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1. Introduction 

The light radon nuclei (Z=86, N = 126) have four protons more than found at the Z=82 shell 

closure and are close to a complete neutron shell at N=126. As such they are good cases for the 

application of the nuclear shell model, and in previous publications , J 7 ) the structure of the 

neutron-deficient isotopes has been examined within the framework of that model. In those 

publications good agreement between calculated and observed energies was attained, but 

transition strengths were reproduced only after the effect of coupling to the electric octupole 

collective excitation of the core had been included. This paper reports new experimental 

information on 2 , 1 Rn (N=125), extending the level scheme both higher in spin and further from 

the yrast line. The spectroscopic information which was acquired on weakly populated high-spin 

and near-yrast states is used, together with the results of the previously published calculations and 

with the properties of the neighbouring isotopes, to discuss the structure of the states. 

Some of the information acquired in this study has been published in a letter 5 ) which focussed on 

the properties of the high spin yrast states. This paper extends that discussion and proposals are 

advanced about the structure of the highest excited states seen. These are expected to have a spin 

close to the maximum possible from the available valence particles and holes. 

2. Experimental Procedure 

The reaction , 9 S Pt ( , 80.5n) at a beam energy of 96 MeV was used to populate high-spin states in 

- 1 'Rn. This reaction was relatively free from contaminant products, although a significant amount 

of - , 0 Rn was formed via the 4n channel. Three types of experiment were performed: a y-y 

coincidence measurement using the Compton suppressed array CAESAR 8 ) , a beam-pulse-y-ray 

timing measurement aJso using CAESAR (both CAESAR experiments used a 4.0 mg/cm2 , 9 S Pt 

enriched foil target), and an electron conversion measurement using a superconducting electron 

spectrometer 9 ) . All measurements were made with pulsed beams provided by the ANU MUD 

Pelletron accelerator. The pulses had approximately I ns duration with approximately I us 

between pulses. All timing information was with reference to the time of the beam pulse. This 
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allowed considerable flexibility in the analysis of the y-y measurement as either time differences 

between detected y-rays or their absolute times after the beam pulse could be used as selection 

criteria in off-line data analysis. 

The analysis of the y-y-time coincidence data consisted of the construction of three matrices from 

the event-mode data. A prompt coincidence matrix was made from y-ray events that were within 

24 ns of one another. An 'early' coincidence matrix was constructed which allowed the generation 

of spectra corresponding to y-rays occurring between 24 ns and 812 ns before any selected 

transition. Similarly, a 'late' coincidence matrix allowed projection of the spectrum of y-rays 

occurring between 24 ns and 812 ns after any gating transition. The data from the beam-pulse-y-

ray timing measurement were used to generate a matrix of y-ray time distributions, from which the 

lifetimes of isomeric states could be measured. 

Anisotropy information was also obtained from the singles yields measured with CAESAR which 

has six detectors placed in three pairs at ±48*, ±97* and ±145* to the beam axis. An angular 

distribution coefficient A2/A0 was determined assuming, because of the limited number of angles, 

that the coefficent A4/A0 was zero. 

Conversion electron measurements were carried out with the electron spectrometer operating in the 

'LENS" mode described by Kibedi et al 9 ) . A 2.5 mg/cm2 1 9 8 Pt foil target was placed at a :,ieep 

angle with respect to the beam. The energy resolution obtained was 2.9 keV (FWHM) at 1 MeV. 

Both a wide range measurement, covering an electron energy range of ICO keV to 1500 keV. and 

a restricted range measurement (electron energy of 450 keV to 1250 keV) were performed. The 

restricted range measurement was used to increase the number of events collected over the range 

of transition energies associated with transitions high in the level scheme. Electrons and y-rays 

(measured with a Compton-suppressed Ge detector) were recorded in event mode including their 

times relative to the pulsed beam. The relative electron-y-ray efficiency was ob'ained from source 

measurements and checked internally using the theoretical values for the conversion coefficients of 

transitions whose multipolarities had been determined previously '^). 
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The data were sorted into electron-time and Y-ray-time matrices which were transformed to correct 

for time walk in the respective detectors. Cuts from these matrices then allowed the electron-y-ray 

intensity ratios to be determined over specific corresponding time ranges. Owing to the existence 

of high-spin isomeric states in 2 1 'Rn. most of the events of interest were delayed with respect to 

the beam. Further, the presence of sequences of isomers allowed different parts of the level 

scheme to be enhanced by selecting appropriately delayed time regions. 

3. Results 

3.1. LEVEL SCHEME 

The level scheme for 2 1 ]Rn as determined in the present work is shown in figure 1. Table 1 lists 

all of the y-rays assigned to 2 I 'Rn and their relative irtensiaes and anisotropies. The level scheme 

has been extended considerably: 27 new levels have been established (in addition to 25 previously 

known). Between the 860 ns isomer at 1577.8+A keV and the 290 ns isomer at 8854.6+A' keV 

new evidence supporting previously proposed states has been acquired and new states have been 

placed. Above and feeding the 290 ns isomer, eight new high spin states have been discovered 

and the lifetime, spin and parity of the state at 9915.5+A' keV have been determined. 

Prompt (±24 ns) y-y coincidence spectra with gates set on some of the major transitions in the 

yrast cascade are show n ;n figure 2. The 569.9 keV transition is in the yrast cascade between 

isomers at 1577.8+A keV and 3926.1+A keV which have mean lives of 860 ns and 58 ns 

respectively. Therefore the spectrum gated on 569.9 keV shows other transitions in cascade 

between these isomers, the 511.5 keV. 584.2 keV and 601.0 keV transitions as well as the 

1068.9 keV transition which is in parallel with the 511.5 keV and 584.2 keV transitions. Also 

seen are transitions occurring above the 58 ns isomer since a third of the decays from this isomer 

occur within the 24 ns gating interval. 

The prompt coincidence spectrum gated on the 1319.9 keV transition (in the middle panel of 

figure 2) shows the stronger transitions below rlie 58 ns isomer at 3926.1+A keV and the three 

tiansitions immediately above the 20 ns isomer at 5246.0+A' keV, namely the 854.3 keV. 487.8 
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keV and 366.3 keV transitions. The four strongest transitions above the 41 ns isomer at 

6100.3+4' keV (1298.6 keV. 768.7 keV, 687.0 keV and 613.7 keV) are also clearly seen. Some 

weaker transitions below the 290 ns isomer at 8854.6+A' keV are seen in the prompt spectrum 

gated on 854.3 keV, the major branch de-exciting the 41 ns isomer at 6100.3+A' keV. In 

particular, the 146.8 keV, 282.9 keV, 478.0 keV, and 903.7 keV transitions are marked. 

