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Figure 5.10: Target-like nuclei populated in the **Fe + 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
. with these values are as large as 40% for some -in-beamv ‘measuremerrts and 25% for
~ the out-of-beam measurements. A yield value of 100 corresponds approxunately toa
cross-section of 1 millibarn. This was deduced by measuring the cross-sectlon of Cou- 4
" lomb excitation of the 2% level in 22Th. The correspondmg prOJectlle—hke transfer :
products and then' ylelds are shown in Flgure 5.11. Also shown are fission products ‘

. Nuclei shaded grey are populated by the compound nucleus reaction of %6Fe on 160 -
ntammatlon in the 2*2Th target and the letter ‘P’ marked in the figure represents |
the ®Fe projectile. The sohd thlck black line dlsplays the neutron-rlch edge of ,3- :
stablhty which shows that many products of the transfer process are neutron r1ch )

* The dashed lines on figure 5. 10 and ﬁgure 5.11 mark the value of N/Z of the 56Fe )

4+ 232Th composite system (= 'ﬁ’g) 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 p0putated nuclei tends to that .
of the composite system [Freiesleben 84]. One rrray obse‘r'\;eﬁ a'shift in population to
. the left of the dashed lines due to neutron evaporation from excited primary products i
It is reasonable to assume that most of the yleld for the nuclei in the 32<Z2560
" region arises from fission. For these products the extracted yields of nuclei deduced -
" from out-of-beam measurements were found to be systematically three times larger
than those for;even-e\)en duclenilobtained frorn in—beam measurements. No such dis-
crepancy ex1sted m the regron of the transfer products. It is reasonable to conclude .
from this that 1 in measuring the in-beam coincidence intensity of the low-lying yrast
transrtlons (usually 4* to 2+ and 2+ to 0%) we are neglecting approximately % of the
productlon cross -section of even-even nuclei in the fission region. This suggests that
the fission products are populated at low spin, with direct population of the ground ;
or first exc1ted states belng the most, common eXCItathIl path _

Flgure 5 12 shows the mass dlstrlbutlon of nuclei populated in the 56Fe + 232Th
reactlon This was obtauned by summmg productlon ylelds for each mass number and

performing a linear interpolation between values for 1sobars with ylelds that were un-
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Figure 5.11: Projectile-like products of the *"Fe + **Th reaction. Also shown (in the 32
< 7 < 60 region) are the products of fission. The solid, thick, black line in the figure marks
the neutron-rich edge of 3-stability indicating that many products of transfer processes are

neutron-rich. The letter ‘P marks the position of the **Fe projectile. Nuclei shaded grey

.....
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Figure 5.12: Population intensity as a function of mass number for nuclei populated in
the *Fe + 232Th reaction. This was obtained by summing production yields for different
mass numbers while interpolating between yield values for isobars with yields that could

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

large.

able to be determined. Uncertainties arise from the errors associated with individual
vield values and the errors attributed to the interpolation between these values. Yield
values for mass numbers 56 and 232 are not shown as they are too large. The error as-
sociated with the yield of mass number 231 is high as this yield could not be measured
and there is a large uncertainty associated with the interpolation between the yields
of 29Th and 2**Th. The yields of even-even nuclei in the fission region were multi-
plied by three. Near the projectile and target we can see a significant vield of nuclei

which are presumably produced by the transfer of neutrons in quasi-elastic processes.
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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 prOJectlle like
partner nuclei. The minimum yield is at A~224. One may assume that the reductron
in the yield of the target- -like transfer products is due to ﬁssron It was not poss1ble to
differentiate between the yield of nuc1e1 produced by ﬁssron of the target -like transferi
products and that whrch was due to compound nucleus ﬁssron In order to do th1s one a.
needs to observe cross—comcrdence between gamma rays 1n two ﬁss1on fragments (to
identify products of fus1on—ﬁssron), or between a pro _]ectlle-hke transfer product and
two fission fragments (to 1dent1fy transfer-ﬁssron products) ThlS would require very
' hlgh statlstlcs "The yield drstrlbutlon between A~80 and A~145 presumably arises
malnly from asymmetnc ﬁssron of near-target products of quasi-elastic processes and
symmetrrc fission of products of deep—rnelastrc processes. The peak at A~135 may
also contain a contnbutlon from symmetrlc fission of the A=288 (56Fe + 232Th) com-" -
pound nucleus ' . . o |
Figure 5. 13(a) shows the yield of target hke nucle1 produced in the 86Kr + 232Th

-~ reaction. The values are normalised to those of the 56Fe + 232Th system by match- i
ing the yields of the Coulomb-excrted 2"‘ states in 232Th Flgure 5. 13(b) shows the
target-like nuclei produced in the heavy-lon colhslon 136X e 4 232Th along with their
normahsed population 1ntensrt1es In both populatlon dlstrlbutlons solid, thick, black
lines drsplay the boundary of populatron by compound nucleus reactions with stable
| beams and targets. In both systems we see s1gmﬁcant yield of nucle1 beyond this
a boundary and we have observed radium and radon isotopes which are predlcted to be
| octupole deformed but are only known at low spin. As there was very little existing
data on 22Ra it was not recognised in these data but, as 2°Ra and 2**Ra were ob-
served in both systems, we expect that it is populated. Asin the %6Fe + *2Th system,
fhe populatron of nuclei by deep-inelastic transfer is governed by tbe mass and cbarge
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 #Kr + *2Th and 1%Xe + 22Th systems as
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Figure 5.13: Target-like products of (a) the 86Kr + 32Th reaction and (b) the 3¢Xe +

232Th reaction. The solid, thick, black line marked in both reaction product distributions

indicates the boundary of populating the light-actinide region using fusion-evaporation re-

