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Figure 5.9: (a) Total projection of data coll ect d during the 136XC + 232Th exprriment. 

The dominant gamma-ray peak belong to Coulomb-excitrc\ 232Th (markrd 'Th') and nuclei 

produced in fusioll-evaporation of 136Xe and 160 in the target (markeel 0 '). (b) , aml1la­

ray spectrum showing tran ition in 226n a produced in the 13GXe + 232T h rrad,ioll . T he 

spectrum i in coincidence with the + to G+ trail ition in 226n a. Transit.ions frolll t he 

ground state balld in 226Ra arc marked ill t he figure. ontamillant t rail . itioll s arc also 

pre ent. 
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Figure 5.10: Target-like nuclei populated in the 56Fe + 232Th reaction. Numbers marked 

in the figure represent production yields (a value of 100 approximately corresponds to a 

cross-section of 1 millibarn). Nuclei marked with black dots were recognised in the data set 

but yields for these nuclei could not be determined. 
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but yield measurements for these nuclei were not obtainable. Uncertainties associated 

"'ith these' ~alu~s" ~r~ as large as 40% for s~~e in-beam' me~su~ements and 25% f~r ' 

the out-of-beam measurements. A yield value of 100 corresponds app~~~i~~tely to a 
, . " ~ 

cross-section of 1 millibarn. This was deduced by measuring the cro~s-section of Cou-
. ' 

lomb excitation of the 2+ level in 232Th. The correspondi~g projectile-like transfer; 
.<-,' 

products and their yields are shown in Figure 5.11. :Also shown are fission products. 

Nuclei shaded grey are populated by the compound-nucleus reaction of 56Fe on 160 ' 

contamination in the 232Th target and the letter 'P' marked in the figure represents 

the 56Fe projectile. The solid, thick, black line displays the neutron-rich edge of {3- ; 
J , " '. ' ,:; .... o' • "' .-~ ,~\ 

stability which shows that many products of the transfer process are neutron-rich .. 

The dashed li~es on figure 5.10 and figure 5.11 mark the value of' NjZ' ~f th~ s6Fe ' 

+ 2~2Th 'c~mposite system (= ~~~). The population of nuclei by the deep-inelastic' 

transfer of nucleons in this system is dictated by the mass and charge equilibration ' 

processes, whereby the neutron-to-proton ratio of the popul.ated nu~lei ~ends to that, .. 

of the composite system [Freiesleben 84]. One may o~se~~~ ashift in population to . 

the left of the dashed lines due to neutron evaporation from excited primary products. ' 

I t is reasonable to assume that most of the yield for the nuclei in the 32 ;$ Z ;$ 60 

region arises from fission. For these 'products the extracted yields of nuclei deduced; 
. , 

fro~ ~ut-of-beam mea~urement's were found to be systematically thr~e -ti'me~ large~ 

than those for even-even ~uclei obtained from in-beam measurements. No such dis­

crepancy existed in the region of the transfer products. It is reasonable to conclude 

from this that ,'in ~easuring the in-beam coincidence intensity of the low-lying yrast 

transitions (~sually 4+ to 2+ 'and 2+ to 0+) we are neglecting approximately ~ of the 
" .... ~. ,". . - , 

, production cross-section of even-even nuclei in the fission region. This suggests that 

the fissi~n products are populated at low spin, with direct population of the ground 

or first excited states being the most common excitation path. 

Fi~ure 5.12 shows the mass distribution of ~uclei . populated 'in the 56Fe + 232Th 
- :' ' > : ' :' • , 

reaction. This was obtained by sumIIling production yields for each mass number and 

performing a linear interpolation between values for isobars with yields that were un~ 
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Figure 5.12: Population inten ity as a fun ction of mass number for nu lei populated ill 

the 56 Fe + 232Th reaction. Thi wa obtained by umming produ -t ion yields for differ nt 

mass number while in terpolat ing between yi lei values for isobar with yi Id s that 'ollid 

not be determined. The yield of mass numbers 56 and 232 are not shown as they are too 

large. 

able to be determined. Uncertainties ari e from the error a sociat c1 with individual 

yield values and the error attributed to t h interpolation betwC'cn th se value .. Yield 

values for mass numb r 56 and 232 are not show11 a they are too largc. The error as­

sociated with the yield of mas number 231 i high as this yield ou ld not bc m '{1SUlWj 

and there is a large un ertainty associated wi th th in terpolation between the yields 

of 230Th and 232Th. The yields of even- v n nuclei in the fi ssion region w re multi­

plied by t hree. 1\ear the projectile and target wc 'an see a sign ifi cant yield of nuclei 

which are presumably produced by the t ran fer of neutrons in qu asi- lasti pro esse .. 
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The yield of target-like nuclei corresponding to multinucleon (deep-inelastic) transfer 

is substantially reduced compared with the yield of the corresponding projectile-like 

partner nuclei. The minimum yield is at A",,224. One may assume that the reduction " 

in the yield of the target-like transfer products is due to fission. It was not possible to 

differentiate between the yield of nuclei produced by fi'ssion of the tar~et-like transfer' 
; ',J'" 

products and that which was due to compound-nucleus fission., In order to do this one 

needs to observe cross-coincidence between gamma rays 'in two fission fragments (to 
. . -' 

identify products of fusion-fission), or between a projectile-like transfer product and 
~ " • ~ • • < • 

two fission fragments (to identify transfer-fission products). This would require very 

high statistics.' The yield distribution between A;""80 and A",,145 presumably arises 

mainly from as'ymmetric fis~ion of near~target products of quasi-elastic processes and 

symmetric fission of products of deep-inelastic processes. The peak at A"" 135 may 

also contain a contribution from symmetric fission of the A=288 (56Fe + 23?Th) com~' 

pound nucleus. 

Figure 5.13{a) sho~s the yield of target-,like nuclei pro'duced in the 86Kr +' 232Th 

reaction. The values are normalised to those of the 5?Fe + 232Th system by match- ' 

ing the yields of the Coulomb-excited 2+ states in 232Th. Figure 5'.13(b) shows the 

target-like nuclei produced in the heavy-ion collision 136Xe + .232 Th along with their 

normalised population intensities. In both population distributions solid, thick, black 

lines display the boundary of population by c0!llpound-nucleus reactions with stable 

beams and targets. In both systems we see significant yield of n~clei beyond this 

boundary and we have observed radium and ntdon isotopes which are predicted to be 

octupole deformed but are only known at low spin. As there was very little existing 

data on 222Ra it was not recognised in these data but, as 220Ra and 224Ra were ob­

served in both systems, we expect that it is populated. As inthe ~6Fe ,+ .232Th system, 

the population of nuclei by deep-inelastic transfer is governed by the mass and charge 

equilibration processes. The shift in population to lower mass due to neutron evap­

oration is also observed in both these systems. Production yields for projectile-like 

transfer products are not shown for the 86Kr + 232Th and 136Xe + 232Th systems as 
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actions with stable beams and targets. 
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the yields of these nuclei are obscured by those of nuclei populated by fission. 