Two early spectra (showing y-rays occurring 24 ns or more before the gating transition) are 

shown in figure 3, gated on y-rays placed consecutively in the level scheme. The early spectrum 

gated on the 854 keV transition shows transitions occurring before the 41 ns isomer at 6100.3+A' 

keV (see figure 1). The spectrum gated on the 1320 keV transition, which directly follows the 854 

keV y-ray in the level scheme, should show the transitions above the isomer at 6100.3+A' keV as 

well as any others that feed the 20 ns isomer at 5246.0+A' keV. The lines seen in the 1320 keV 

gate which do not appear in the 854 keV gate (namely the 366 keV, 488 keV and 854 keV 

transitions) are placed between the isomers at 5246.0+A' keV and 6100.3+A' keV. 

The level scheme determined supports earlier work 2 - 4 ) with the single exception of the 

1068.9 keV transition, previously placed high in the level scheme but now located between the 

25/2- and 21/2 - yrast states. An unseen 27 keV transition is required by this placement. Figure 4 

shows the spectrum obtained from a prompt gate set on the 1068.9 keV line, and the difference of 

the "early' and 'late' gates for the 1068.9 keV line. The presence in the 'early'-'late' spectrum of 

all strong lines both below the 860ns isomer and immediately above the 58 ns isomer, in 

conjunction with the absence of strong 584.2 keV and 511.5 keV lines in the prompt spectrum 

places the transition unambiguously. 

3.1.1. New states below the 6312- isomer at 8854.6+A'keV. The excitation energies of many 

previously assigned levels have been independently confirmed by the discovery of other feeding 

and de-excitation paths. The level at 2114.1+A keV is supported by the cascade of the 120.8 keV 

and 415.4 keV transitions in parallel with the 536.3 keV transition. The level within this cascade 

at 1698.6+A ke V could instead be at 1993.2+A keV if the order of the two transitions were 

reversed. 
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The previously known state at 2650.4+A keV (shown on the left hand side of figure 1) is 

confirmed by the connection to the state at 1577.8+A keV via the 1072.6 keV transition and also 

by a feeding path from the state at 3844.4+A keV. Between the states at 3426.3+A keV and 

2650.4+A keV. the lesser intensity of the 308.9 keV transition compared to the 467.0 keV 

transition between the state at 3426.3+A keV and 2650.4+A keV suggests :he cascade order 

shown on the level scheme. 

A complex pattern of interconnected transitions has been seen parallel to the yrast decay between 

the states at 5246.0+A keV and 3926.1+A keV passing through five new states at 43^1.2+A keV. 

4418.1+A keV. 4474.0+A keV, 4550.9+A keV and 4961.0+A keV. The position of the state at 

4341.2+A keV is not certain, possibly being at 4058.8+A keV if the feeding and de-exciting 

transitions were reversed. The other four states have their positions defined by multiple feeding or 

decay transitions. 

The energy of the state at 6714.0+A' keV is confirmed by two additional transitions (880.0 keV 

and 916.3 keV) feeding it. The 916.3 keV transition is in cascade with a 537.1 keV transition 

connecting to the state at 8167.6+A' keV, providing additional evidence for this state. The 

assigned position of the intermediate state in the 916.3 keV / 537.1 keV cascade is supported by a 

further feeding transition with an energy of 531.6 keV. 

The parallel paths between the states at 8328.3+A' keV and 6100.3+A' keV formed by the 

1298.6 keV and the new 903.7 keV. 1324.6 keV and 929.4 keV transitions support the positions 

of both the 7398.9+A' keV and 8328.3+A' keV L.els. The position of the level at 7004.0+A' keV 

depends on the order of the 903.7 keV and 1324.6 keV transitions which is defined by their 

relative intensities. 

3.1.2. Xew states above the f)3i2~ isomer at 8854.6+A'keV, One new isomeric state ha« been 

discovered at 9915.5+A' keV with a mean life of 13 ns as we have recently reported 5 ) . 

Transitions above the 290 ns isomer at 8854.6+A' keV were identified from the early spectra with 

gates on the ! 298.6 keV. 768.7 keV and 687.0 keV transitions. Figure 5 shows the sum of these 

gates. All lines seen in this spectrum which are also present in each of the individual spectra must 
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be placed above the 290 ns isomer in - ' 'Rn. However, most of the weaker y-rays (with less than 

159c of the intensity of the 1060.9 keV transition) could not be reliably assigned to particular 

states. The prompt gate for the 169.8 keV transition shows definite coincidences with 

339.9 keV. 896.2 keV and 952.2 keV y-rays. but the intensities observed make it unlikely that 

these y-rays feed the same 170 keV transition. The 896.2 keV prompt gate also shows a 916 keV 

line. No other coincidence relationships are seen between the unplaced y-rays. 

3.2. CONVERSION COEFFICIENTS 

Figure 6 shews out-of-beam (30 ns to 830 ns after the beam pulse) electron and y-ray spectra. 

Delayed spectra such as these were used for the determination of conversion coefficients for 

transitions following the 290 ns isomer. This renoved much of the background and a number of 

the contaminant lines that occurred promptly with the reaction. Table 2 summarizes the electron 

conversion coefficients obtained for transitions that previously were not assigned a definite 

muitipolarity (see ref') for conversion coefficients measured previously). The results arc from the 

analysis of the wide range conversion electron measurement, except for some lines observed in 

the restricted range measurement which were weak in the wide range measurement. 

In some cases a more comprehensive analysis of timing information assisted the determination of 

the conversion coefficients. The expected time distributions (obtained from the y-ray-time 

information) could be compared with the electron-time spectra, allowing the proportion of 

contaminants to the intensities of the electron lines to be determined since in general, the time 

distributions of the contaminants differed. 