" 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 hght actlnrde octupole-deformed reglon were populated using multinuc-
leon transfer reactions. The nuclei ?Rn and 222Rn were 1dent1ﬁed and 22Ra was also
populated Unfortunately the acqurred statistics were not sufﬁcrent to enable spec-

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

for 1nd1vrdual nuclei are rather low (~100 mlcrobarns) and product1on yield meas-:"

urements 1nd1cate that there is substantlal competition from fission of the target-like .

reaction partner There is also large fractionation of these systems because of neutron ’

evaporatron from prlmary reaction products. Figure 5.14 shows a summary of the

'target hke product yields for the reactions Fe + 232Th, 86Kr + 22T} and 136Xe

+ 22Th. The Jeast neutron-rich of the projectiles, 56Fe, picks up most neutrons *

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

s already acce851ble by compound nucleus react1ons The 86Kr and 136Xe pro_]ectlles .

populate the region Wthh cannot be accessed usmg fusron evaporatlon reactions.

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

deformed radon and radium isotopes in the light- actlmde region with the greatest

intensity and provides the best opportumty to study prevrously inaccessible nuclei

such as 22?Ra, 2°Rn and **’Rn.’

o f
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Flgure 5.14: A comparlson of the y1elds of target hke nuclel produced in the 56Fe + 232Thk
86Kr + 25"2'I‘h and 136Xe + 232Th reactions. "



Chapter 6
High-Spin Spectroscopy of Radon
and Radium Isotopes

The octupole—deformed light-actinide nuclei 2°Rn, 222Rn, 220R, and 224 Ra were popu-
lated using the 1%6Xe + 232Th reaction. The statistics produced by the Argonne-Notre
Dame array were not sufficient to enable spectroscopy of high-spin states in these R
nuclei. The reaction was therefore repeated using the GAMMASPHERE gerinanium-
detectof arfay 'atl Lanence Berkeley National Laboratory. It was hoped that the
1mprovement in sensmwty, offered by an increase in high- fold statistics, would enable

studxes of the hlgh spm ‘structure of the octupole-deformed nuclei.

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 photqgraph 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 GAMMASPHERE array.

summarised in table 6.1.

6.1.1 Signal Processing and Data Acquisition

The GAMMASPHERE signal-processing system works on the same principles as that
of the TARDIS array which is described earlier in this work (see section 4.6). The
large number of channels involved, however, renders the use of NIM electronics im-
practical. The GAMMASPHERE system is based on the VXI bus (VME eXtension
for Instrumentation) standard. The standard uses electronic cards which contain
high-density analogue signal processing and digital circuitry. A block diagram of the
electronics for the full-implementation GAMMASPHERE array is shown in figure 6.2.
The VXI crates host the front-end electronics with electronic cards for the detector
modules. There are six VXI crates which each contain the electronics to process the

signals from nine or ten detector modules. The Ge and BGO electronics are on the
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. GAMMASPHERE Array Specifications!
Ne. of detectors: 45 normal and 28 segmented
Type: high-purity n-type ,
Efficiency: ~78%2 normal and ~75%? segmented
Total Solid-Angle Coverage: ~30.5%? (~0.418% for each detector)
Detector Resolution®: ~2.6 keV =~~~ P
Peak-to-Total Ratio: ~55% suppressed, ~25% unsuppressed
Detector Positions: : : Co
0 ¢ o :
31.7° 36°, 108°, 180, 252°, 324°
37.4°  c ] 72°, 144°, 216°, 288°, 360°
50.1° e 22.8?, 49.2°, 94.8°, 121.2°, 166.8°, 193.2°, 238.8°, 265.2°,
-} 310.8°, 337.2° ' '
58.3°° | 720, 144°*, 216°
69.8° .| 53.5°*, 125.5°, 197.5°%, 234.5°*, 306.5°*
79.2° o | 144°, 216°*, 360°* : '
80.7° .| 36> . Dol
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>* o S
142.6° | 36°, 108°, 180°, 252°, 324° "
148.3° | 72°, 144°, 216°, 288°, 360°. .
162.7° . | 36°,108°, 252°, 324°

Table 6.1: The GAMM‘A‘SPHEI?E germaniumjdétector array Jspeciﬁcations. The super-
scripts are described as follows: 1 17-20th November 1995; 2 relative to a 3 inch x 3

inch NaI(Tl) crystal; 3 FWHM 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 1nterface system are also contained on electronic cards. The Ge and BGO hlgh
voltages are 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 electromc
parameters, such as the master trlgger condition, can be controlled. Structured data
from the event bu1lder is transmltted via the optical link to the tapeserver where it
is stored on magnetlc tape. The data can be written to up to elght magnetlc tapes

simultaneously.‘ :

6. 2 Experlmental Details

The 136Xe prOjeCtlle was accelerated in charge state 30* to an energy of 833 MeV
(16 % above the Coulomb barrier energy) by the 88” cyclotron. The beam, which
was pulsed with a penod of 180 nanoseconds bombarded a 232Th target of thlckness
36 mg/cm2 The beam was maintained at an intensity of 12-14 enA throughout

the experiment. Copper and tantalum absorbers of total thickness 2= inches were

placed on the front of the germanmm detectors to absorb unwantedm::enon X-rays
which would unnecessanly 1ncrease the singles count rates. The germanium-detector
smgles count rates were 7000-10000 counts per second durmg the experiment. The
master gate condltlon was set to be three or more suppressed germanlum detector :

signals. »

6. 2.1 Data

After 49 hours of data collectlon 1.4 x 109 triple and 6.0 x 10® 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 10" triple and 6.8 x 10° quadruple gamma-ray coincidence events.

