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y decay of excited states int%*Rn identified using correlated radioactive decay
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The low-lying level structure of the neutron-deficient isotdp#&n has been studied for the first time, using
the %%Er(%Ar,4n) reaction at a beam energy of 175 MeV. Evaporation residues were selected using an
in-flight gas-filled separator, RITU, and implanted at the focal plane into a 16-element position-sensitive,
passivated ion-implanted planar silicon detector. Prognpays in **®Rn were observed at the target position
using the JUROSPHERE array of 24 Compton-suppressed germanium detectors, and were identified by the
subsequent radioactive decay of associated recoiling ions in the silicon detector. Isotopic assignments of the
nuclei produced were made on the basis of the energy and half-life ofdtdg#cay. The estimated production
cross section fot%Rn in this reaction was 180 nb. The excitation energy of tfiestate indicates inconsis-
tency with theoretical predictions of large stable ground-state deformation in this isotope. The systematics of
other low-lying excited states suggests the presence of deformed intruder states falling in energy with increas-
ing neutron deficiency.S0556-28189)07802-4

PACS numbd(s): 27.80+w, 23.20.Lv, 23.60+e

I. INTRODUCTION dicted deformation parametefe,|~0.2, but produced in
suitable reactions with cross sections of the order of only 100
The polarization of the doubly magit°®®b core by va- nb.

lence nucleon particles has been known for many years to be
responsible for the permanent deformation exhibited in the Il. EXPERIMENTAL DETAILS
ground states of nuclei witN>126 andZ>82. A new re- . ) .
gion of deformed nuclei is expected when polarization by '€ production cross section ofRn in the current reac-
proton particles and neutron holes is sufficient to perturb th&ON Was estimated from the current work to be only 180 nb,

spherical core. The onset of deformation in this region,Wh”e the total fusion cross section is of the order of 100 mb.

where N<126 andZ>82, has been predicted to occur far A very sensitive technique is thus required to isolate in-beam

. i ) : _ vy rays deexciting states in evaporation residues surviving
from stability by many long-standing calculatiofts-], al fission, from radiation associated with the myriad fission