3.3. SPIN ASSIGNMENTS 

J J.I. Previously Assigned States. Spin and parity assignments have been made on the basis 

of the y-ray anisotropics, conversion coefficient measurements and a consideration of the 

transition strengths. The magnitudes of the angular distribution coefficients for transitions below 

the 290 ns isomer are attenuated due to de-orientation of the nuclei, with the attenuation becoming 

severe for the lowest states. 
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For the yrast transitions below the the isomer at 8354.6+A' keV, the muitipolarity assignments ail 

support the previous measurements '). No new information was obtained on the 82 keV transition 

and ;he unobserved A and A'-A transitions since neither angular distribution nor electron 

conversion information was able to be extracted from die current experiments. The previous spin 

and parity assignments fot die non-yrast states are also supported by die current measurement. 

The AyAn ratio for the 536.3 keV transition has previously ') been measured to be -0.10(2), 

providing t.ie basis for the spin 19/2 assignment of die state at 2114.1+A keV. The angular 

distribution was more severely attenuated in die current measurement (since more population 

proceeds through the high spin isomeric states than in die previous measurement), but the earlier 

value, in conjunction widi the newly measured conversion coefficient, suggests a mixed E2/M1 

assignment for the 536.3 keV transition with a mixing ratio of d=-2.6. 

The limit on the conversion coefficient for the 502.7 keV transition indicates a multipolarity of 

either El or E2. Taken with the previous measurement of a negative A2/A0 coefficient, which 

implies a dipole transition, a definite El assignment is possible. This gives positive parity for the 

spin 23/2 state at 2650.4+A keV. and also for the spin 25/2 state at 3117.4 keV due to the 

previous characterisation ') of the 467.0 keV transition as Ml. 

In the region between the yrast states with spins 35/2+ and43/2 -, the multipoiarities of the strong 

583.7 keV. 411.1 keV. 325.2 keV and 730.0 keV transitions assigned previously ') are 

supported by the current experiments. 

The >pin 45/2 state at 5733.8+A' keV is confirmed to have negative parity with the identification 

of the muitipolarities of both its feeding and de-exciting transitions (366.3 keV and 487.8 keV) a.s 

V12 and MI respectively. Similarly, the 51/2 state a' 6714.0+A' keV has been assigned positive 

parity due to the 685.2 keV transition being identified as an M2 and the 613.7 keV transition a.s an 

VI1. The 905.4 keV transition feeding the state st 7398.9+A' keV has had its tentative M1 

assignment -> confirmed by the current measurement. 
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J.3.2. Sew States. The revised placement of the 1068.9 keV transition has been complemented 

by the measurement of its multipoiarity to be E2. thus establishing a 25/1- state at 

3216.6+A keV The coincidence relations show that this state must be fed in some manner from 

the 29/2~ state at 3243.4+A keV. implying an unobserved 27 keV transition. The ratios of the 

three branches from the state at 3243.4+A keV can be obtained from the relative intensities of the 

511.5 keV. 1068.9 keV and 979.5 keV transitions ii. the spectrum gated on the 601.0 keV y-ray. 

giving a 4.5(3) % branch through the wiser n 27 keV transition. The calculated E2 conversion 

coefficient is -4700 and this, combined with the measured mean life of the state at 3243.4+A keV 

of 3.9(8) ns 4 ) , yields a partial mean life of 410(90) ns for the 27 keV y-ray transition. This is 

close to the Weisskopf estimate of 366 ns. 

Of the new states above the 63/2 - isomer, the yrast state at 9915.5+A' keV has been assigned 5 ) a 

spin and parity of 69/2+. The two transitions above this were too weak to yield any multipoiarity 

information, but there are good reasons (based on structural arguments) for suspecting the 

1166.4 keV transition to be a dipole. This will be discussed in the next section. 

The electron conversion coefficient for the 292.6 keV transition is close to the Ml value. An E2 

admixture is possible but the anisotropy of A2/An=0.16(12) is not sufficiently precise to 

distinguish between a J-»J or J-H J - I) transition and hence the E2/M1 mixing ratio cannot be 

determined uniquely. A tentative assignment of J* = (63/2_) to the state at 9149.2+A' keV has 

been made. The alternative, a spin of 65/2, would make the state yrast and a significantly stronger 

population would then have been expected (at least equal to the population of the 65/2* state at 

9918.2+A'keV). 

The 1063.6 ke V transition is a dipole transition from its anisotropy and of E1 character from the 

electron conversion coefficient, giving the spin and parity of the state at 9918.2+A' keV as 65/2+. 

The 896.2 keV transition, which feeds 9918.2+A' keV state, is tentatively assigned as an E2 from 

the conversion coefficient only, as the low intensity of this transition prohibited a measurement of 

its anisotropy. 
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Many new states have been discovered lower in the level scheme, and spins and parities assigned 

to some. The 308.9 keV transition de-exciting the level at 3426.3+A keV has a large negative 

anisotropy and its conversion coefficient is close to. but not quite consistent with, an MI 

multipolarity (although this is a complex region of the spectrum). The 776.1 keV transition also 

de-exciting the same level has either an EI or E2 mulripolarity, giving a maximum spin for the 

3426.3+A keV state of 27/2 and a probable assignment of 27/2+ considering also the 418.0 KeV 

decay from the 31/2+state. 

The state at 3127.2+A keV is seen to be fed from the the state at 3243.4+A keV, which has a 

mean life of 3.9(8) ns 4 ) . The branching ratio, determined from the relative intensities of the 

979.5 keV. 1068.9 keV and 511.5 keV transitions in the 601 keV gate, is 1.6(2) %. However, 

the non-observation of a 116 keV transition in this gate implies a conversion coefficient of at least 

10 for such a transition and hence a multipolarity of M2. E3 or higher. The partial y-ray mean life 

for a 116 keV M2 transition from the state at 3243.4+A keV is 14(3) us, while that for an E3 is 

24(6) us. The Weisskopf estimates are 60 \is and 2.3 s for M2 and E3 mukipolarities 

respectively. A 116 keV E3 transition would thus require an excessive enhancement over the 

single-panicle E3 strength found in this region and can therefore be eliminated. Only the M2 

possibility remains with a strength four times the Weisskopf value. Even for favoured M2 

transitions (usually 0.5 - 1.0 W.u.i. ;his is still a relatively large value which would require 

explanation. It is more probable that the 3I27.2+A keV state is fed by a sequence of two or more 

unobserved lower multipolarity transitions. 