It is interesting to compare these statistics with those obtained for the same reaction -
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Flgure 6 3 Raw and unfolded data dlstnbutxons for the 136Xe + 232Th rea‘ctlon usmg the

GAMMASPHERE array. o

with the ‘Argonne-Notre Dame array at Argonne National Laboratory. -With the
GAMMASPHERE array, 2000 times more unfolded triple and 30000 more unfolded

quadruple gamma-ray coincidences were collected.” *

3 ""Data_‘Anal)‘?_‘_sfi;s:' |

The data were read into y-y-y-correlation matrices or ‘cubes’ (see section 4.7). The
first, Wthh shall be referred to as the ‘ungated cube’, contained all the unfolded
; sriple gamma-ray coincidences with no gating condition applied.” The’ qecond ‘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 keV) transition in *Ra. Of the six
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nuclei whose properties are discussed in this thesis, 2**Ra was populated with the
greatest intensity. Unfolded quadruple coincidence events were not used to study the
other five nuclei as no significant ’improvement"in peak-to-background over three-fold

coincidences was observed in these cases.

6.4 Efﬁciency Measurement

The detection efficiency of a gamma-ray spectrometer, £, is dependent upon the energy
of the madent radiation, E,. At E; 2 300 keV the efficiency is a slowly-decreasing

functlon of energy that can be approxxmated to

=cE}” ‘ '(6_1)
where c is a Constant and 0.5 < r < 0.6. At low energies the efficiency decreases
rapldly because low-energy gamma—rays are stopped qu1ckly in the front of the ger-
manium crystal where the electric field is not homogeneous and consequently charge
" collection is poor. Also, the efﬁc1ency for detecting coincidences is lower than that
for single events at low gamma-ray energies. The low-energy events can fall out- -
51de the coincident tlme window because their smaller rise time means the electromc
processmg is less rehable than for those with energies above 200 keV. Th1s effect
necessitates the use of coincidence data in efliciency measurements. _

- Figure 6. 4 shows an efficiency measurement of the GAMMASPHERE array The
sohd curve shows the relatlve efficiency for detecting single gamma-ray events This
was produced by placmg 5600, h 333& 1521*311 82Ty and *3Am sources in the target
position after the in-beam experlment Transmon intensities were measured i in the
~ singles spectra and were compared with the known actual relative intensities usmg the
EFFIC Oak Rldge computer code. The dashed curve shows the relative efficiency for
~ detecting triple gamma-ray c01nc1dence events. ThlS was produced using transitions
in the ground state rotational band in 20T}, A double- -gate was placed on the 18+

to 16+ and 16 to 147 transitions in the ungated cube and the intensities of the
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Figure 6.4 Efficiency curves for the GAMMASPHERE array with 73 large HPGe detectors,
98 of which are segmented (see section 4.3). The solid curve is produced from singles data

and the dashed curve is from triple gamma-ray coincidence events.
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transitions below were mea‘s'uréd.r 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 eﬁic1ency correction. The feedmg and decay-out was assumed
to be negligible. As the energles and multlpolantles of these transitions are known,
internal—conversmn correctlons were applied and the relative efficiency values could be
extracted. As there is less diﬁerente in the efficiency for detecting triple coincidences
and single events at high‘ eﬁergies, the triples efficiency curve could be normalised
using high-energy singles gamma-ray data. Both curves were then fitted to the data
points using the Radware ¢omputer code EFFIT. No such measurement could be made
using the 2**Ra-gated cube. The relative efficiency for detecting four-fold coincidence
events was therefore assumed to be the same as the feleiti\)e efﬁéiency 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 state band in 232Th which is Coulomb-excited
by the 136X e prOJectlle These peaks dominate the total projection spectrum. Fxgure
6.5(b) is a , two-fold spectrum which was produced by single-gating on any of the fol—
lowing transitions in the ground state rotational band in 2*Ra in the ungated cube:
166.5 keV (4* to 2t), 228.6 keV (6% to 4%), 276.1 keV (8% fo 6), 373.8 keV (14+ to
12+) 400.2 keV (16* to 14%), 424.4 keV (18* to 16%), 467.1 keV (22F to 20%), 485.1
keV (24 to 22+) and 500.8 keV (267 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
domihatéd by transitions from 22Th. Figure 6.5(c) is a three-fold spectrum whicﬂ
 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 24Ra. A large

increase in the selectmty of the transfer-reaction channel is ob@erved when three-fold
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Figure 6.5 (a) Total projection of the ungated cube with a smooth background subtracted:
(b) two-fold spectrum generated using the ungated cube; (¢) three-fold spectrum generated
using the ungated cube; (d) four-fold spectrum generated using the ***Ra-gated cube. Peaks
marked with open circles are from Coulomb-excited ***Th and peaks labelled with closed

circles are attributed to **'Ra. See text for gating transitions.

coincidences are used. The large amount of triple gamma-ray coincidences acquired in
this experiment enables the spectroscopy of high-spin states in this nucleus and many
other transfer-reaction products. Figure 6.5(d) shows a four-fold spectrum which was
produced by double-gating on the same transitions in the **'Ra-gated cube. There is
further improvement in the peak-to-background ratio over the three-fold coincidence
spectruml.

The typical spectra shown in figure 6.6 serve to illustrate the quality of these data.

Figure 6.6(a) is a three-fold gamma-ray spectrum which shows transitions in 2'®Rn.
= |
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Figure 6.6 (a)Three-fold gamma-ray spectrum showing transitions in *'*Rn. (b) Four-
fold gamma-ray spectrum showing transitions in ***Ra. Gating transitions are described in

the text.