though no direct experimental evidence exists with which thragments produced. Strong Coulomb excitation of target nu-
substantiate these results. o . clei of up to a barn in cross section exacerbates the problem.
Production of neutron-deficient nuclei via fusion- |, 4qgition to the rejection of these strong background chan-
evaporation reactions becomes increasingly difficult far fromne|sy anyy rays emitted by surviving evaporation residues
stability because of the overwhelming dominance of fission,st pe positively identified with'®Rn since there is no
channels over particle emission at every stage of the coolingypjished information concerning excited states in this iso-
of the compound nucleus. As a result there is not much exgope.
perimental information on many of these nuclei other than |n the present study an in-flight gas-filled separator is
the ground-state radioactive decay half-life aQdvalue, used to select evaporation residues recoiling out of the target
which are difficult to interpret in terms of nuclear deforma- from an unreacted beam. Identification’8fRn residues was
tion. Spectroscopy of excited states, where a IgweXcita-  performed on the basis of the radioactiwedecay of the
tion energy or development of rotational band structuregesidues in a silicon detector at the focal plane of the sepa-
might be suggestive of collective effects, is difficult due torator. The decay properties 3P°Rn have been established
the low production cross sections, which fall into the gub-  previously[5,6] and the decay proceeds by the emission of
regime where the deformation is predicted to be largest. Adan « patrticle of energy 7.196 MeV with a half-life of 62)
ditional experimental problems arise due to contamination byns. Prompty rays at the target position were identified as
fission products and Coulomb excitation. This paper presentsansitions between excited statesi#Rn by a correlation
experimental measurements concernjitpy transitions be-  technique:y rays are observed in coincidence with recoiling
tween excited states ih*®Rn, an isotope with a large pre- ions, which, after transportation through the separator and
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implantation into a suitable detector, decay by emitting ra-gain (“decay” amplifiers suitable for a-particle energies
dioactivity with characteristics corresponding to the isotopg5-7 MeV). The a-decay events and implantation events
of interest. were distinguished on the basis of the recorded energy
For this investigation 1®Rn was produced in the signal.
1651 (30Ar,4n) reaction. A self-supporting metallic target, of ~ Several logical event triggers were generated. A silicon
thickness 50Q.g cm 2 and enriched to>96% in 1%Er, was  detector trigger was used corresponding to an event in the
bombarded with a beam dfAr’" ions at an energy of 175 silicon detector. A recoily trigger was defined by the coin-
MeV, delivered by the K130 cyclotron at the Accelerator cident detection of one or more promptrays in the germa-
Laboratory of the University of Jywkyla In order to pro-  nium array around the target and a signal in one of the strips
duce sufficient information for position matching and energyof the silicon detector. In addition, the coincident firing of
correction, discussed in detail below, the same target wagree or more detectors in the germanium array was used to
bombarded with arf’Ar’* beam at an energy of 192 MeV. trigger the data acquisition system. This latter trigger was
The production cross sections with this second reaction leagsed for diagnostic purposes to allow on-line monitoring of
to less neutron-deficient isotopes and quickly generatghe detectors in the array.
enough data for the required corrections. Along with the other experimental parameters of the
Prompt electromagnetic radiation emitted at the reactiorevent, the time at which the event occurred was recorded.
site was detected in the JUROSPHERE array. The array Corfhis was generated by a scaler which ran continuously
sisted of 24 Compton-suppressed hyperpure germanium dehroughout the duration of the experiment. This scaler was
tectors arranged in four rings around the beam direction, sulinterrogated every time a trigger of any sort was received by
rounding the target position. The array was composed of Gghe data acquisition system. Events were thus labeled with
crystals of two different sizes: fourteen 70% efficient detecthe time at which they occurred, relative to the beginning of
tors of the EUROGAM phase | typfr], nine at 134° and the experiment, at a precision ofus. This time label allows
five at 158° to the forward beam direction, and ten 25%the data to be played back in sequential order during off-line
detectors of the TESSA tyd@], five each at 79° and 101°. sorting to build up temporal correlations between the events
Efficiencies are quoted relative to the Nal standard. The aboccurring at each position in the silicon detector.
solute photopeak efficiency of the coaxial detectors in the Data were collected for approximately 154 h at an aver-
array was measured to be 1.7% at 1332 keV. age beam current of 10 pnA, giving an average raw rate of
Recoiling evaporation residues were separated from unreg0—40 Hz in the silicon detector. The beam current used was
acted primary beam particles, fission fragments, and targefimited by the rate in the germanium detectors, which was
like reaction products using the high-efficiency gas-filled re-typically a 3—4 kHz Compton-suppressed rate per 70% de-
coil separator RITU[9]. This device achieves high tector and 2—3 kHz per 25% detector.
transmission by filling the field region of a magnetic dipole
with gas at low pressure. Charge-exchanging collisions be-
tween recoiling ions and gas atoms lead to ion trajectories lIl. DATA REDUCTION AND ANALYSIS
centered on the average ionic charge state in the gas, inde-
pendent of the original charge state when leaving the target. In order to begin the analysis, the various detector ele-
Simple empirical descriptions of the average charge state irments require gain matching and conditions to be applied to
dicate that the magnetic rigidity of the ion in the gas-filled the data set require determination. The germanium detectors
region is effectively independent of charge state and recoilvere calibrated by collecting singlegray energy spectra
velocity [10], which leads to a charge and velocity focusing from **%Eu and '*3Ba sources, giving good coverage of the
giving high transmission. RITU was filled with helium gas at energy range of interest. These were used to obtain gain-
a pressure of 1 mbar. The helium was isolated from the acmatching coefficients and to perform a relative efficiency
celerator vacuum by a thin carbon foil of thickness 50calibration for the 24 coaxial germanium detectors in singles
wgcm 2 upstream of the target position. mode. A Doppler-shift energy correction was applied to the
At the focal plane of RITU, separated ions were stoppedn-beamy-ray data using a calculated value of recoil veloc-
in a position-sensitive passivated ion-implanted planar siliity, 8=v/c=0.0183, assuming ions recoil at 0°. A calcu-
con detector. The detector was 35 mm high and 80 mm widéated recoil velocity was used since the number of counts in
with a thickness of 30@:m. The width was subdivided into any oney-ray transition in any one angular ring of detectors
16 strips of width 5 mm. Signals from the top and bottom ofwas too small to deduce an empirical Doppler correction to
each strip, in addition to a summed signal, were recordedhe data. The JUROSPHERE array has most of its efficiency
The summed signal was used as an energy measuremetayards the backward angles and as such the use of a calcu-
while vertical position along the strip was derived on thelated recoil velocity introduces a systematic error into the
basis of the resistive division in off-line analysis of the data.measurements of-ray energies. This is estimated to be less
The position measurement was used in the analysis to sp&ian~0.3 keV at 500 keV.
tially correlate the arrival of a recoiling ion with its subse-  Transformations were made of tleparticle energy sig-
guenta decay. Energy and position signals were recordedhals in order to correct for a small linear dependence of the
for events corresponding to the implantation of recoiling ionsobserved energy with vertical position. This was performed
into the silicon detector and for their subsequent decaysusing stronge groups arising from the decay éf*"Rn and
Two sets of amplifiers were used, one with low gaéie-  °Po produced in the*®Ar-induced reaction. An energy
ferred to below as “recoil” amplifierssuitable for the ener- resolution of 26—30 keV was typically obtained in an indi-
gies associated with recoiling iori40—-40 MeV} and high  vidual strip after correction. The strips were gain matched
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and an internal energy calibration was performed using 30000 osme 1900