In the region spanned by the i 319.9 keV E3 transition connecting the 5246.0+A keV arul 

3926.1+A keV states, there are ,ix n?w levels, three of which have bee*i assigned spins. The state 

at 4474.0+A keV is de-excited by a strongly anisotropic 548.0 keV transition with a conversion 

coefficient consistent with an Ml n>ultipoIarity, so the level is assigned as 37/2*. Tlie 772.1 keV 

transition is then almost certainly M2 (however, no multipolarity information is av-ulable) as will 

be discussed in the next section. The anisotropy of the 278.1 keV transition indicates a stretched 

dipole and hence a spin of 37/2 for the state at 4961.0+A keV. Similarly the sta'e at 5160.3+A 

keV is assigned a spin of 41/2 due to the negative A2/A0 of the 239.4 keV transition. 
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Higher ii. th^ scheme, the state at 6578.3-"- '̂ keV is fed by a 136.1 kcV transition which from its 

total conversion c jfficiei* has El multipoiariry, giving a spin and parity of 49/2~ for the state. 

The 478.0 ke V transition which follows is probably an M2/E1 J—»J mixed transition with a small 

quadmpoie admixture to be consistent with the negative A2/A0 coefficient observed (the 

conversion coefficient for the transition could not be reliably determined due to the intensity being 

rather weak and because or us position in a complicated region of the spectrum). 

The 880.0 keV transition which feeds die 51/2* stale at 6714.0+A' keV is assigned as an MI 

from the current data, giving the spin of the 7594.0+A' keV level as 53/2*. The 903.7 keV 

"ansition which feeds the 49/2+ state at 6100.3+A' keV is also an Ml, leading to a spin and parity 

of 5I/2+ for the level at 7004.0+A' keV. The anisotropy for the 1324.6 keV transition which 

feeds that state constrains it to be a dipoie. 30 the 8328.3+A' keV level must have a spin of 53/2. 

Negative parity for this level is then given by the Ml assignment of the 929.4 cansirion which 

connects it to the 55/2- state at 7398.9+A' keV. 

4. Discussion 

The structure of the yrast states in 2 I 1 R n has been detailed in previous publications. The 

characteristics of states which do not involve core excitations are well reproduced by shell model 

calculations '). Semi-empirical shell model calculations, which explicifly include the panicle-

vibration coupling to the 5~ octupoie phonon are imperative to describe the core-excited states well 

3.5.10) i n t n c high-spin region the structure of the states should be relatively simple due to the 

limited possibilities in forming states of the required angular momentum with the available valence 

panicles. In this section the structure of some of the near-yrast states below the 63/2" isomer, and 

the structure of the newly-discovered states above it. is discussed. Table 3 gives a summary of the 

configurations assigned to states in - 1 'Rn incorporating previous work and the new results. 

4.1. STATES BELOW THE 63/2" ISOMER AT 8854.6+A' KEV 

The possible structure of the 10 ns isomeric state at 2650.4+A keV has been commented upon 

previously 4 ) and with the assignment of even parity to the state, the suggested configuration of 
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|rc<hy/23 i13/2> 11- v<Pl/2',)l23/2+ i-s supported. This is structurally similar to the isomeric 11~ 

states in 2 1 0 Rn 6 ) and 2 , 2 Rn 7 ) at 2563+A keV and 2761+A keV respectively. Each of these states 

decay primarily by an El transition, and in 2 1 0 Rn and 2 1 1 Rn a competing branch is also seen, as 

the partial level schemes given in figure 7 show. In 2 1 0 Rn this competing transition has been 

assigned as an E3 by its electron conversion coefficient value in conjucdon with the 

(independently) assigned spins of its initial and final states. For the case of 2 l 2 Rn, an E3 decay of 

equal intensity to the El branch was seen by Lonnroth etal u), but was not observed . the 

measurement by Stuchbery et al 7 ) . Table 4 gives the transition strengths for the decay of these 

states. The similarity of the states in the different isotopes, seen from the similarity of the decay 

patterns, is apparent. 

The 10+ state at 2377+A keV in 2 I 0 Rn has an Ml de-exciting branch which is followed by a 

M1/E2 mixed transition. The tentative assignment of M1/E2 to the 536.3 keV transition de-

exciting the 19/2(~) level at 2114.1+A keV in 2 1 , Rn provides evidence that the structure of that 

level corresponds to that of the 9"* level at 2266+A keV in 2 l 0 Rn, dominated by the maximal 

coupling of a neutron-hole to a 7t(h9/24)s component. Shell model calculations') support this, 

with the configuration assigned u*:ne K(hg/24)& v(f5/2'1). 

Further non-yrast states caused by occupation of higher energy neutron-hole orbitals exist above 

the 23/2+ level at 2650.4+A keV. The 467.0 keV Ml transition from the 25/2+ state at 3117.4+A 

keV is analogous to the 547.5 keV transition between the 12 - and l l - states in 2 , 0 Rn. 

Immediately above these transitions there exists an 308.9 keV Ml transition in 2 l 'Rn and a dipoie 

294.3 keV transition in 2 I 0 Rn. Competing with these transitions are less intense transitions which 

are probably E2 in character. The 25/2+ state and the state above are formed by the partial 

alignment of a neutron-hole with the proton configuration (hg^ in/2) as can be seen by 

comparison with calculations made for 2 I 0 Rn 6 ) . 

The 29/2" state at 3243.4+A keV was previously identified ') as arising from the 

7t(hg/23 f7/2)M+ v(p 1/2'') configuration. The non-yrast 25/2~ state at 3216.6+A keV to which it 

decays by a 27 keV E2 of strength -1 Weisskopf unit (see section 3.3.2) is probably from the 
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pi/2"1 neutron-hole coupled to a 12+ proton state arising from mixed n(hgp} f7/2)i2+ and 

Tt(h9/24)i2+ configurations. The observed separation of the 14j + and 122+ core states in 2 , 2 Rn 7) 

is 70 keV. 

The region between yrast spin 31/2 and 43/2 in 2 , 1 Rn is complicated due to the competition of 

states based on the (h9/22 ii3/22) and (h9/22 io/2 f7/2) proton configurations. The partial or full 

alignment of a neutron-hole to these states adds further complexity. The main decay of the 41/2~ 

state at 5246.0+A keV proceeds by a proton i 13/2 to I19/2 transition, enhanced by coupling to the 

octupole vibration3-12). The competing decay is very fragmented, proceeding mainly via low 

multipolarity transitions. 

