 K 7.1(6) 0.63 1.65 4.0 7.5 19.1 Ml 
L 1.1(3) 0.10 0.47 2.3 1.27 4.1 

596 K 7(4) 0.60 1.57 3.8 7.0 17.8 Ml 
L 2.5(13) 0.10 0.44 2.1 1.19 3.7 

615 «) K 5.8(2) 0.57 1.48 3.5 6.5 16.3 Ml 
L 1.05(4) 0.09 0.40 1.84 1.10 3.4 
M 0.21(1) 0.02 0.10 0.48 0.26 0.83 

676 «) K 1.5(1) 0.47 1.22 2.9 5.0 12.4 (E2)<») 
L 0.18(5) 0.08 0.32 1.30 0.85 2.5 (El) 

701«) K 1.22(5) 0.44 1.14 2.7 4.6 11.2 E2 
L 0.27(1) 0.07 0.29 1.15 0.78 2.3 
M 0.08(1) 0.02 0.07 0.29 0.18 0.55 

745 K 2.8(2) 0.39 1.02 2.3 3.9 9.4 Ml 
L 0.91(6) 0.06 0.27 0.92 0.66 1.89 

806 K 0.98(5) 0.34 0.88 1.98 3.2 7.6 E2 
L 0.28(2) 0.05 0.24 0.71 0.54 1.50 

829 K <5.4 0.32 0.83 1.87 3.0 7.0 notM2 
833 K 1.31(9) 0.32 0.82 1.85 2.9 6.9 E2(M1) 

L 0.37(6) 0.05 0.23 0.64 0.49 1.36 
837 K 2.3(2) 0.32 0.82 1.83 2.9 6.8 E3.M1 

1027 K 0.4(2) 0.22 0.56 1.20 1.71 3.9 E1,E2 
1064 K 0.25(4) 0.21 0.52 1.12 1.56 3.6 El 
1103 K <0.4 0.19 0.49 1.04 1.42 3.2 E1(E2) 
1145 K 0.15(2) 0.18 0.46 0.97 1.30 3.0 El 
1191 K 0.32(12) 0.17 0.43 0.89 1.17 2.7 E2(E1) 

«) Values from ref. M ) . 
b ) T denotes total conversion coefficient with experimental values from intensity 

balance; 
K, L, M denote K-, L-, M-shell conversion coefficients respectively. 

c) Experimental conversion coefficients from spectra delayed relative to beam 
pulses. 

d) Other data indicate that the K-shell conversion line is contaminated; see text. 
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TABLE 5 

Configurations considered in the shell-model calculations 

Even Parity Odd Parity 

Protons Neutrons E0(keV)») Protons Neutrons E0(keV)») 

karc2 Piy2 2W 2 1740 h»22 Pi^W^ia** 1 2803 

hg^ 2 

Pi^'^ia^' 2 3866 W PW^W^lM"1 3373 

hg/22 W^iara"2 5006 W Pl/2"ltto,PM"1ilS«'1 3700 

hg^f/2 Pl/2'2*w2 2637 IW W2^*1*^"1 4270 

hft^i 1 3^ Pitf^w'^iaa'1 4412 kfl/22 PW^IM" 8 5499 

^Wiara Pi^^W^ia^'1 4962 kft/2l13/2 Pi/2*2*W2 3340 

09/2*13/2 fttf^PM^iatf1 5879 hfl/2h3/2 Vvi^v3ii2 5474 

1*9/2*13/2 fttf^Mtf8 7678 1*9/2*13/2 W ^ I M ' 2 6615 

a ) See text for definition of E 0 
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TABLE 6 

Single particle energies relative to a *̂ *Pb core 

Configuration J* Excitation anergy 
in^BidceV)*) 

R(f7/2) • a 0 4 Pb(0* 1 ) V2- 1001 
xfim)®^^) i3/ 2 + 1 5 g 2 

ji(h»2)®2WPb(2V i3/2- 881 

K(h 1 V 2)02MPb(2* 1) "/ 2- 796 

Ji(h9^)®2WPb(2+1) %* 1044 
w(h»2)®204pb(2*1) 7/2- 850 

n(hfl/2)®2WPb(4+1) "/ 2- J344 

Ji(b 9 / 2)®2MPb(4 +

1) i 5/ 2- 1168 

Ji(hW2)®2MPb(4*1) " V 1110 

K(h9^)®2°4Pb(4*1) "/2* 1194 

») Energies and assignments from refs. 2 0> 2 1) 
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TABLE 7 

Reduced transition probabilities in 2 0 6 Po 

Transition Ey Branching Mean Life Orb) 
(keV) ratio (%)•) (ns)«) 

B(EL)lc) 
e2fin2L w.u. 