5.4 Summary 

Nuclei in the light-actinide octupole-deformed region were populated using multinuc-
','. 

leon transfer reactions. The nuclei 220Rn and 222Rn were identified and 222Ra was also 

populated. Unfortunately the acquired statistics were not sufficient to enable spec­

troscopic studies of high-spin states in these nuclei. The production cross-sections 

for individual nuclei are rather low (",,100 microbarns) and production yield meas-> 

urements indicate that there is substantial competition from fission of the target-like .. 

reaction partner. There is also large fractionation of these systems because of neutron " 
' •.. ' . ",' • I '0"" 

evaporation from primary reaction products. Figure 5.14 shows a summary of the 

target-like product yields for the reactions 56Fe + 232Th, 86Kr + 232Th and 136Xe I 
. , 

'+ 232Th.: The least neutron-rich of the projectiles, 56Fe, picks up most neutrons 

from the target and shifts the distribution of heavy products into the region which 
, 

. is already accessible by compound-nucleus reactions. The 86Kr and 136Xe projectiles 
, .'''''' ." ... . ~... ' .~ '" - '.- '.-' 

populate the region which cannot be accessed using fusion-evaporation reactions. 

The 136Xe projectile, with the largest neutron-to-proton ratio, populates octupole­

deformed rad?~ and radium isotopes in the light-acti~ide region with the greatest 

intensity ~nd provides the best opportunity to study previously inaccessible nuclei 

such as 222Ra, 220Rn and 222Rn.' 
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Chapter 6 

High-Spin Spectroscopy of Radon 

and Radium· Isotopes 

The octupole-deformed light-actinide nuclei 220Rn, 222Rn, 222Ra and 224 Ra were popu­

lated using the 136Xe + 232Th reaction. The statistics produc~d by the Argonne-Notre 

Dame array were not sufficient to enable spectroscopy of high-spin states in these 

nuclei. The reaction was therefore repeated using the GAMMASPHERE germanium­

detector array at Lawrence Berkeley National Laboratory. It was hoped that the 

improvement in sensitivity, offered by an increase in high-fold statistics, would enable 

~tudies of the high-~pi~· ~t~uctu~e of the octupole-def~rnied' ~uclei. 

6.1· . The GAMMASPHERE array 

The GAMMASPHERE germanium-detector array holds up to 110 Ge/BGO hexagonal 

detector modules. These modules tile a 122-element polyhedron surface, along with 

12 pentagons which are used for beam access, the support structure and specialised 

detectors. A close-up photograph of the array with one quarter of the detectors 

installed is shown in figure 6.1. At the time of the experiment the array consisted 

of 73 high-purity BGO-suppressed germanium detectors [Baxter 92], [Carpenter 94], 

28 of which were segmented [Macchiavelli 94]. The specifications of the array are 
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Figure 6.1: The GAMMASP II ERE array. 

summari ed in table 6.1. 

6.1.1 Signal Processing and Data Acquisition 

The GAI\II\IASPHERE signal-proce ing system works on the same principle. as that 

of the TARDIS array which is de cribed earlier in this work (sec sectioll 4.6). T he 

large number of channel involved, however render the u e o[ 1M electronic 1111-

practi a1. The GA~Il\IASPHERE ystem is based on th VXI bus (\ IE 'Xt nsion 

for Instrumentation) standard. The standard us electronic ards whi 11 contain 

high-density analogue signal proces ing and digital circuitr '. hlock diagrRlll of th(' 

electronics for the full-implementation GAMMA PHERE a rray i shown ill figm 6.2 . 

The \ XI rate ho t the front-end cl ctroni s with clectroni cards [or the c1et etor 

modul s. Th('l"c are, ix VXI crate which ca h contain the 1eetI' nics to proc ,s th 

signal from nine or ten d tector modul . Th Ge and BG electronic, (rc on the 
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GAMMASPHERE Array Specificationsl I 
N°. of detectors: 45 normal and 28 segmented 

Type: high-purity n-type 

Efficiency: ",,78%2 normal and ",75%2 segmented 

Total Solid-Angle Coverage: ",,30.5%2 (",,0.418% for each detector) 

Detector Resolution3
: ",,2.6 keY 

Peak-to-Total Ratio: ",,55% suppressed, ",,25% unsuppressed 

Detector Positions: , 

(J 4> 

31.7° 36°, 108°, 180, 252°, 324° 

37.4° 72°, 144°, 216°, 288°, 360° 

50.P 22.8°, 49.2°, 94.8°, 121.2°, 166.8°, 193.2°, 238.8°, 265.2°, 
. 

310.8°, 337.2° 

58.3° . 72°, 144°*, 216° 

69.8° 53.5°*, 125.5°, 197.5°*, 234.5°*, 306.5°* 1 

79.2° : 144°*, 216°*, 360°* 

80.7° 36°* 

90.0° : , 54°,126°*,162°*, 198°*, 234°*,306°* 

99.3° 144°*, 216°*, 360°* 

100.8° 36°* 

110.2° 17.5°*, 161.5° , : " 

121.7° 36°, 108°*, 180°*, 252°*, 324°* : 

129.9° 13.2°,58.8°, 85.2°, 130.8°, 157.2°*, 202.8°, 229.2°*, 274.8°*, 

301.2°*, 346.8°* 

142.6° 36°, 108°, 180°, 252 0
, 324°. 

148.3° 72°, 144°, 216°, 288°, 360° 

162.7° 36°, 108°, 252°, 3240 

Table 6.1: The GAMMASPHE~E germanium:detector array specifications. The super­

scripts are described as follows: 1 17-20th November 1995; 2 relative to a 3 inch x 3 

inch NaI(TI) crystal; 3 F\VHM for 1.33 MeV gamma rays; * segmented detectors. 
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same VXI card. The master trigger, histogrammer, event builder and the data stor-

. age interface system are also contained on electronic cards. The Ge and BGO high 

voltages ar~ supplied by an interface unit which is attached to each Ge/BGO module. 

The whole 'system is connected by fibre-optic link to workstations where the electronic 

parameters, such as t~e master trigger condition, can be controlled. Structured data 

from the event builder is transmitted via the optical link to the tapeserver where it 

is stored on magnetic tape. The data can be written to up to eight magnetic tapes 

simultaneously. 
, ' 

6.2 Experimental Details 

The 136Xe projectile was accelerated in charge state 30+ to an energy of 833 MeV 
, . 