The spectrum was generated by double-gating in the ungated cube on all transitions
between the positive-parity states which are shown in the spectrum. Figure 6.6(h)
is a four-fold spectrum which shows gamma-ray transitions above and including the
6+ to 47 transition in the ground state rotational band of **'Ra. This was generated
by double-gating in the 221Ra-gated cube on all transitions marked in the spectrum.
The structural differences between radon and radium isotopes are discussed in section
6.6.3.

High-spin states in many transfer-reaction products have been observed following

the 136Xe 4 **Th reaction and the level schemes of several nuclei have been extended.
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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 nuclel Wthh 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 work and the large number in the bottom-right
hand corner is the spin of the highest-lying state observed following the 1%Xe + 22Th
reaction. References to the previous work are described by the lctter in the top I‘lght-’
hand corner. The shaded region shows those nuclei which are predlcted to be octupole
deformed [Sheline 87}, [Nazarewxcz 84] and the black corners indicate those nuclei in

which an interleaving band of opp031te par1ty has been observed. The remainder of
this thesis will be concerned with those nuclei: #1822%222Rn and #224.220Ra, |

The level schemes of **Rn, 22°Rn and ?2Rn deduced in this work are presented

in figure 6.8. The 0+, 2%, 4*, 1~ and 3" states in ?®Rn and 22Rn were known
from previous studres usmg a-decay of **’Ra and 2261'{a [Poynter 89b]. The five
lowest-lying levels in _2181:{n were known from measurements involving a-decay of
222Ra [Kurcewicz‘76] but;spins and oarities were only 'assigned to the 0t and 2+
states. Energy sums and intensity balance arguments were used to establish the de-
cay schemes. The intensities of the transmons in each band fall characteristically
with increasing spm (see appendlx A). The transitions Wthh are in strong coincid-
ence with the known 4+ to 2+ and 2t to O transrtlons have been assigned positive
parity. The band of regularly-spaced transitions based on the known I™ = 3~ state-
(tentatlvely assigned in '*Rn) has been ass1gned negative panty This is a reasonable
assumption, partlcularly in the case of 22°Rn where the transmon to the known 3~
| state from the candidate 5~ state has been observed. While this transition is not
observed in the adJacent radon 1sotopes the spm and parity assxgnments in ﬁgure 6 8
lead to very systematrc behav1our with i 1ncreasmg mass for the radon 1sotopes "The
level schemes of 222Ra 224Ra and 226Ra deduced in th1s work are shown in ﬁgure 6 9.
The 0, 2, 4+ 1- and 3‘ states in 1 222Ra were known from prev1ous measuremonts
using a-decay of 2’26Th [Ruchowska 92] Informatlon concermng excited, states up

to I" = 12% in 224Ra existed from previous studles involving a-decay of 228Th and
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Figure 6.7 Map of nuclei whose level schemes have been extended in this work. The
shaded area is the calculated region of octupole deformation [Sheline 87|, [Nazarewicz 84).
The small number in the top-left hand corner of nuclei is the maximum spin observed in pre-
vious work and the large number in the bottom-right corner is the maximum spin observed
following the 136X e 4 232Th reaction. The black corners indicate the observation of interleav-
ing opposite-parity bands. The black square indicates the position of the target nucleus. The
Jetters in the top-right corner of nuclei represent references to the previous work. These are:
a[Ackermann 93]; *[Kulessa 89]; “[White 87]; “[Gerl 89]; “[Ruchowska 92); /[Poynter 89al;

9[Wollersheim 93]; "[Ruchowska 82]; '[Kurcewicz 87]; /[Kurcewicz 76]; ¥ [Poynter 89b).
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heavy-ion transfer and (e, @/2n) using **°Ra targets [Marten-Télle 90], [Poynter 89a].
~ Also, information regarding excited states in 226Ra, obtained from Coulomb excita-
tion studies [Wollersheim 93], ex1sted toI" =18%. In**Ra and ***Ra the known level
schemes have been extended to 26+ (possibly 28*’) and 28* respectively. A consider-
atlon of internal conversion strongly supports the ass1gnment of electric, rather than
magnetic, character to the interband trans1tlons 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
g+ to 67 intensities after efficiency and internal-conversion correction. This condltlon
can be satisfied if the 77 to 6* transition is assigned E1 multipolarity. -

¥

6. 5 1 Inten51ty Measurements

As many nucle1 are present in these data 1t was 1mportant to ﬁnd clean uncontamm-
ated gates in order to make measurements of the relatlve 1ntensmes of the transxtlons
in the radon and radmm 1sotopes The 1ntens1t1es of many tran81tlons wcre measurcd
in three—fold spectra which were generated by double-gatmg on low-lymg transltlons,
usually the 6+ to 4+ and 4+ to 2+ transitions, in the ungated cube. The lntensmes
of the hxgh—spm transmons were determmed usmg hlgher-lymg transmons as gates.
In the case of doublets, ’y-'y gates were set on trans1t10ns whmh ehmmatod the un-
wanted half of the doublet The dlfferent 1nten51ty measurements were normahsod
| The mtensmes of transmons between the exc1ted states 1n each nucleus are presentod
in appendxx A The errors on these values depend upon the ch01ce of gates The

introductlon of normahsatlons to these measurements 1ncreased the unC(‘rta1nt1es
6.5.2 B(E1)/B(E2) Ratios

By measuring the relative intensity of the E1 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,

| Do/ Qol- Values of B(E1)/B(E?2) can be calculated from E1 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) B le
= 7.70 X 10 E
(EQ) i EEl Igs .