Higher in the level scheme E3 transitions are a significant fear x of the structure 1- 2- 3). These are 

enhanced in strength by the coupling of the in/2 -* f7/2 proton and j 15/2 -»g9/2 neutron 

transitions to the octupole mode of the core 3 - 1 0 ) . Two M2 transitions of 685.2 keV (from the 

7398.9+A' keV state) and 366.3 keV (from the 6100.3+A' keV state) with strengths of 0.6 (1) 

and 0.25 (3) Weisskopf single-particle units respectively are seen in competition with these E3 

transitions (see table 2). These can be associated with a neutron J15/2 —> ii 1/2 transition after 

considering the wave functions given by Poletti etal , 0 ) . Empirical shell model calculations were 

made for the states involved and the results were consistent with the dominam configurations for 

the final states at 6714.0+A' keV and 5733.8+A' keV being [rc(h9/23 i 13/2> 17— v(ii 1/2) vo_2|45/2-

and [K(h9/22 ii3/22)20+ V ,M 1/2) vO - 2l5l/2 +- Both M2 transitions are followed by Ml transitions 

which, from the configurations given in table 3, correspond to neutron in/2 -+ g9/2 decays. This 

type of competition to E3 transitions between core-excited states is also expected in 2 I 0 Rn and 
2 , 2 Rn: however there is less infcrmation on high-spin non-yrast states in these cases. A possible 

example is the 416 keV / 426 keV cascade in parallel with an 842 keV E3 transition between the 

states at 7310+ A keV and 8469+A keV in 2 , 0 Rn 6 ) but the multipolarity of these cascade 

transitions has not yet been determined. 
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4.2. STATES ABOVE THE 63/2" ISOMER AT 8854.6+A KEV 

Eight new states that feed the 63/2~ isomer at 8854.6+A' keV have been discovered. In order to 

clarify the structure of these states, semi-empirical shell model calculations have been made, 

yielding excitation energies of the states expected to lie in this region. In some cases the 

contribution of the coupling to the octupole mode of the core (the MPOC model) 5 1 ° ) have been 

included. In this section the results of the calculations are compared with experiment. 

A detailed wavefunction for the 63/2 _ isomer, which involves a double neutron core-excitation, is 

given by Poletti et al 1 0 , . The diagonalization of the complete (13x13) matrix for this state 

yielded a set of levels, the lowest two of which are predicted to be at 8882 keV and 9176 keV ' 2 ) , 

a difference of 294 keV. The observed state at 9149.2+A' keV de-excites to the 63/2- isomer via 

a 292.6 keV M1 or M1/E2 transition. The 9149.2+A' keV state therefore may be a member of the 

63/2 _ "family". If it were, an E3 transition comparable in strength to the 687 keV transition is 

expected from the 9149.2+A' keV 63/2- state to the state at 8167.6+A' keV. Thus one expects an 

E3 partial mean-life of 12 ns for the 9149 2+A' keV state. Experimentally a limit of Tm £ 5 ns is 

observed for this state and the E3 decay appears to be bypassed by a much faster Ml decay to the 

lower 63/2~ state. Such a decay is consistent with the proposition that both 63/2" states arise from 

the same intrinsic configuration. (The Weisskopf estimate for this Ml is of the order lO - 3 ns: and 

even l-forbidden M1 decays in this region are retarded by only 100). 

The configuration of the 63/2- isomer at 8854.6+A' keV can be described approximately5) by 

| K( h 9/2 2 T13/22 )20+ V( I9/2 ill/2 t'5/2""1 )23/2~ v^ Pi/2"2)0+ 163/2-

where the tilde indicates a coupling to the octupole mode of the core. There is only a limited 

number of ways :.. thieve higher spin states simply (i.e. with single-particle type excitations) 

without invoking further core excitation. The basic mechanisms forming yrast and near-yrast 

states are: 

a) change of proton configuration from JT(h2 i2)2o+ to 7i(h i 3 )2 i - . 

b) change of neutron configuration from v(g i)in+ to v(g jy;2-, vfi j)i3-, or v(j2)|4+. 

o the maximal coupling of the fs/2 neutron-hole. 
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d) excitation of the i 13/2 neutron-hole in place of the fs/2 neutron-hole. 

e> the breaking of the neutron-hole pair to, for example. v(p-' f*')2j 

Mechanism a) is generally not effective as the excitation occurs at a cost of approximately 

1.7 MeV for only one unit of spin gained. Neutrons are active structural components in this 

region, so mechanism b) is a favoured way of forming higher-spin states. However, the coupling 

of the neutron J15/2 —*" g9/2 transition to octupole vibrations is important when considering these 

states as will be commented on below. The fs/2 neutron-hole is already present in many yrast 

configurations as (f5/2)3/2 and full alignment of this component (mechanism c), normally costing 

between 500 keV and 1 MeV, may create yrast states in the high spin region where there are few 

alternatives. The excitation of the ii3/2 neutron-hole, mechanism d), is expensive in energy 

(typically 1-1.5 MeV), but allows very high spin states to be formed. However, these states may 

be difficult to observe as low-multipolarity single-particle decays are forbidden from this orbital. 

Experimentally we have no evidence for high-lying, long lived isomers. The final possibility 

given above, the breaking of the neutron-hole pair, is included in the calculations discussed 

below. Taking the two most effective mechanisms above, namely b) and e), the maximum spin 

obtainable is 77/2 from the configuration n(h2 i2)2o+ v(j2)j4+ v(f-2p-')9/2- . 

The semi-empirical shell model has been used to calculate the energies of yrast and near-yrast 

states above the 63/2* isomer based on these mechanisms and the results of these calculations are 

shown in figure 8. along with the states observed in this energy region. Also shown are the 

results of MPOC calculations 5.10.12) f o r t n c isomeric 63/2- and 69/2 + states at 8854.6+A' keV 

and 9915.5+A' keV respectively. (Note that the MPOC calculations yield a family of states, e. h 

of the same spin and parity). 

In the semi-empirical shell model calcuk'ions the effect of the particle-vibration coupling to the 

(Ktupole mode has not been explicitly vonsidered in most cases, as the use of empirical two-

nucleon matrix elements implicitly includes this effect. However, states involving the (g9/2 J15/2) 

neutron pair (included in b) above) must receive special consideration. In states where this pair is 

maximally coupled, the octupole-coupled g9/2 component of the empirical j 15/2 wave function is 
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completely blocked, causing the effective interaction between these nucleons to be significantly 

more repulsive than otherwise expected from empirical interactions 3 « 1 0 ) . An explicit treatment 

including the octupole vibration coupled components of the wave function is required in these 

cases. The interaction between the neutrons in this state and the ij3/2 proton is also affected, 

leading to more repulsive interactions (particularly in maximally aligned cases) and increased 

excitation energies. For these reasons the relative excitation energies of the states involving the 

(g9/2 J15/2) neutron pair in 2 1 JRn are 1 MeV or more higher than states it is naively competitive 

with. e.g. those involving the (i\ 1/2 JI5/2) neutrons. Therefore the (g9/2 J15/2) states are not close 

to being yrast and are not shown in figure 8. 