(16 % aboye th~ Coulomb barrier energy) by the 88" cyclotron. The beam, which 

was puls~d 'Yi,tha period of 180 nanoseconds, bombarded a 232Th target of thickness 

36 mg/cm2. The beam was maintained at an intensity of 12-14 enA throughout 

the experiment. Copper and tantalum absorbers of total thickness 10
5
00 inches were 

placed on the front of the germanium detectors to absorb unwanted xenon X-rays 

which would unnecessarily increase the singles count rates. The germanium-detector 

. singles count rates were 7000-10000 counts per second during the experiment. The 

master gate condition was set to be three or more suppressed ger~anium-detector 

signals. 

6.2.1 Data 

After 49 h~urs of data collection, 1.4 x 109 triple and 6.0 x 108 quadruple gamma-ray 

coincidence events were written to magnetic tape. The average fold of these data was 

3.7. The raw and unfolded data distributions can be seen in figure 6.3. Unfolding the 

high-fold events greatly increases the amount of lower-fold statistics. After unfolding, 

there were 1.1 x 1010 triple and 6.8 x 109 quadruple gamma-ray coincidence events. 

It is interesting to compare these statistics with those obtained for the same reaction 
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GAMMASPHERE array. 

with the' Argonne-Notre Dame array at Argonne National Laboratory. \\lith the 

GAMMASPHERE array,' 2000 times more unfolded triple and 30000 more unfolded 

quadruple gamma-ray coincidences were collected:' 

6.3 Data Analysis 

The data were read into ,),-,),-,),-correlation matrices or 'cubes' (see section 4.7). The 

first, which shall be referred to as the 'ungated cube', contained all the unfolded 

triple gamma-ray coincidences with no gating condition applied.' The second, the 

,224Ra-gated cube', was incremented if any gamma-ray in an unfolded four-fold event 

passed an energy gate on the 4+ to 2+ (166.5 keY) transition in 224Ra. Of the six 
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nucleiwhose~ properties are discussed in 'this thesis, 224Ra'was' populated ,with the 

gr~atest intensity. Unfolded quadruple coincide~ce events were not used to study the 

other five nuclei as no significant improvement in peak-to-background over ~hree-fold 

coincidences, \Vas observed in these cases. 

6.4 Efficiency Measurement 
. . 

The detection efficiency of a gamma-ray spectrometer, c, is dependent upon the energy 

of the incident radiation, E'Y' At E'Y ;:: 300 ke V the efficiency is a slowly-decreasing 
,~ . 

function of e~ergy that can be approximated to 

-< ' •• 

c = cE-x 
'Y (6.1) 

where c is a constant and 0.5 :5 x :5 0.6. At low energies the efficiency decreases 
~ ;"-

rapidly because low-energy gamma-rays are stopped quickly in the front of the ger-

manium crystal where the electric field is not homogeneous and consequently charge 

collection is poor. Also, the efficiency for detecting coincidences is lower than that 

for single events at low gamma-ray energies. The low-energy events can, fall out­

side the coincident timewindow because their smaller rise time means the electronic 

processing is less reliable than for those with energies above 200 keY. This effect 

necessitates the use of coincidence data in efficiency measurements. ; '. 

: Figure 6.4 shows an efficiency measurement of the GAMMASPHERE array. The 
. . i 

solid curve shows the relative efficiency for detecting single gamma-ray events. This 

was produced by placing 56CO,1,33~~, _152Eu, ,182Ta and 243 Am sources in the target 

position after the in-beam experiment. Transition intensities were measured in the 

singles spectra and were compared with the known actual relative intensities using the 

EFFIe Oak Ridge computer code. The dashed curve shows the relative efficiency for 

detecting triple gamma-ray coincidence events. This was produced using transitions 
F .,. • ~. 2 

, in the ground state rotational band in 230Th. A double-gate was placed on the 18+ 

to 16+ and 16+ to 14+ transitions in the ungated cube and the inte~sities of the 
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transitions below were measured. If there is negligible feeding into or decay out of 

the ground state band in 230Th these transitions will have the same intensity after 

internal-conversion and efficiency correction. The feeding and decay-out was assumed 

to be negligible. As the energies and multi polarities of these transitions are known, 

internal-conver'sion corrections were applied and the relative efficiency values could be 

extracted. As there is less difference in the efficiency for detecting triple coincidences 

and single events at high energies, the triples efficiency curve could be normalised 

using high-energy singles gamma-ray data. Doth curves were then fitted to the data 

points using the Radware computer code EFFIT. No such measurement could be made 

using the 224Ra-gated cube. The relative efficiency for detecting four-fold coincidence 

events was therefore assumed to be the same as the relative effici~ncy for detecting 

. three-fold coincidences. ' 

6.5 Results 

Figure 6.5(a) shows a section of the total projection of the ungated cube. A continu­

ous background has been subtracted from this spectrum. The peaks which are marked 

with open 'circles are from the ground st~te band in 232Th which is Coulomb-excited 

by the 136Xe projectile. These peaks dominate the total projection spectrum. Figure 

6.5(b) is ~ two-fold spectrum which was produced by single-gating on any of the fol­

lowing tra~sitions in the ground state rotational band in 224Ra in the ungated cube: 

166.5 keY (4+ to 2+), 228.6 keY (6+ to 4+), 276.1 keY (8+ to 6+), 373.8 keY (14+ to 

12+), 400.2 keY (16+ to 14+),424.4 keY (18+ to 16+), 467.1 keY (22+ to 20+), 485.1 

keY (24+ to 22+) and 500.8 keY (26+ to 24+). This nucleus is populated by a transfer 

of 8 mass units and 2 charge units from the target. The two-fold spectrum is also 

dominated by transitions from 232Th. Figure 6.5(c) is a three-fold spectrum which 

was generated by double-gating on the same transitions in the ungated cube. The 

peaks marked with closed circles are from. the ground state band in 224 Ra. A large 

increase in the selectivity of the transfer-reaction channel is observed when three-fold 
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F ig u re 6.5: (a) Total projcction of the ungat d 'ub wit h a mooth backgr !lIld sub t. racted ; 

(b) two-fo ld pectrum gcncrated u ing t hc ungat d ubc; ( ) t hrC'c- fold sp ct rulll r(~ ll(' r a,l('d 

U ing the ungated cube; (d) four-fo ld spectrum gel! r atcdll ing t it 22"TI a-ga tC'd (" ubC'. P ('aks 

marked wit h open circlcs are from Coulomb-excited 232 T h and peaks la b(' lI ed wit h c1 osC'd 

ci rcles are attributed to 224 R a . Sec text for gat ing t ran ition . 

coincidences are u ed . The large amount of t ri ple gamm a-ret c in ·id <.' ll ces acqui red ill 

this experiment enables the spectroscopy of high-. pin tat s in this llll clr lls and lll a llY 

other tran fer-reaction products. F igure 6.5(<1 ) haws a fo ur-folel spec t rulll which was 

prod uced by dOll bl<-'-gating on t he same tran. i t ions in the 22'1 R a-gated cu be. T h<'re is 

further improvement in the peak-to-background ratio over th thrcr- f'old co in :id<'llcr 

. pectrum. 