Values for the intrinsic electric dxpole-to—quadrupole ratio can be determlned using

- (62)

the followmg expression which is obtamed by rearranging equatlon 1.28:

Doj_ |5 (21,-—2)B(E1);
Q0| ~ \16 (21, - 1) B(E2)’ | (6.3)

The I;1 /’IE2- branching ratio for a particular excited state was obtained by double-

gating on transitions above the state in the ungated cube. In many cascs 1t was
possible to obtaln more than one measurement of Igy /1 E2 , by usmg different transmons
as gates. A weighted mean of the 1nd1v1dua1 values was taken in order to obtaln
the final value The error on this value was taken to be the standard error on the
individual measurements. A value of ]Do/Qol was then determined using equations
6 2 and 6. 3 In ﬁgure 6.9 one can see that 1nterband El trans1t10ns depopulate states
up to I" = 15 (POSSlbly 177 ) in mRa and I" = 18+ (20+) in 226Ra but although
the yrast band in 2‘Ra has been observed up to I" = 26+ (28*), no lnterband E1
tl‘anSlthIlS have been observed above I’r = 7 (9~ ) m this nucleus. Upper limits of
| Do / Qo for states between 9~ and 23~ 224Ra were obtained using the ??*Ra-gated
cube. These were obtalned using two standard deviations in the background count
as the intensaty of the E1 transitions. Figure 6.10 shows values of | Do/Qo| measured
for excited states in the three isotopesﬂ of radium. For #22Ra and %?°Ra the values of
|Do/Qol are much larger than for 22*Ra. However, for all three nuclei the |Dy/Qy|
values remain almost constant over the full spin range. If the electric quadrupole
moment does- not vary with spin, as observed for >*Ra [Wollersheim 93], then for
these radium isotopes the value of Dy also does not vary. This implies that the .small,
difference in the centre of charge and the centre of mass, which gives ﬁse to the
electric dipole moment, is not varying appreciably with spin, and the nuclei have a

, reﬂectlon-asymmetnc charge distribution which is rather stable under rotatlon
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Fxgure 6.10: Plot of the absolute magmtude of the 1ntr1n51c electrlc dlpole-to-quadrupole
ratlo ( Do /Q0|) asa functlon of spin for states in 222Ra 22“Ra and 226Ra, Values of |D0 / Q |

0
were dernved from B(El)/B(EZ) branchmg ratlos Upper limits for hxgh spm states in

224Ra were obtamed usmg two standard deviations in the background count as the mtemxty

‘of the E 1 transmons

6 5 3 Ahgnment Effects o |

¥

Figure 6.11 shows the experimental alighment "iz, 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 M8Rp, 20Ry, 22Ry,
222R4 and 2*'Ra from the present work and 29Ra, 222Th, ?*Th and **Th from previ-
ous work [Smith 93], [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 Jp = 31 A*MeV~! and J; = 26 h*MeV-? lhas

peen subtracted (see section 1.5). The Harris parameters were deduced using the
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1

low-spin transmons in 222Ra The insets in figure 6.11 are plots of the dlfference in i,
(pOSltlve parlty) and i (negatlve parlty) Aig, as a function of hw. One may Obscrve
from the ﬁgure that the isotopes of radrum and radon exhibit srmrlar behaviour. For
these nuclei there is a small dlfference in the amount of ahgned angular momenta,
for the opposrte-parlty states Wthh reduces to zero w1th increasing rotatronal fre-
quency. In contrast the difference i in alignment is much larger for the radon 1sotopcs,
over a wide rotatrona,l frequency range. The dlfference in behav1our 1s presumably
due to the three units of angular momentum provided by an ahgnment of the octu-
pole phonon ‘for the radon 1sotopes ThlS 1nd1cates that the radon isotopes are of a
more vibrational nature than the radrum and thorium isotopes, which possess stable
octupole deformatron over a wide range of rotational frequency From the plot of
the ahgned angular momentum as a functron of rotational frequency for the poqmve-
parity states one may observe that the 1sotopes of thormm and radium exhlblt srnooth
behaviour to high rotational frequenmes In contrast the 1sotopes of radon drsplay
sudden changes in alignment at hw = 0.20 MeV. 218Rn and 2®Rn dlSplay addltlon al
alignment effeCtS at fW 0.22 MeV.. Cranked shell model calculations were per-
formed for 218Rn 2""’Rn and 222Rn in order the discover whlch orbitals are 1nvolved
in these ahgnment effects These calculatlons are described in sectron 6 6.2. Slmllar
alignment eﬁects have previously been observed in octupole—deformed nuclei in the
lanthanide regron Interactrons between the octupole bands and ahgned reﬂectron-
symmetrlc two—qnasxpartrcle bands have been seen in 146Ba [Urban 96] [Zhu 90] and
1505 [Urban 87]. Figure 6.12 shows the level scheme of ¥**Sm from [Urban 87] The
octupole band develops at I~ 7h but dlsappears at I ~ 15h due an 1nteractlon w1th

the aligned reﬁectron-symmetnc band.
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Figure 6.11: Plot of ahgned angular momentum i; as a function of rotational frequency

fiw for states of posmve panty in three sets of isotones with N = 132, 134 and 136 for

7 = 86 88 and 90. The msets are plots of the dlfference in ahgnment Al,, between the

poSltlve‘ and negatlve-panty bands as a functlon of hw The value of Al, was calculated:

by subtractmg from the \alue of ip for each negatlve—parxty state an interpolated, smoothed

value for the positive-parity states at the same value of hw.
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Figure 6.12: The level scheme of '**Sm showing an interaction between the octupole hand

and a reflection-symmetric band. Taken from {Urban 87]
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| _'6.6 DiScus'sion'