known «-particle energies in order to confirm the identifica- 20000 (a) singles 199Atp°

tion of lines in the energy spectrum. 198pg 195pg\ | | 1ssmat
Since independent banks of amplifiers were used, the po- 10000 1%6pg \

sition signal derived from the “recoil” amplifiers needs 0

matching to that derived from the “decay” amplifiers. In
order to match the two position measurements, the
201m201Rn activities, strongly produced in tHEAr reaction,

20000 | (b) 20s

Counts per channel

; . . 10000
were used. Thex decays corresponding to previous implan-
tations were searched for and a two-dimensional plot of de- 0
cay position versus recoil position was incremented. The true () 2s
recoil-« correlations produce a line in such a plot, on top of 5000
a background due to false, chance correlations. A linear 2500
transformation was applied in order to put the true correla- 0 b— R

tions onto the diagonal in the two-dimensional plot and thus
match the gains of the two position measurements. Position 800 | (4) 200ms

199m
resolution was typically found to be 400 wm full width at 400 R':%
half maximum(FWHM). Rn/ Rn
The analysis is based on the observation of time- and 0 A
position-correlated implantation ane decays in the silicon 6.0 6.5 70 75
detector. Since some of the implantation events will involve o-particle Energy (MeV)

the detection of prompty rays at the target position, the

identification of thea-decay characteristics of a particular decay event in the strip detect(ingles a-particle energy spec-

|sotop? aliows a _'::thCIEC tshelfqtlotn andsldehntlflca}tlop fortrum), (b)—(d) for implantation-decay correlated events with time
prcl)mp Y raf);sl_ emitte hyh a E‘ohOpe' I uc dadna ysIs f'_HZ{imits for the correlation of 20 s, 2 s, and 200 ms, respectively; see
Vf? Vesdan orni-line Searcd_ t rOUQ tle Co_ ecte ata t_o Iln ext for details. Stronge-particle groups are labeled with the de-
the a decay corresponding to implantation at a particular;,ying isotope.

position, seen in the silicon detector. The two events are

deemed to have occurred at the “same” position in the de-, . . . . . .
tector if their two position measurements are withird this limit in order to assess contaminaptray transitions
FWHM position resolution. The time interval between the arising from residual bad correlations.

implantation and decay is used to measure the half-lives Otf 'T‘ atddltlo_n tol |mplantat|_(:tn-de_tc§\y sequ_grcis,dlf ttr.'e dz?\ur?h-
the isotopes produced. er isotope is also am emitter, it is possible to distinguis