The t 'pical pectra hown in figur 6.6 erve t illu t rate th qu alit.y o f t.h rs(' drtla. 

Figure 6.6(a) i a thrc -fold gamma-ray sp trum wlti 11 sho\\'s t.ra nsiti< ns ill 218nn . 
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The spectrum was generated by double-gating in the ungatcd 'ubc Oll all transiLiOlls 

between the positive-parity state which are shown in the spc tr1ll1l. FigllJ'c 6,6(b) 

is a four-fold spectrum which shows gamma-ray transitions ahoy and iucluclill g tlle 

6+ to 4+ tran ition in the ground state rotational bttncl f 22'IR tt. T his was gC'llrratcd 

by double-gating in the 224 Ra-gatecl cube on all t ransitioll s 111<11'l\cd ill I.llt' sjH'clr\llll. 

The structural differences between radon and radium isotopes arc discussed in srctioll 

6.6.3. 

High-spin states in many transfer-reaction pI' ducts have been ohs(,l'vrd foll owing 

the 13GXe + 232Th reaction and the level cherne of srveralllllclci heW been ext.ellded. 
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Figure 6.7 shows a map of these nuclei. The square which is filled black denotes 

the position of the target nucleus. The nuclei .which are marked by numbers are 

those which have been extended; the small number in the top-left hand corner is the 

maximum spin observed in previous workand the large number in the bottom-right 

hand" corner is the spin of the highest-lying state observed following the 136Xe + 232Th 

reaction. References to the previous work are described by the letter in the top right­

hand corner. The shaded region shows those nuclei which are predicted to be octupole 

deformed [Sheline 87], [Nazarewicz 84] and the black corners indicate those nuclei in 

which an interleaving band of opposite parity has been observed. The re~ainder of 

this thesis will be concerned with those nuclei: 218,220,222Rn and 222,224,226Ra. 
l 

The level schemes of 218Rn, 220Rn and 222Rn deduced in this work are presented 

in figure 6.8. The 0+, 2+, 4+, 1- and 3- states in 220Rn and 222Rn were known 

from previous studies, using a-decay of 224Ra and 226Ra [Poynter 89b]. The five 

lowest-lying levels in 218Rn were known from measurements involving a-decay of 

222Ra [Kurcewicz 76] but spins and parities were only assigned to the 0+ and 2+ 

states. Energy sums and intensity balance arguments were used to establish the de­

cay schemes. The intensities of the t~ansitions in each band fall characteristically 

with increasing spin (see appendix A). The transitions which are in strong coincid-
. ' , . 

ence with the known 4+ to 2+ and 2+ to 0+ transitions have been assigned positive 
. " 

parity. The band of regularly-spaced transitions based on the known ]7r = 3- state 

(tentatively assigned in 218Rn) has been aSsigned negative p~:ity. This is a reasonable 

assumption, particularly in the case of 220Rn where the transition to the known 3-

state from the candidate 5- state has been observed. While this transition is not 

observed in the adjacent radon isotopes~ the'spin and parity assignments in figure :~.8 
lead to very systematic behaviour with incr~asing mass fo~ th~ r~don isotopes.' The . . .' 

level sche~e~ of 222R~, 224Ra and 226Ra deduced in this work are sho~n in figure 6.9. 

The' 0+ 2+, 4+, 1- 'and' 3"": states i~ 222Ra were known from previous measurement~ 
.' '. ".'." 

using a-decay of 226Th [Ruch?wska 92]. Information concerning e~cited" ;tates up 

to 111' , 12+ in 224Ra existed from previous studies involving a-decay of 228Th and 
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heavy-ion transfer and (a, a'2n) using 226 Ra targets [Marten-Tolle 90], [Poynter 89a]. 

Also, information regarding excited states in 226 Ra, obtained from Coulomb excita­

tion studies [\Vollersheim 93], existed to pr = 18+. In 224Ra and 226Ra the known level 

schemes have been extended to 26+ (possibly 28+) and 28+ respectively. A consider­

ation of internal conversion strongly supports the assignment of electric, rather than 

magnetic, character to the interband transitions in 222Ra. For example, the intensity 

of the 6+ to 4+ transition must be greater or equal to the sum of the 7- to 6+ and 

8+ to 6+ intensities after efficiency and inte~nal-co~version correction. This condition 

can be satisfied if the 7- to 6+ transition is assigned El multipolarity. ' 

6.5.1 Intensity Measurements 

As many nuclei are p;esent in these data it was important to find clean, ;uncontamin~ 
ated gates in order to makemeasurements of the relative 'intensities of th~ tran~itions 

, . ," . , ,." 

in the radon and radium isotopes. The intensities of many transitions were measured 

inthree-fold spectra which were generated by d~ubi~~gating on lo~-lying transitions, 

usually the 6+ to 4+ and 4+ to 2+ transitions, inthe ungated cube. The'intensities 

~f the high-spin'transitions ~ere determined using higher-lying transitionsas gate~. 
In the case of doublets,~-~' gates wer~ set ~n transiti~ns' which eliminat~d the un­

wanted h~lf of the doublet. The different intensity measuremen,ts we'r~ normalised. 
, . . .. . ; ,\ ' . 

The inte~sities of transitions between the excited states in each nucleus are presented 
• ,.' " >. ~ • • - • " 

in appendix A. The ,errors on these values depend upon the choice of gates. The 
" . ~ i ; . --

introduction of normalisations to these measurements increased the uncertainties. 
, . . '-'" ~ . . . 

6.5.2 B(E1)jB(E2) Ratios 

By measuring the relative intensity of the El and E2 transitions which depopulate 

an excited state in a reflection-asymmetric nucleus, it is possible to obtain a meas­

ure of the absolute magnitude of the intrinsic electric dipole-to-quadrupole ratio, 

IDo/Qol. Values of B(El)/ B(E2) can be calculated from El and E2 transition en­

ergies and intensities using the rotational model [Butler 91]. The required expression 
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was presented in chapter 1 as equation 1.26: ' . 