6 6.1 . Intr1ns1c Electrlc Dlpole Moments

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

| D0| was obtained for each of the six octupole nuclei using weighted-mean |D0 /Qol
values and pubhshed values of the intrinsic quadrupole moment )y [Raman 87] as-
suming that Qo is constant with spin. As an intrinsic electric quadrupole moment
has not been measured for 2®Rn, 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 22°Ra were taken from [Wollersheim 93]. Table 6.2 |
compares | Do| values measured in this work with those measured in previous work
and values whlch were deduced using macroscopic-microscopic calculations [Butler 91]
and, where avallable, self-consistent theory [Robledo 87], [Egido 91]. Also shown is
the |Do| value previously measured for *°Ra [Smith 95a]. At low spin, Butler and
‘Nazarewicz [Butler 91] calculated a very small value of the intrinsic electric dipole
moment, Dy; for 2*/Ra 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 2*Ra. Self-consistent calculations also reproduce
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 |Do| for ?*‘Ra indicates that the small value persists to high spin in
this nucleus. -Values of |Dy| extracted for the radon isotopes appear to be in good
- agreement with the macroscopic-microscopic values where the small Dy value arises
from the small value of (3 for these nuclei. In contrast, the self-consistent calculation
gives a large negative value for D in *’Rn. The average values of |Do| measured -
in the present work for 2 Ra and ??Ra are consistent with previous measurements

at lower spin [Poynter 89a), [Marten-T6lle 90], [Ackermann 93]. The theoretically-

predicted reduction in |Do| as one moves from ?*’Ra to **Ra is observed experi-
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Nucleus |:© ° + 7 'Experiment B Theory -
This Work B Previous Work * . Macro-microf- . Self-consistent
Irange | |Do| (e.fm) | I range | |Do| (e.fm) | I range | Do (e.fm) | I range { Dy (e.fm)
218Rp 7 0.035(3) - - 0 0.04 . ;
20Rp | 5-9 0.04(1) - - 1 0 ~0.04 - | -
2Ry | 911 | 010Q) | - ; 0 -010 | 0 | -0.3
2oy, | -l S | 62 | 03404 | o0 0.17 | 0 | 0.3
SUREE RN I | 4 0.18 | ‘
2R, | 7-15 ¢ 0.27(4) 3 0.38(6)° 0 0.09 0 | 0.3
: ’ o - 5-7 0.11
24Ra | - 57 | 0.030(1) 35 | 0.028(4) | © 0.01 0 | 005
12-23 | <0.09 7-9 <0.11° 6 0.01
e 1-5 | 0.06-0.10¢ 0o | -009 | o . 0,10
2Ra | 918 | 0193) | 712 | 0120214 | 712 | -0.09
711 | 0.16(1)° |

Table 6.2: A comparison of the expefimental intrinsic electric dipole moments
measured in this: work w1th those measured in prev1ous work. Also shown arev
the values which were calculated using macroscopic-microscopic theory and self-
consistent theory. The superscripts represent the following references: “[Smlth 95al;
”[I’{echowslrca 92]' ‘[Poynter 89a); "[Wollersheim 93); e[Ackermeu'm 93]; /[Butler 91];

g[Robledo 87] "[Egldo 91]. Experimental |Do| values are derived from weighted mean
values of | Do / Qo and Q, values from reference [Raman 87] except for 28Rn where
Qo was determmed using Grodzins’ principle and 22°Ra where values were taken from
reference [\\ollershelm 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 *’Ra and ?*Ra and the
 previously-measured value for ’Ra [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’l parameterisation [Dudek 81}
_ and deformation parameters of 218Rn and ?2°Rn taken from reference [Butler 91]. Us-
ing (B2, B3, B1) = (0.085, 0.092, 0.060) for man, (0.102, 0.096, 0.068) for 2°Rn and - .
(B2, B, Ba) = (0.116, 0.094, 0.071) for 222Rn, the calculations predict a strong inter-
action between the ground band and an aligned j5/2 neutron band at a rotational
frequency of hw = 0.25 MeV and a weak interaction with an aligned i13/A2 proton band
at hw ~ 0.25 MeV for each nucleus. The results of the calculations for 22°Rn are shown
in figures 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 ij3/2 proton orbitals slope dovl/n steeply, indicating a large
amount of ahgnment and come close together at hw =~ 0.25 MeV. This represents
a weak interaction with an aligned ij3/2 proton band. The j;5/2 neutron orbitals
remain far apart and interact at hw =~ 0.22 MeV. ThlS strong interaction is presum-
ably responsible for the upbend in the experimental alignment plots at fiw &~ 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 oppos1te—par1ty bands of radium and thorium possess a similar amount of ahgned
angular momentum at low frequencres The difference in the amount of aligned an-
‘ gular 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 negatwe—panty states have a greater amount of ahgnment The
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Figure 6.13: The results of cranked shell model calculations with the deformed Woods-
Saxon potential with parameterisation taken from [Dudek 81]. Quasi-neutron Routhians
are shown in part (a) and quasi-proton Routhians are presented in part (b). See text for

deformation parameters.

additional alignment is presumably due to the octupole phonon. This indicates that
the radon isotopes are vibrational over a wide range of frequencies, while the radium
and thorium isotopes possess more stable octupole shapes. Strong alignment effects
were observed for the radon isotopes in this work. Such rapid changes in alignment
were not observed in the radium isotopes where regular structures are maintained
to the highest spins observed. Similarly, the yrast sequences in thorium isotopes ex-
hibit smooth behaviour over a wide range of N [Butler 96]. The sudden increases in
alignment are not seen in the radium and thorium isotopes because of the effect of

the stronger octupole interaction between high- and low-spin orbitals in these nuclei
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[Nazarewicz 85]. tThis argument would be consistent wit‘h the observation of small
| Do| 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 octupble energy minimum for 222Rn than for ??’Ra and **'Ra.