Above the 63/2- isomer, there is only one likely configuration for the 65/2 + state at 

9918.2+A' keV. This configuration has the same components as that for the isomeric 69/2+ state 

at 9915.5+A' ke V but coupled to a lower total angular momentum. There is also only one positive 

parity 69/2 state (based on the same configuration) calculated near the tentatively assigned state at 

10814.4+d'keV. 

The isomeric state at 9915.5+A' keV has been discussed in a previous letter 5 ) . An MPOC 

calculation for this state yields the observed energy and de-exciting transition strength precisely. 

In figure S. there are three calculated 71/2 states close to the states observed at 11034.6+A' keV 

and 1I083.9+A' keV. Confirmation of the observed states' spin and measurements of the parities 

would help to distinguish between the possibilities. Note also that there is only one calculated state 

(formed by the breaking of the neutron-hole pair to p-' f 1 ) with a spin of greyer than 71/2 within 

one MeV of the state observed at 11234.1+A' keV. 

Finally, states based on the excitation of the i 13/2 neutron-hole (mechanism e above) appear ai 

energies in excess of 12 MeV. as shown in figure 9. Competition with these configurations can 

be expected from a third core excitation. For example, the energy of the 73/2- triple core-excited 

state 7t<h: i :t v(i g : ) v(f-- p-2) is calculated to be 12086 keV. 
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5. Summary and conclusions 

The level scheme of 2 n Rn has been established to a spin of 69/2+ for yrast states and many near-

yrast states have been observed. In considering the non-yrast states below spin 31/2, a similarity 

between the level schemes of the isotopes 2 I J Rn, 2 1 1 Rn and 2 1 2 Rn is noted. This is the result of 

the valence protons being the most active structural components in this region. In 2 1 0 Rn and 
2 1 'Rn. the partial alignment of neutron-holes also leads to states which are structurally similar. 

Higher in the level scheme, M2/M1 cascades compete with strong E3 transitions. Configurations 

can be assigned to the intermediate states by noting that the neutron j 15/2 -+ g9/2 (octupole-

coupled) transition which gives rise to the E3 strength can proceed alternatively by j 15/2 —̂  i 11/2 

and i 11/2 —* g9/2 transitions in series. 

For states above the 63/2- isomer, semi-empirical shell model calculations have been made for all 

yrast and near-yrast states expected to occur before the next core excitation. Empirical 

configurations are suggested for those states whose spin and parity has been determined 

experimentally. The calculations indicate that the highest spin expected below 12 MeV (the energy 

predicted for a third core excitation) is 73/2 and a candidate for such a state is observed. This 

value is close to 77/2. the maximum reasonable spin available from the valence nucleons. To date, 

no high spin states involving the i 13/2 neutron-hole have been observed. 
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Figure Captions 

Fig. 1. Level scheme of 2 l JRn determined in this and previous works I ' 2 - 4 ) . The width of the 

arrows represents the y-ray intensity observed. Where the y-ray energy is enclosed in 

parentheses the transition was not observed, bur the existence of a decay path is 

required by the coincidence data. The positions of levels shown with dotted lines is 

uncertain as the order of the feeding an de-exciting transitions may be reversed. Mean 

lives are shown to the right of the level energy. 

Fig. 2. Representative prompt spectra for some yrast cascade transidons. 

Fig. 3. Early spectra for two yrast cascade transidons, showing transidons occurring above the 

isomers at 5246+A' keV and 6100+A' keV. In the top panel, the 487 keV line is a 

contaminant. 

1 

J 

1 

Fig. 4. Spectra showing y-rays coincident with the 1068.9 keV transition. The top panel shows 

y-rays occurring within ±24 ns. The bottom panel is a composite spectrum obtained 

from subtracting the spectrum observed to be late with respect to the gating transition 

from that observed to be early. Here "early" corresponds to a time range from 24 ns to 

812 ns before the gating transition, and "late" to die same range after the gating 

transition. See text for further discussion. 

Fig. 5. The top panel shows a sum of early spectra (gated on the 1299 keV. 769 keV and 687 

keV y-rays) showing transitions above fhe 290 ns isomer. Only those lines common to 

the three component spectra are labelled (the contribution of a contaminant from a 685 

keV line in 2 0 8 Po has been removed by subtracting the early gate of a coincident 

transition in - 0 8Po). The middle and lower panels show background subtracted prompt 

spectra for the 1061 keV and 1166 keV transitions, showing the clear relationship 

between the transitions and the 150 keV line. (The 407 keV peak seen in ail three panels 

is from remnant random coincidences with the l 9 8 Pt Coulomb excitation line.) 

!• 
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Fig. 6. Totalised spectra for the y-rays and conversion electrons. The electron spectrum has 

been shifted so that the K-shell transitions in radon align with the corresponding y-ray. 

Fig. 7. Partial level schemes of 2 1 0 Rn and 2 1 IRn. See text for discussion. 

Fig. 8. Excitation energies of states observed above the 63/2~ isomer compared to those 

calculated with the MPOC and semi-empirical shell models. For the semi-empirical shell 

model calculations, the energies have been adjusted downwara by 270 keV so that the 

calculated 63/2~ state is at the same energy as the observed state. 
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Tabic I: Gamma-rays observed in 2 1 'Rn. 