B(E1) = 7.70 x 1O-7E~2 lEI., 
B(E2) ,EEl lE2 

(6.2) 
, , 

Values for the intrinsic electric dipole-to-quadrupole ra~io can be d~termine~lllsing 
." *. 

the following expression which is obtained by rearranging equation 1.28: 

~ (21; - 2) B(E1) 
16 (21; - 1) B(E2)' 

(6.3) 

The lEd lE2' branching ratio for a particular excit~d state was obtained by double­

gating on transitions above the state in the ungated cub~. In many cases' it was 

possible to obtain more than one measurement of lEd 1 E2 by using different transitions 

as gates. A weighted mean of the indi~id~al values' was taken' in order to' obtain 

the final value. The error on this value was taken to be the standard error on the 

individual measurements. A value of IDo/Qol was then determined using equations 

6.2 and 6.3. In figure 6.9 one can see that interband E1 transitions depopulate states 

up to Ilf ' '15'~ (p~ssibly 17-) in 222Raand' i~' = 18+ (20+) in 226Ra b~t although 

the yrast band in 224Ra basbeen observed up to 111" = 26+ (28+), no interband E1 

transitions have been observed above 111" = 7- (9-) in this nucleus. Upper limits of 

IDo/Qol for states between 9- and 23- in 224Ra were obtained using the 224Ra-gated 

cube. These were obtained using two standard deviations in the background count 

as the'intensity of the E1 transitions. Figure 6.10 shows values of IDo/Qol measured 

for excite1 states in the three isotopesof radium. For 222Ra and 226Ra the values of 

IDo/Qol are much larger than for 224Ra. However, for all three nuclei the IDo/Qol 
values remain almost constant over the full spin range. If the electric quadrupole 

moment does not vary with spin, as observed for 226Ra [\Vollersheim 93], th~n for 

these radium isotopes the value of Do also does not vary. This implies that the small 

difference in the centre of charge and the centre of mass, which gives rise to the 

electric dipole moment, is not varying appreciably with spin, and the nuclei have a 

reflection-asymmetric charge distribution which is rather stable under rotation. 
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Figure 6.10: Plot of the absolute magnitude of the intrinsic electric dipole-to-quadrupole 

ratio (lDo/QoD as a function of spin for states in 222Ra, 224Ra and 226Ra: Values of IDo/Qol 
w~re derived from B(El)/B(E2) b~anching ~atios. Uppe~ limits for high-spin states 'in 

224Ra were obtained using two standard deviations in the background count as the intensity 

• of the El transitions. 

6.5.3 Alignment Effects 

Figure 6.11 shows the experimental alignment, ix, as a function of rotational fre­

quency for the positive-parity band in three sets of isotones in the light-actinide 

region. The plots were produced using experimental data for 218Rn, 220Rn, 222Rn, 

222Ra and 224Ra from the present work and 220Ra, 222Th, 224Th and 226Th from previ­

ous work [Smith 95], [Ackermann 93]. The rotational frequencies and aligned angular 

momenta were obtained using equations 1.13 and 1.16. A variable moment of inertia 

reference with Harris parameters of Jo = 31 h
2
Mey-l and J1 = 26 ft4Mey-3 has 

been subtracted (see section 1.5). The Harris parameters were deduced using the 
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low-spin transitions in 222Ra. The insets in figure 6.11 are plots of the difference in ix 
; .' -- "." .-, , ". -. - .... ~ ~.: " ", -

(positive parity) andix (negative parity). ~ix. as a function of hw. O~e may obse;ve 

from the fi~re that ~he isotopes of radium and' radon exhibit similar behaviour. For 
~. _. ,,' ~ 

these nuClei there is a small~ difference in, the amount of aligned angular momenta 

for the opposite-parity states which r~du'ces to zero with increasing rotational fre­

que~~y. In contrast, the difference in alignment is mu~h la~ger for th'c radon iR~topes, 
over a wide ~otationalfrequencyrange. The diffe;ence in beha\Tio~~ i~pres~~ably 

. . J -

due to the three units of angular momentum provided by an alignment 'of the octu-
• v _" "._".' • ., ". ,. -." • 

pole phonon for the radon isotopes. This indicates that the radon isotopes are of a 
•••• ~ ~ ,~_... -; '. .e', ~ 

more vibrational nature than the radium and thorium isotopes, which possess stable 
. . 

octupole deformation over a ~ide range of rotational frequency. From the plot of 
" ", • ,c. .".' , 

the aligned angular momentum as a function of rotational frequency for the positive-

parity states one may observe that the is?topes of thorium and radium' exhibit SI~ooth 
behaviour to high rotational frequencies. In, c?ntrast,the isotopes' of ~adon display 

sudden chan~es in alignment at hw;;; 0.20 ~1~V. 218Rn and 220R~ display add'itional 
; 

alignment effects at 1iw, ~ ,,0.22 Me V. Cranked shell model calculations were per-

formed for 218Rn, 220Rn and 222Rn in order th~ discover which orbitals are invol~ed 
, "~" .. t 

in these alignment effects. These calculations are described in section 6.6.2. Similar 

alignment effects have previously been observed in octupole-deformed nuclei in the 

lanth~nid~region.'· Interactions between the o~tupole bands and aligned reflccti~n­
symmetric t~·o-quasiparticle bands' ha~e 'been se~nin l,~6Ba iUrba~ 96], [Zhu 95] and 

150Sm [Urban 87]. Figure 6.12 shows the level scheme of 150Sm from [Urban 87]. The 

octupole band deyel?ps at I ~-?h but~isap'pe~~~ '~t I ~15h ~u.e ,an inter~cti~~\Vith 
the aligned reflection-symmetric band. 
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Figure 6.11: Plot of aligned angular momentum ix as a function of rotational frequency 

nw for states of positive parity in three sets of isotones with N = 132, 134 and 136 for 

Z == 86, 88 and 90. The insets,are plots of the di~erence in alignment, Aix! between the 
- , '. u_ ; ,:"". 

p~sitive- and negative:pa~ity ,bands as a function ?f hw. The value of Aix was calculated' 

by subtracting from the value of ix for each negative-parity state an interpolated, smoothed 

value for the positive-parity states at the same value of hw. 
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6.6 

6.6.1 r Intrinsic Electric Dipole Moments 

A measurement of the absolute magnitude of the intrinsic electric dipole moment, 

IDol, was obtained for each of the six octupole nuclei using weighted-mean IDo/Qol, 
values and published values of the intrinsic quadrupole moment Qo [Raman 87], as­

suming that Qo is constant with spin. As an intrinsic electric quadrupole moment 

has' not been measured for 218Rn, Grodzins' principle [Grodzins 62] was used to de­

termine a Qo value of 3.59 eb for this nucleus. Also, the (almost constant) values 

of Qo 'for different transitions in 226Ra were taken from [\Vollersheim 93]. Table 6.2 

compares IDol values measured in this work with those measured in previous work 

and values which were deduced using macroscopic-microscopic calculations [Butler 91) 

and, where available, self-consistent theory [Robledo 87], [Egido 91]. Also shown is 

the IDol value previously measured for 220Ra [Smith 95a]. At low spin, Butler and 

. Nazarewicz [Butler 91] calculated a very small value, of the intrinsic electric dipole 

moment, Do; for 224Ra by treating it as the sum of a macroscopic (droplet) component 

and a microscopic (shell correction) term. The shell correction contribution is negative 

and increases in magnitude with increasing mass, almost cancelling out the positive' 

droplet contribution in the case of 224Ra. Self-consistent calculations also r('produce 

the small B(El) value for this nucleus [Egido 91]. These calculations used the con­

strained HF+BCS model with Gogny density-dependent interaction. The measured 

upper limit of IDol for 224Ra indicates that the small value persists to high spin in 

this nucleus. Values of IDol extracted for the radon isotopes appear to be in good 

agreement with the macroscopic-microscopic values where the small Do value arises 

from the small value of {32 for these nuclei. ~n contrast, the self-consistent calculation 

gives a large negative value for Do in 222Rn. The average values of IDol measured 

in the present work for 224Ra and 226Ra are consistent with previous measurements 

at lower spin [Poynter 89a], [Marten-Tolle 90], [Ackermann 93]. The theoretically­

predicted reduction in IDol as one moves from 220Ra to 224Ra is observed experi-
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Nucleus ' Experiment Theory 

This Work Previous Work Macro-micro! Self-consistent 

I range I IDol (e.fm) I range I IDol (e.fm) I range I Do (e.fm) I range Do (e.fm) 

218Rn 7 0.035(3) - - 0 0.04 - -
1 ,< " ' . . 