8+X-+6*! 125 100 

9-x-**! 676.4 15(1) 

9 - ! ^ 8 +

2 61.8 85(1) 

llx-^10*! 237.6 93(1) 

335(6) 4.60x10* 170(3) 2.35(4) 

1520(90) 0.006 151(15) xlO- 1 0 6.7(7) x 10-" 

1520(90) 0.37 1.13(7) xlO-6 5.0(3) xlO"7 

0.7(2) 0.056 5.6(17) x 10"5 2.5(8) xlO"5 

») Data from present work 

b) The theoretical total internal-conversion coefficients a? are from Rdsel et al. 
1 4 ) . They ar<j for the pure lowest-order multipole allowed by the spins and 

parities. 
c ) The reduced transition rates B(EL) were calculated assuming that the 

8 + -> 6-*- transition is pure E2 and the others are pure El. Single particle 

estimates (the Weisskopf units) were calculated using the relation 

^-Uihl^**"-
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Figure Captions 

Figure 1: Level scheme for 2 0 6Po. The excitation energies and transition 

energies are in keV and the widths of the arrows indicate the relative 

intensities of the y-rays. Unobserved low-energy transitions inferred 

from Ehe coincidence data are shown as dashed arrows. The symbol t 

on the right-hand side indicates that the adjacent level is an isomer, 

the measured mean lives are given in table 3. 

Figured Spectra from the 7-7coincidence data'obtained with the 

Compton-suppressed spectrometers. In the upper panel is the sum of 

spectra of y-rays preceding the 701,477 and 305 keV y-rays by 190 to 

2520 ns. The lower panel shows the spectrum of y-rays which 

preceded the 615 keV prays by 190 to 2520 nsec minus the spectrum of 

those delayed relative to the 615 keV y-rays by the same time interval. 

Figure 3: Spectra obtained with the Comptcn-suppressed spectrometers of y-rays 

in prompt coincidence (± 140 ns) with the 596,1144 and 146 keV 

transitions. 

Figure 4: Relative excitation functions, normalized to unity at 70 MeV, of some 

of the more prominent 2 0 6Po y-rays. 

Figure 5: Spectra from the y-y coincidence data obtained with the HPGe and 

LEPS detectors (see table 1). In the upper panel is part of the LEPS 

spectrum in prompt coincidence with 381 keV y-rays in the HPGe 

detectors. The lower panel shows the HPGe detector spectrum in 

prompt coincidence with 39 keV y-rays in the LEPS detectors. 

Figure & Spectra obtained with the Compton-suppressed spectrometer of y-rays 

in prompt coincidence (± 140 ns) with the 183 and 212 keV transitions. 

Figure 7: Time spectra from the y-y coincidence data. 



as 

Figure & The time spectrum of 238 keVy-rays, detected in the LE?S, relative to 
the beam pulses. The upper panel shows a fit to the spectrum of a 
convolution of the prompt response function (FRF, see text) with the 
decay curve resulting from the 0.7 ns mean life deduced for the 2656.2 
keV leveLThe lower panel shows the same spectrum and the PRF 
only. ~ 

Figure 9: Spectra of internal conversion electrons in a Si(Li) detector and of the 
corresponding frays detected with a Compton-suppressed 
spectrometer. The upper pair of spectra are of electrons aad frays 
detected within the range +20 to -40 ns relative to the 1 ns-wide beam 
pulses and the lower pair are of those delayed by 40 to 900 ns relative to 
the beam pulses. 

Figure 10s Comparison of the even-parity states of 3 M Po > observed in the present 
work, with those calculated with the empirical shell model. Each set 
of shell model states is labelled by ite configuration. These labels are 
abbreviated but may be identified unambiguously with the 
configurations listed in table 5. Configuration labels marked with a 
dagger (t) are those in which the calculations involved more than two 
two-nucleon interaction energies not derived from experimental data. 
States marked with an asterisk (*) are those which, according to the 
calculations, would be yrast. 

Figure 11: Comparison of the odd-parity levels of 2 0 <Po, observed in the present 
work, with states calculated with the empirical shell model. For other 
details see the caption to figure 10. 

Figure 12: Comparison of the energies of some of the lower-lying 20*Po states 
observed in the present work with those of states calculated with the 
shell model in which 2 0 <Po is regarded as either two valence protons 
coupled to a 2 M Po core in its 0*v 2* <. and 4*i states or as four neutron 
holes coupled to a 2 1 0Po core. Likely identifications are indicated by 
dashed lines. 
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