Energy (keV) a) Intensity Mulupolarity A2/A0 Initial State (keV) 

81.7 55 (8) E2 3926.1+A 
113.9 1 (0.2) d) b ) 
119.6 235 (11) E2 -0.04 (3) 1577.8+A 
120.8 1.5 (0.5) d ) 1698.6+A c e ) 
132.7 7 (2)d) 0.02(19) 4474.0+A c ) 
132.8 1.4 (0.6) d) 4550.9+A 
136.1 15 (5)d) El -0.20 (9) 6714.0+A' 
146.8 5 ( D d ) DO -0.22(12) 8758.0+A' c) 
15U.2 1.4 (0.3) <») 11234.1+A' <-') 
169.8 1.2 (0.3) d) b ) 
220.2 1.3 (0.4) d) 11034.6+A' 
239.4 13 (1) DO -0.22 (6) 5160.3+A «=) 
278.9 10 (2) d ) DO -0.19(6) 5239.8+A 
282.9 5 (2)d) DO -0.35(11) 8611.2+A' c) 
292.6 8 ( D d ) (Ml) 0.16(12) 9149.2+A' 
308.9 7 (2) d ) Ml -0.41 (23) 3426.3+A 
325.2 220 (20) El 0.10(2) 5246.0+A 
339.9 2.7 (0.6) d ) b ) 
366.3 27 (3) M2 0.30 (9) 6100.3+A' 
410.7 20 (4)d) 4961.0+A 
411.1 137 (35) Ml -0.07 (5) 4920.9+A 
415.1 23 (5)d) 4341.2+A 
415.4 6 (3)d) 2114.1+A ti 
418.0 18 (3) 3844.4+A 
430.0 3.6 (0.4) d) ") 
467.0 31 (2) Ml -0.33 (7) 3117.4+A 
478.0 30 (2) (M2/E1) 0.40(12) 6578.3+A' 
487.8 58 (5) Ml -0.33 (6) 5733.8+A' 
492.0 8 (2)d) 0.13(11) 4418.1+A 
502.7 47 (3) El -0.03 (7) 2650.4+A 
511.5 700 (10) E2 0.16(2) 3243.4+A 
531.6 5 (1) 8161.9+A' 
536.3 158 (4) (E2/M1) 0.02 (5) 2114.1+A 
537.1 11 (3) 8167.6+A' 
539.9 1(300 E2 0.15(2) 539.9 
548.0 47 (10) Ml -0.64 (1, 4474.0+A 
569.9 709 (9) E2 0.14(2) 2147.7+A 



Energy (keV) a) Intensity Multipolarity A2/A0 Initial State (keV) 

584.2 709 (13) E2 2731.9+A 
601.0 674 (9) El -0.09 (3) 3844.4+A 
613.7 73 (1) Ml -0.90 (6) 6714.0+A' 
624.7 8 (2)<») 4550.9+A 
630.6 38 (2) 0.38 (18) 3874.0+A c ) 
685.2 40 (2) M2 0.28 (13) 7398.9+A' 
687.0 128 (4) E3 0.10 (4) 8854.6+A' 
730.0 120 (2) El -0.10(4) 5239.8+A 
732.2 2.3 (0.5) d) b ) 
758.3 10 (2) 8925.9+A' 
768.7 160 (3) El -0.10(3) 8167.6+A' 
772.1 11 (4) 5246.0+A 

73.1 7 (4) 9627.7+A' 
776.1 11 (1) (E2) 0.12 (14) 3426.3+A 
854.3 442 (7) E3 0.21 (3) 6100.3+A' 
880.0 22 (2) Ml -0.28(13) 7594.0+A' 
896.2 6.1 (0.8) d) (E2) 10814.4+A' 
903.7 54 (3) Ml -0.44 (7) 7004.0+A' 
905.4 35 (4) Ml -0.97 (10) 8304.3+A' 
916.3 32 (3) 7630.3+A' 
916.5 3.6 (0.8) d) b ) 
918.3 979 (7) E2 0.10(2) 1458.2 
929.4 25 1) Ml -0.77 (7) 8328.3+A' 
952.2 4 l)d) *) 
979.5 30 D d ) 0.13 (8) 3127.2+A 
994.7 33 1) (E2) -0.14(9) 4920.9+A 

1034.9 10 1) (D) 0 -0.32 (22) 4961.0+A 
1060.9 31 1) E3 0.45 (9) 9915.5+A' 
10o3.6 14 1) El -0.37 (18) 9918.2+A' 
1068.9 38 1) E2 0.23 (8) 3216.6+A c ) 
1072.6 1.4 0.5) <*) 2650.4+A 
1156.0 3.4 0.6) d ) ") 
1166.4 6 4 ) d ) 11083.9+A' «=) 
1298.6 215 ( 2) E3 0.27 (3) 7398.9+A' 
1319.9 255 ( 2) E3 0.23 (3) 5246.0+A 
1324.6 13 ( 2) (D) 0 -0.58(15) 8328.3+A' 

a ) Uncertainties in y-ray energies are of the order of 0.2 keV. 
h ) Transition is unplaced in the level scheme but must be above the isomer at 8854.6+A'. 
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c ) Placement is ambiguous, see figure 1. 
(1) Intensity estimated from coincidence measurement. 
c ) The position of the level is uncenain as the order of the feeding and de-exciting transitions may be 

reversed. 
f) D - Dipole. 
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Table 2: Conversion coefficients and multipoianries determined from the current experimentu). 

E(keV) Type Experiment Assigned Theory 

136.1 T 0.5(3) El 0.2 
146.8 T 0.2(5) El 0.2 

or 1.1 (6) 
292.6 K 0.55 (8) (Ml) 0.55 
308.9 K 0.8(1) (Ml) 0.5 
366.3 K 1.0(1) M2 0.9 

L 0.24 (2) 0.22 
M 0.08 (1) 0.06 

487.8 K 020(1) Ml 0.14 
502.7 K <0.04 El El: 0.009 

M1:0.I59 
536.3 K 0.032(4) (M1/E2) MI: 0.108 

E2:0.02'. 
548.0 K 0.15 (5) Ml 0.10 
613.7 K 0.11(2) Ml 0.08 

L 0.046(9) 0.010 
685.2 K 0.19(4) M2 0.14 

L 0.07(1) 0.03 
776.1 K <0.01 (E2) EI: 0.005 

E2: 0.01 
880.0 K 0.028(3) Ml 0.030 
896.2 K 0 012(3) (E2) 0.008 
903.7 K 0.044(4) Ml 0.028 

L 7.008(1) 0.005 
905.4 K 0.033(5) Ml 0.028 
929.4 K 0.032(5) Ml 0.026 

L 
994.7 K 0.0082(6) E2 0 0065 

1060.9 K O.oi:? (7) E3 0.0124 
L 0.0033 (3) 0.0036 
M 0.0011 '2) 0.0009 

1063.6 K 0.004(2) El 0.002 
1068.9 K 0.0063(14) E2 0.0057 
1324.6 K <0.0o 

a) See re: ' > for transitions previously detemvned. 