220Rn 5-9 0.04(1) - - 0 -0.04 . . 

. , 

222Rn 9-11 0.10(2) - - 0 -0.10 0 -0.369 
, ' 

, , 

220Ra - - 6-26 0.34( 4)a 0 0.17 0 0.23h* 
, ' , 

4 0.18 

222Ra 7-15 ; , 0.27(4) 3 0.38(6)b 0 0.09 0 O.13h* . 5-7 0.11 ' -

224Ra 5-7 0.030(1) 3-5 0.028(4Y 0 0.01 0 0.05* 

12-23 <0.09 7-9 <O.lle 6 0.01 

1-5 0.06-0.10d 0 -0.09 0 " 0.10h* 
, .' 

226Ra 9-18 0.19(3) 7-12 0.12-0.21 d 7-12 -0.09 

7-11 0.16(1Y 

Table 6.2: A comparison of the experimental intrinsic electric dipole moments 

measured in this work with those measured in previous work. Also shown are 

the values which were calculated using macroscopic-microscopic theory and sclf­

consistent theory. The superscripts represent the following references: a[Smith 95a]; 
, , 

b[Ruchowska 92]; C[Poynter 89a]; d[vVollersheim 93]; e[Ackermann 93]; '[Butler 91]; 

9[Robledo 87]; h[Egido 91]. Experimental IDol values are derived from weighted mean 

values of IDo/Qol and Qo values from reference [Raman 87], except for 218Rn where 

Qo was determined using Grodzins' principle and 226Ra where values were taken from 

~eference [\Vollersheim 93]. The errors associated with experimental values measured 

in the present work are one standard deviation in values measured for different excited 

states. The superscript * means that sign of the value is not given. 
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mentally. However, the values measured in this work for 222Ra and 226Ra and the 

previously-measured value for 220Ra [Smith 95a] are a factor of two or more greater 

in magnitude than both sets of theoretical values. 

6.6.2 Comparison With Cranked Shell Model Calculations 

Cranked shell model (CSM) calculations were performed with the Woods-Saxon de­

formed shell model potential [Dudek 79] with "universal" parameterisation [Dudek 81] 

and deformation parameters of218Rn and 220Rn taken from reference [nutler 91]. Us­

ing Uh, (h, (34) = (0.085, 0.092, 0.060) for 218Rn, (0.102, 0.096, 0.068) for 220Rn and 

((32, (33, (34) = (0.116, 0.094, 0.071) for 222Rn, the calculations predict a strong inter­

action between the ground band and an aligned j15/2 neutron band at a rotational 

frequency of hw ~ 0.25 MeV and a weak interaction with an aligned i13/2 proton band 

at liw ~ 0.25 MeV for each nucleus. The results of the calculations for 220Rn are shown 

in fig'ures 6.13(a) (neutron Routhians) and 6.13(b) (proton Routhians). The dashed 

lines represent orbitals with positive simplex and negative-simplex orbitals are shown 

as dot-dash lines. The i13/2 proton orbitals slope down steeply, indicating a large 

amount of alignment, and come close together at hw ~ 0.25 MeV. This represents 

a weak interaction with an aligned h3/2 proton band. The h5/2 neutron orbitals 

remain far apart and interact at liw ~ 0.22 MeV. This strong interaction is presum­

ably responsible for the upbend in the experimental alignment plots at tLW ~ 0.20 

MeV, while the weak interaction between the proton orbitals causes the additional 

alignment effects at hw ~ 0.22 MeV. 

6.6.3 Contrasting Behaviour 
, . 

The opposite-parity bands of radium and thorium possess a similar amount of aligned 

~ngular momentum at low frequencies. The difference in the amount of aligned an­

, gul~r momentum for the states of opposite parity tends towards zero with increasing 

frequency. In contrast, the difference in alignment is much larger for the radon iso­

topes because the negative-parity states have a greater amount of alignment. The 
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deformation parameters. 

additional alignment is presumably due to the octupole phonon. Thi. inclicat s t.hat 

tIl<' radon isotope are vibrational over a wide range of frequencie whilr til radiuJJI 

and thorium i otope po e more table octupole hapes. trong alignment ef[ cts 

wcre ob en'ed for the radon i otopes in this work . Hcll rapid changes in alignm nt 

"'ere not ob. erved in the radium i otope where regular stl'llcture ;-ue maintained 

to th highest spins observed. imilarly. the yrast eqllences ill thorium iso topes x-

hibit 'mooth behaviour ov r a wide range of [Butl r 96]. The. lIdden increas s ill 

alignlllent arc not seen in the radium and thorium i otop s b cause of the effect. of 

the stronger odupole intera tion between high- and low-spill orbital. ill t hr. nuclei 
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[Nazarewicz 85]. This argument would be consistent with the observation of small 

IDol values for the radon isotopes (see table 6.2) and both self-consistent calculations 

[Robledo 87] and macroscopic-microscopic calculations [Nazarewicz 84] which predict 

a shallower octupole energy minimum for 222Rn than for 222Ra and 224Ra. 

6.6.4 Properties of the Octupole Bands 

A purely-vibrational even-even nucleus has its 4+ state at approximately twice the 

energy of its 2+ state. That is, E( 4+)/ E(2+) .~ 2. For a rotational nucleus this value 

is 3.33. The values for the nuclei studied in this work are given in table 6.3. 

Nucleus 218Rn 220 Rn 222Rn 222Ra 224Ra 226Ra 

. E(4+) 
E(2+) 2.0 2.2 2.4 2.7 3.0 3.1 

Table 6.3: Ratios of the energies of the lowest-lying 2+ and 4+ states for the six nuclei 

st~died in this work. . 

The values indicate that the radon isotopes are more vibrational than the radium 

isotopes at low spin, and that the isotopes become more rotational with increasing 

mass number. 