6.6.4 Propertles of the Octupole Bands

A purely-v1brat10nal 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 || 2'*Rn | 2°Rn | 222Rn | 222Ra | 2**Ra | 22°Ra

SR 20 | 22 | 24 | 27 | 30 | 31

Table 6.3: Ratios of the energles of the lowest-lying 2% and 4% states for the six nuclei
studled in thls work

The values indicate that the radon isoﬁopes are more vibrational than the radium
isotopes at low spin, and that the isotopes become more rotational with increasing
mass number ‘

3 Nazarevncz and Olanders [Nazaremcz 85] defined two quantities which describe
the hlgh spin behaviour of octupole nuclei: the frequency ratio and parity splitting.
The quantities, whlch are deﬁned in section 2.2.2, are plotted in figures 6.14 and 6.15
for 2!8220222Ry and 2222242%Ra. Also shown are the limits for nuclei with stable oc-
tupole deformation: zero parity splitting and a frequency ratio of umty In figure 6.14
the bands of 222R3 and 2'Ra cross the octupole-deformed limit at ~ 9%, while 226[{&,
22"Ra and 222Rn cross the boundary at ~ 12h. 2!8Rn lies above the boundary for
all spin states This may indicate that !®*Rn has a more v1brat10nal nature, even at
hlgh spms The parity splitting for the radon isotopes is much larger than for the
radlum 1sotopes in the 0 - 5% reglon This is because the radon 1sotopes are of a

more v1brat10na1 nature at low spin. In ﬁgure 6.15 the radon 1sotopes are close to
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Figure 6.14: The energy displacement between the positive- and negative-parity states, §E,
as a function of spin in the octupole bands of the nuclei studied in this work. The quantity
SE tends to zero for an octupole-rotor. The open symbols represent values deduced using

transitions between tentatively-assigned levels.

the octupole-vibrational limit at low spins but approach the limit of stable octupole

deformation at ~ 14h. The radium isotopes reach the limit at ~ 11h.

6.7 Summary

It has been shown that multinucleon transfer reactions with thick targets and high-
efficiency germanium-detector arrays are a viable means of populating high-spin states
in light-actinide nuclei which are hard to access by other mechanisms. Interleaving
bands of alternating-parity states have been observed to high spin in ?*'Ra, ??°Ra
and. for the first time, in **?Ra, ?'®*Rn, **’Rn and **?Rn. In ***Ra and **°Ra the
extracted value of [Dy/Qq| is approximately independent of spin, while in ?*'Ra the

value indicates that the cancellation of contributions to the intrinsic electric dipole
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Figure 6.15: The rotational frequency ratio, R, as a function of spin for the octupole bands
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-assigned levels.

moment persists to high spins. The observation of the behaviour of Dy implies that
the reflection-asymmetric charge distribution is hardly affected by rotations in the
radium isotopes where detailed measurements are available. Intrinsic electric dipole
moments measured for the radon isotopes were much smaller than those for ?*’Ra
and 22°Ra. Also, plots of experimental alignment as a function of rotational frequency
revealed sudden onsets in alignment effects in the positive parity bands in the three
radon isotopes. The results of CSM calculations suggested that these effects are due
to alignments of ij3» protons and ji5/» neutrons. No such effects are observed in
the radium isotopes, nor indeed in any previously-studied isotopes of radium and
thorium. The difference in behaviour may be due to weaker octupole mixing of high-
spin orbitals with lower-spin orbitals for the radon isotopes. Plots of the difference

in alignment for the positive- and negative-parity states as a function of rotational
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frequency also revealed interesting structure differences. The radon isetopes 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 isdtopes of radon and radium. High-
spin states in xhany other nuclei are populated in the reaction and the analysis of
other light-actinide nuclei, such as *Th, 228R4 and 2°Ra (see ﬁgure 6.7), is still in
progress. The odd-mass neighbours of the radium and radon isotopes, such as ?%Ra
“and ?®°Ra, 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 Wiu b}e»possible using three-dimensional analysis techniques. Spectroscopic

studies concerning the projectile-like transfer products are also in progress.
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22R4 intensities

J7* | 37 | Mult. | Energy (keV) | Intensity Intensity
| | (int-conv corrected)
o+ | 0+ | E2 1112 28(12) 205(91)
4t | 2t E2 190.7 100(19) 171(32)
6+ | 4t E2 248.4 86(17) 110(21)
7- | 6+ | “E1 153.1 72(23) 84(27)
7- | 5 | E2 929.3 13(4) 18(5)
gt | 6% | E2 292.9 61(5) 72(6)
gt | 7~ | E1 140.1 66(12) 80(14)
o- | 8+ | E1 149.3 50(8) 58(10)
o- | 7~ | E2 289.0 44(5) 52(6)
10+ | 8t | E2 330.1 43(4) 49(5)
10+ | o= | B 180.9 57(13) 64(15)
11- |10+ | E1 157.4 27(4) 31(4)
11- | o- | 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 306.0 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) 11(4)
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224R 45 intensities

J7¢ | 37 | Mult. | Energy (keV) | Intensity Intensity
o (int-conv corrected)