Table 3: Table of nominal configurations a ) for sates in 2 l IRn. 

Energy (keV) J* Nominal Configuration a ) 

0.0 1/2- jed^Jo+vp- 1 

539.9 5/2- Kd^Jn+vf-' 

1458.2 9/2- Kd^M+vp- 1 

1577.8 13/2- j c d ^ ^ + v p - l 
1577.8+4 17/2- J t f h ^ v p - ' 

(1698.6+4) (I5/2-) Ttfh^s+vp- 1 ? 
2114.1+4 19/2H j c d i ^ g + v f i 
2147.7+4 21/2- itdi^jg+vf-i 
2650.4+4 23/2+ ) t (h3i ) , 1 -vp-J 
2731.9+4 25/2- i c (h 4 ) i2+vp- 1 

3117.4+4 25/2+ ic( h 3 i )u-vf-' 
3127.2+4 (25/2+) mh 3i)io--vf- 1 ? 
3216.6+4 25/2- JC( h 3 f >|2+ v p-' ® *( h 4 )i2+ v p-' 
324J.4+4 29/2- Jt( h 3 f ) i4+Vp-' 
3426.3+4 27/2+ Jtrh3i) , i -vf- 1 

3844.4+4 31/2+ jt(h 3 i ) i 5 - v p - ' 
3874.0+4 
3926.1+4 35/2+ n( h 3 i ) i7 -vp- ' 

(4341.2+4) 
4418.1+4 
4474.0+4 37/2+ 1 rt< h 3 i ) | 7 - v f ' 

J JC( h 3 i ) | 6 - V f'l 4509.8+4 37/2+ 
1 rt< h 3 i ) | 7 - v f ' 
J JC( h 3 i ) | 6 - V f'l 

4550.9+4 
4920.9+4 39/2+ Jl( h 3 ! )|7-Vf"l 
4961.0+4 37/2 1 K( h 2 i f ) , 7 - v f - l n 

J ret h 2 i f )18- v M 5160.3+4 41/2 
1 K( h 2 i f ) , 7 - v f - l n 

J ret h 2 i f )18- v M 
5239.8+4 39/2- rc< h 2 i 2 ) i 9 + v p ' 
5246.0+4 41/2- K( h 2 i 2 )2o+vp-' 
5246.0*4' 43/2- K( h 3 i M7-vg( p' 2 )o+ b ) 
5733.8+4' 45/2- K( h 3 i ) j 7 - v i ( p-2 )o+ 
6100.3+4' 49/2+ 7t( h 3 i )|7- v j ( p-2 )o+ €> W h 2 i 2 )2o+ v g ( p- 2 ) 0 + ") 
6578.3+4' 49/2-
6714.0+4' 51/2+ Ki h 2 i 2 )20+ v i ( p- 2 ) 0+ 
7004.0+4' 51/2+ JT( h 2 i f ) 1 R _ v j ( p - 2 ) 0 + ? 
7398.9+4' 55/2- Jt( h 2 i 2 )20 + v j * p- 2 )o+ b ) 



Energy (keV) J* Nominal Configuration a ) 
7594.0+A' 53/2+ Ji(h2i2) 2 0 +v( i f - 1 p-» ) or JI( h 2 fi ) 2 u + v ( g f-2 ) ? 
7630.3+A' 
8161.9+A' 
8167.6+A' 57/2+ j t ( h 3 i ) i 7 - v ( g i f - i ) ( p - 2 ) o + b ) 
8304.3+A' 57/2- Ji(h2j2) 2 0 +v(jf- 1 p- 1 ) or Ji(h 2 i2)2o+v(jf-2) ? 
8328.3+A' 53/2- n( h 2 i 2 )2Q+ v j ( p - 2 ) 0+ or 7i( h 2 i2 ) 2 0 + v ( j f-' p-2) ? 
8611.2+A' 
8758.0+A' 
8854.6+A' 63/2- 7 t ( h 3 i ) 1 7 - v ( j i f - > ) ( p - 2 ) o + ® 

Jt (h 2 i 2 )2o+v(g i f - i ) (p-2)o+ b) 
8925.9+A' 
9149.2+A' (63/2)- 7t (h3 i ) 1 7 -v ( j i f -« ) (p- 2 )o+ <8> 

* ( h 2 i 2 ) 2 0 + V ( g i f - I ) ( p - 2 ) 0 + b ) 
9627.7+A' 
9915.5+A' 69/2+ Jt(h 2 i 2 )20+v(j i f - l )(p" 2)o+ 
9918.2+A' 65/2+ 7t (h 2 i 2 )2o+v( j i f - i ) (p - 2 )o+ 

10814.4+A' (69/2+) rt(h2i2)20+v(jif-l)(p-2)0+ c ) 
11034.6+A' (71/2) 1 n( h 2 i 2 )20+ ® c\ 
11083.9+A' (71/2) J v( j i f'1 p ' 2 ) or v( j 2 f"1 p - 2 ) or v( j i f-2 p- 1 ) ) 

11234.I+A' (73/2) 7C( h 2 i 2 )20+ v (j i f-2 p - l ) c) 

a) The leading configuration(s) in the wave functions are given. For protons h s h9/2. 
i s ii3/2. f = fi/2- For neutrons, g s g9/2, i a in/2, j * J15/2 and for neutron-holes 
P s PI/2"1- f s f5/2"'. 

b) For detailed wavefunctions, see ref , 0 ) . 
c) Possible configurations based on tentative spin given. 



Table 4: Selected transition strengths in 2 1 0 Rn a ) , 2 1 *Rn b ) and 2 1 2 Rn c ) . 

Nucle s If-»Ii Energy (keV) B(EL) (e2fm2L) 

E3 

2iORn 11-->KK 185 8.2 x 10-7 

2HRn 23/2+^21/2- 503 5.0 (3) x 10-7 

2* 2Rn 11--+10+ 106 4.7 (2) x 10-5 

2">Rn 11--+8+ 897 7.7 x 103 
2HRn 23/2+ -> 17/2- 1073 3 ( l ) x 103 
2* 2Rn l l - - > 8 + 1067 <») < 8 x 103 e) 

a ) From 4 ) , no errors quoted. 
b ) Lifetime of state at 2650.4+A keV from !), branching ratios from this paper. 
c ) From 5 ) . 
d ) Transition not observed experimentally. 
e ) Limit from limit on y-ray intensity. 
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