Naza~ewicz and Olanders [Nazarewicz 85] defined two quantities which describe 

the high-spin behaviour of octupole nuclei: the frequency ratio and parity splitting. 

The quantities, which are defined in section 2.2.2, are plotted in figures 6.14 and 6.15 

for 218,220,222Rn and 222,224,226Ra. Also shown are the limits for nuclei with stable oc-

tupole deformation: zero parity splitting and a frequency ratio of unity. In figure 6.14 

the bands of 222Ra and 224Ra cross the octupole-deformed limit at f'V 9n, while 226Ra, 

220Ra and 222Rn cross the boundary at f'V 12n. 218Rn lies above the boundary for 

~1l spin st~tes. This may indicate that 218Rn has a more vibrational nature, even at 
. . 

high spins. The parity splitting for the radon isotopes is much larger than for the 

radium isotopes in the 0 - 5n region. This is because the radon isotopes are of a 

more vibrational nature at low spin. In figure 6.15 the radon isotopes are close to 
, 
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F ig u re 6.14: The encrgy displacement betwcen thc positivc- and ncgativc- parity states, bE, 

as a function of spin in t he octupolc bands of thc nuclei stndicd in thi work. Thc quantity 

8E tends to zcro for an octupole-rotor. The open symbols r prcscnt valucs d ell! 'cd nsillg 

transit ion betwccn tentatively-a signed levels. 

the octupole-vibrational limit at low spins but approach the limit of sLrtble 0 tUj)ole 

deformation at rv 14n. The radium isotop es reach the limit at rv nIL 

6.7 Summary 

It has been shown that multi nucleon transfer reactions with thi ck targets and high­

efficiency germanium-detector arrays are a viable mean. of populating high-spill sta.tcs 

in light-acti nide nuclei which are hard to acce s by other mechanism .. Ill terlravill g 

band of alternating-parity sLates have been observed to high spin in 22.18 a, 22G 8 rt 

and . for the first time, in 222 R a, 218 Rn , 220 Rn and 222 RI1. In 222 Ha and 22G R a t.lH' 

extracted value of IDo/Qol is approximately independent of spin , while ill 224 f{ a t he 

value indicates that t he ancellatioll of contributions to t h intrin . ic etc t ri dipole' 
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Figure 6.15: The rotational frequency ratio, R , as a function of 'pin for the octupol ba llds 

of the nuclei studied in this work. The ratio should be equal to unity for an octupole-rotor, 

that is the rotational frequencies of the opposite parity bands should be the same. The open 

symbols represent values deduced using transitions between tentatively-a signed I vels . 

moment persists to high spin. The observation of the behavio11l' of Do impli s that 

the reflection-a ymmetric charge distribution is hardly affected by rotations ill the 

radium isotopes where detailed measurements are available. Int rinsic Ie tri' dipole 

moment measured for the radon isotopes were much smaller than those' for 222 Rr 

and 226Ra. Also, plots of experimental alignment as a fun tion of rotational fr qu Il y 

revealed sudden onsets in alignment effects in the positive parity bands in the tlll'CC 

radon isotopes. The result of CSM calculations suggested that thes effect.· arc clue 

to alignments of i13/ 2 protons anel j 15/ 2 neutrons. No s ll ch effects arc ohsrr\'ed ill 

the radium isotopes, nor indeed in any previously-studied i.otopes of radiulll and 

thorium. The difference in behaviour may be due to weaker octupol ) mixing of high­

spin orbitals with lower-spin orbitills for the radon isotopes. PloLs of thr cliffer JlC'e 

in alignment for the positi\'e- and negative-parity state as a fun tiOIl of rotatiollal 
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frequency also revealed interesting structure differences. The radon isotopes exhibited 

vibrational properties over a wide frequency range, while the isotopes of radium and 

thorium displayed behaviour which is characteristic of nuclei with stable octupole 

deformation. 

6.8 Prospects 

The spectroscopy of high-spin states in light-actinide nuclei described in this thesis 

was limited to the octupole-deformed even-even isotopes of radon and radium. High­

spin states in many other nuclei are populated in the reaction and the analysis of 

other light-actinide nuclei, such as 234Th, 228Ra and 230Ra (see figure 6.7), is still in 

progress. The odd-mass neighbours of the radium and radon isotopes, such as 223Ra 

and 225Ra, are also populated in this reaction. Parity-doublet bands are predicted 

in many of these odd-A nuclei. Analysis of these nuclei is also ongoing. The yield 
. . 

analysis of chapter 5 will be repeated using the high-fold statistics collected with the 

GAMMASPHERE array. More accurate measurements of the yield of the populated 

nuclei will be possible using three-dimensional analysis techniques. Spectroscopic 

studies concerning the projectile-like transfer products are also in progress. 
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222Ra intensities 

j':' , J1r/ 
f Mult. Energy (ke V) Intensity Intensity 

(int-conv corrected) 

2+ 0+ E2 111.2 28(12) 205(91) 

4+ 2+ E2 190.7 100(19) 171(32) 

6+ 4+ E2 248.4 86(17) 110(21) 

7- 6+ . E1 153.1 72(23) 84(27) 

7- 5- E2 229.3 13(4) 18(5) 

8+ 6+ E2 292.9 61(5) 72(6) 

8+ 7- E1 140.1 66(12) 80(14) 

9- 8+ E1 149.3 50(8) 58(10) 

9- 7- E2 289.0 44(5) 52(6) 

10+ 8+ E2 330.1 43(4) 49(5) 

10+ 9- E1 180.9 57(13) 64(15) 

11- 10+ E1 157.4 27(4) 31(4) 

11- 9- E2 338.3 42(4) 46(6) 

12+ 10+ E2 363.9 42(4) 46(4) 

12+ 11- E1 206.2 27(5) 30(6) 

13- 12+ E1 173.1 28(4) 32(5) 

13- 11- E2 379.6 34(3) 36(4) 

14+ 12+ E2 396.0 30(4) 32(4) 

15- 14+ E1 192.1 23(10) 25(11) 

15- 13- E2 415.0 34(4) 35(4) 

16+ 14+ E2 425.5 24(4) 25(4) 

17- 15+ E2 444.8 32(6) 34(6) 

18+ 16+ E2 452.3 17(4) 17(4) 

19- 17- E2 470.8 15(4) 16(4) 

20+ 18+ E2 476.7 10( 4) U( 4)' 
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224Ra intensities 

J'II"i 
• 

J'II"f 
f Mult. Energy (ke V) Intensity Intensity 

(jnt-conv corrected) 

3- 2+ E1 206.0 54(12) 59(13) 

4+ 2+ E2 166.5 100(5) 218(11) 

5- 4+ E1 182.2 28(8) 31(9) 

5- 3- E2 142.6 39(11) 124(35) 

6+ 4+ E2 228.6 146(28) 200(38) 

7- 6+ E1 160.5 15(4) 17(5) 