3- | 2+ | E1 206.0 54(12) | - 59(13)
4+ | 2+ | E2 166.5 100(5) | - 218(11)
5- | 4+ | El 1822 28(8) © 31(9)
5- | 3= | E2 1426 | 39(11) 124(35)
6+ | 4+ | E2 228.6 146(28) 200(38)
7- | 6+ | El 1605 | 15(4) 17(5)
7| 57 | E2 - 207.9 113(21) - 171(32)
g+ | 6+ | E2 - 276.1 156(19) 188(23)
9- | 7= | E2 265.9 94(26) | 115(32)
10* | 8+ | E2 3137 151(15) - 171(17)
11-| 9~ | E2 3148 | 98(22) | 111(25)
12+ | 10+ | E2 345.3 121(4) 133(4)
13- |11 | E2 356.7 83(15) 191(16)
14+ | 12+ | E2 373.8 87(4) o 94(4)
15~ | 13~ | E2 391.1 55(14) | 59(15)
16+ | 14+ | E2 | 400.2 77(8) o 82(9)
17- | 15t | E2 419.4 37(9) 39(10)
18+ | 16¥ | E2 424.4 57(8) 60(8) -
19- {177 | E2 442.9 29(9) o 31(9)
20+ { 18* | E2 447.1 - 31(6) o 33(6)
21- |19~ | E2 462.8 2(7) | 25(7)
22+ | 20+ | E2 467.1 23(5) 24(5)
23- {21~ | E2 | 4798 217) | 22(7)
24+ | 22 | E2 485.1 17(5) 18(5)
25~ |23~ | E2 496.8 7(3) 17(3)
26+ | 24+ | E2 5008 | 42) 42
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2Ry, intensities

Jr [ 33 | Mult. | Energy (keV) | Intensity Intensity
N ‘ (int-conv corrected)
4+ | 2+ | E2 144.0 100(6) 310(19)
6+ | 4+ | E2 205.0 164(21) 253(33)
7- | 6+.| El 2105 44(6) - 48(6)
g+ | 6+ | E2 252.9 160(21) 202(27)
9- | 8+ | EIl 188.6 90(5) 99(6)
9- | 7| E2 2310 - 30(7) 141(10)
10+ | 8+ | E2 290.7 141(10) 165(12)
11- [ 10t | El 1733 | 72(4) 82(5)
11- | 9- | E2 275.3 75(14) 90(17)
12+ |11~ | E1l ©148.3 29(5) . 34(6)
12+ | 10t | E2 3213 | 98(3) 110(3)
13- |12+ | E1l 166.5 22(4) - 25(5)
13- |11-| E2.| 3145 - 83(16) 94(18)
14* |13~ | E1 180.4 23(5) 1 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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J7 | 37 | Mult. | Energy (keV) | Intensity Intensity
B ‘ (int-conv corrected)
16+ | 15- | E1 202.1 16(2) 17(2)
16+ | 14* | E2 369.8 55(3) 60(3)
17- | 16* | E1 176.5 13(3) 15(3)
17115~ | 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

J7 | 37 | Mult. | Energy (keV) | Intensity Intensity
' (int-conv corrected)
2+ | ot | E2 3245 | 100(19) 111(21)
4+ | 2+ | E2 329.0 96(18) 106(20)
5~ | 4t | El 3727 | 34(5) 35(5)
6t | 4% | E2 361.1 83(5) 90(5)
7= 16t | El - 3134 17(4) 18(4)
7 {5 | E2-{ - 3020 33(5) 38(6)
g+ | 6% | E2 378.6 68(13) 73(14)
9- | 77 | E2 366.4 34(5) 37(5)
10+ | 8+ | E2 382.3 49(7) 52(7)
117 | 97 E2- 376.6 38(13) 41(14)
12+ | 10t | E2 393.7 39(7) 42(7)
13- {117 | E2 387.0 24(8) 26(9)
14% | 127 | 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* | 18t | E2 4219 10(3) - 11(3)
22+ 1 207 | E2 427.6 - 7(3) 7(3) .
24t | 22t | E2 438.0 5(3) 5(3)
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220Rn intensities

J7 | JF | Mult. | Energy (keV) | Intensity Intensity
(int-conv corrected)

o+ | ot | E2 241.1 100(20) 128(26)
4% | 2* E2 292.7 94(9) 108(10)
5©- | 4t | El 318.3 53(8) 55(8)
5- | 3= | E2 188.8 13(4) 22(7)
6+ | 4t | E2 340.2 84(8) 92(9)
71 6% El 254.3 17(4) 18(4)
7- | 5= | E2 276.2 41(8) 48(9)
g+ | 6t | E2. 370.4 78(19) 84(20)
9- | 8+ | E1 217.9 10(3) 11(3)
- | 7~ | E2 333.9 72(11) 79(12)
10+ | 8* | E2 386.8 | 71(12) 76(13)
11- | 9 | E2 371.9 - 70(12) 75(13)
12+ | 10+ | E2 402.8 52(12) 55(13)
13- [11- | E2 303.1 66(8) 70(9)
14+ [ 12t | E2 418.8 44(11) 46(12)
15~ | 13- | E2 4112 51(10) 54(11)
16% | 14t | E2 434.3 36(12) 38(13)
177 |15 | E2 430.3 26(10) 27(11)
18+ | 167 | E2 438.3 - -
19- | 177 | E2 441.2 20(13) 21(14)
20 | 18* | E2 438.6 - -
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222Rn intensities

Jy | JF | Mult. | Energy (keV) | Intensity - Intensity
(int-conv corrected)
2+ | 0t | E2 186.4 100(15) 169(25)
4+ 1.2% | E2 262.5 134(20) 162(10)
6+ | 4+ | E2 319.6 118(26) 132(29)
7- | 6+ | E1 280.6 25(7) 26(7)
gt | 6% | E2 359.6 75(14) 81(15)
9- | 8t | E1 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+ | E1 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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