7- 5- E2 207.9 113(21) 171(32) 

8+ 6+ E2 276.1 156(19) 188(23) 

9- 7- E2 265.9 94(26) 115(32) 

10+ 8+ E2 313.7 151(15) 171(17) 

11- 9- E2 314.8 98(22) 111(25) 

12+ 10+ E2 345.3 121(4) 133(4) 

13- 11- E2 356.7 83(15) 91(16) 

14+ 12+ E2 373.8 87(4) 94(4) 

15- 13- E2 391.1 55(14) 59(15) 

16+ 14+ E2 400.2 77(8) 82(9) 

17- 15+ E2 419.4 37(9) 39(10) 

18+ 16+ E2' 424.4 57(8) 60(8) 

19- 17- E2 442.9 29(9) 31(9) 

20+ 18+ E2 447.1 31(6) 33(6) 

21- 19- E2 462.8 24(7) 25(7) 

22+ 20+ E2 467.1 23(5) 24(5) 

23- 21- E2 479.8 21(7) 22(7) 

24+ 22+ E2 485.1 17(5) 18(5) 

25- 23- E2 496.8 7(3) 7(3) 

26+ 24+ E2 
• 

4(2) 4(2) 500.8 
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226Ra intensities 

J1r i 

• 
J1r f 

f Mult. Energy (ke V) Intensity Intensity 
~ .' 

\ (int-conv corrected) 

4+ 2+ E2 144.0 100(6) 310(19) 

6+ 4+ E2 205.0 164(21) 253(33) 

7- 6+ E1 210.5 44(6) 48(6) 

8+ 6+ E2 252.9 160(21) 202(27) 

9-:- 8+ E1 188.6 90(5) 99(6) 

9- 7- E2 231.0 30(7) 41(10) 

10+ 8+ E2 290.7 141(10) 165(12) 

n- 10+ E1 173.3 72(4) 82(5) 

11- 9- E2 275.3 75(14) 90(17) 

12+ n- E1 "148.3 29(5) 34(6) 

12+ 10+ E2 321.3 98(3) 110(3) 

13- 12+ E1 166.5 22(4) 25(5) 

13- n- E2 314.5 " 83(16) 94(18) 

141: 13- E1 180.4 23(5) 26(6) 

14+ 12+ E2 347.3 78(18) 86(20) 

15- 13- E2 348.5 69(14) 76(15) 

. continued on next page 
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J"'; 
• 

JorJ 
J Mult. Energy (ke V) Intensity Intensity 

(int-conv corrected) 

16+ 15- El 202.1 16(2) 17(2) 

16+ 14+ E2 369.8 55(3) 60(3) 

17- 16+ El 176.5 13(3) 15(3) 

17- 15- E2 378.4 62(13) 67(14) 

18+ 17- E1 214.9 18(2) 19(2) 

18+ 16+ E2 391.1 42(3) 45(3) 

19- 17- E2 404.4 53(14) 57(15) 

20+ 18+ E2 411.3 . 21(3) 22(3) 

21- 19- E2 427.4 17(5) 18(5) 

22+ 20+ E2 431.6 11(2) 12(2) 

23- 21- E2 448.2 11(4) 12(4) 

24+ 22+ E2 452.9 12(3) 13(3) 

25- 23- E2 467.0 8(3) 8(3) 

26+ 24+ E2 472.6 3(2) 3(2) 

27- 25- E2 484.0 4(3) 4(3) 

28+ 26+ E2 492.5 2(1) 2(1) 
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218Rn intensities 

J1ri , J1r1 
f Mult. Energy (ke V) Intensity Intensity 

(int-conv corrected) 

2+ 0+ E2 324.5 100(19) 111(21) 

4+ 2+ E2 329.0 96(18) 106(20) 

5- 4+ El 372.7 34(5) 35(5) 

6+ 4+ E2 361.1 83(5) 90(5) 

7- 6+ El 313.4 17(4) 18(4) 

7- 5- E2 302.0 33(5) 38(6) 

8+ 6+ E2 378.6 68(13) 73(14) 

9- 7- E2 366.4 34(5) 37(5) 

10+ 8+ E2 382.3 49(7) 52(7) 

11- 9- E2 376.6 38(13) 41(14) 

12+ 10+ E2 393.7 39(7) 42(7) 

13- 11- E2 387.0 24(8) 26(9) 

14+ 12+ E2 407.7 30(3) 32(3) 

16+ 14+ E2 425.4 21(3) 22(3) 

18+ 16+ E2 435.5 13(3) 14(3) 

20+ 18+ E2 421.9 10(3) 11(3) 

22+ 20+ E2 427.6 7(3) 7(3) 

24+ 22+ E2 438.0 5(3) 5(3) 
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220Rn intensities 

Jlfi , JlfJ 
f Mult. Energy (ke V) Intensity Intensity 

(int-conv corrected) 

2+ 0+ E2 241.1 100(20) 128(26) 

4+ 2+ E2 292.7 94(9) 108(10) 

5- 4+ E1 318.3 53(8) 55(8) 

5- 3- E2 188.8 13(4) 22(7) 

6+ 4+ E2 340.2 84(8) 92(9) 

7- 6+ E1 254.3 17(4) 18(4) 

7- 5- E2 276.2 41(8) 48(9) 

8+ 6+ E2 . 370.4 78(19) 84(20) 

9- 8+ E1 217.9 10(3) 11(3) 

9- 7- E2 333.9 72(11) 79(12) 

10+ 8+ E2 386.8 71(12) 76(13) 

n- 9- E2 371.9 70(12) 75(13) 

12+ 10+ E2 402.8 52(12) 55(13) 

13- n- E2 393.1 66(8) 70(9) 

14+ 12+ E2 418.8 44(11) 46(12) 

15- 13- E2 411.2 51(10) 54(11) 

16+ 14+ E2 434.3 36(12) 38(13) 

17- 15- E2 430.3 26(10) 27(11) 

18+ 16+ E2 438.3 - -

19- 17- E2 441.2 20(13) 21(14) 

20+ 18+ E2 438.6 - -
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222Rn intensities 

Jlri , Jlrl 
J Mult. Energy (ke V) Intensity Intensity 

(int-conv corrected) 

2+ 0+ E2 186.4 100(15) 169(25) 

4+. ,2+ E2 262.5 134(20) 162(10) 

6+ 4+ E2 319.6 118(26) 132(29) 

7- 6+ El 280.6 25(7) 26(7) 

8+ 6+ E2 359.6 75(14) 81(15) 

9- 8+ El 228.8 23(13) 24(14) 

9- 7- E2 307.7 31(13) 35(15) 

10+ 8+ E2 384.9 40(11) 43(11) 

11- 10+ El 195.4 22(14) 24(15) 

11- 9- E2 351.2 46(14) 50(15) 

13- 11- E2 380.9 15(8) 16(9) 
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