In order to establish good correlated events, the mean ”fgecays by generation and identify correlations between im-

of an implanted ion should be small in comparison to theplantatlon, first-generatioa decay, and second-generatien

average time between two implantations at a particular IOOSIgecay. For the isotopes produced in this reaction, only radon

tion in the detector, as set by the experimental rates. Off—linémc"":‘I tgre e;pected Ott% show _strong Erst— ar:d _second(;
analysis of the data allowed the measurement of the avera nerationa decays. €r Species, such as poionium an

time between implantations into the same position in th _statlne, are expected to show only first-generatiaiecays,

silicon detector. The value obtainee60 s, is considerably SINC€ the daughter nuclei undergodecay. The thickness of

longer than the mean life of th&Rn isotope which was the silicon detector is too small to be sensitive to sykth
previously determined to be @ ms[6]. In principle, under particles. In a similar fashion to the time limit discussed
the experimental conditions used, good implantation-decagbove’ a time cutoff is applied to the search for a second-
correlations can be found fdf8Rn. However, several prob- eneration decay in order to reduce the influence of bad cor-

lems arise in establishing correlated implantation-decay Sé_elatlons.

guences due to the presence of longer-lived isotopes pro-

dL_Jc_ed at _thg same t?me v_vith_ highgr produgtion rates. IV. RESULTS

Difficulties in interpretation arise if two implantations occur

at the same position within a time interval which is short in  The identification of the'®®Rn a-particle group was made
comparison with the half-lives involved. It is not clear under primarily on the basis of thev-particle energies and half-
such circumstances with which recoil to associate any subives obtained in implantation-decay sequences.

sequent decays seen at that place in the detector. In addition, The results of implantation-decay correlations are shown
since the implantation depth of the recoiling ionsin Fig. 1. The upper portion shows the-particle energy
(~9-10 um) is less than the range ef particles in silicon  spectrum for all events in the silicon detector with no corre-
(~30-40 um), it is not always possible to detect the decaylational analysis performet@eferred to below as the singles
of every implantation. Only approximately half of the decaysa-patrticle energy spectrumThe strongest peaks are labeled
are observed with their full energy. In order to minimize by the decaying isotope. This spectrum was calibrated inter-
these problems, a search is made for a decay at a certamally using knowna-particle energie$l1], other than those
position only within a certain time interval after an implan- associated with radon isotopes. The measurghrticle en-
tation. In the final analysis, this time limit was chosen to beergy from 1°%Rn decay was 7198) keV, in excellent agree-
200 ms, although, as discussed below, it is instructive to varynent with the previous value of 7198) keV [6]. Some

FIG. 1. Energy spectra ok particles associated witte) any
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a-particle groups were observed whose presence can only be
explained by isotopic contamination in the target. However, » 30
there is no evidence for any reactions on erbium isotopes % 20
lighter than A=166. The group associated with’®Rn is =
therefore the highest-energy decay observed and, as such, 3 10
is clearly separated from other groups and shows no con- ©
tamination. It is noted in passing that parent-daughter corre- 0 . . h .
lations for this group are consistent with th&Rn identifi- 0 50 100 150 200 250
cation. 30
The lower portions of Fig. 1 show the-particle spectra g %9pn
associated with decays correlated with an implantation. For 2 20
each of the spectra, a cutoff was imposed, as discussed )
above, on the time between the implantation and the decay at S 10
a particular position in the silicon. Figuregbl-1(d) have 8
time limits of 20 s, 2 s, and 200 ms, respectively, which 0 .
cause changes to the relative intensity of the different 0 500 1000 1500
groups in the spectrum depending on the half-life of the de- 30
caying isotope. Isotopes, such #8Rn and%19Rn, with 4 199mpn
relatively short half-lives, tend to decay before the shortest 27
time cutoff used. Increasing this time cutoff therefore does o
not significantly increase the number of decays observed. S0}
However, the numbers of observed decays associated with 8
isotopes with long half-lives are reduced with application of 0 .
a time cutoff short in comparison with their half-life. Extend- 0 500 1000
ing the time cutoff increases the observed number of decays, Time (ms)

for exar‘r.]ple: in Figs. (b)-1(d) for **%Po. The correlated . FIG. 2. The distribution of time intervals between the implanta-
spectra in Fig. 1 also show a better peak-to-background ifjon ang decay oft%Rn,%"Rn, and'®Rn ions in the silicon de-
the higha-particle energy region than the singlesparticle  ector. The lines drawn on top of the data are exponential curves
energy spectrum. This is due to the removal of the backegrresponding to the half-lives derived from a maximum likelihood
ground due to low-energy implantations by the correlationanalysis of the set of decay times. The exponentials have been
search. superimposed by eye onto the data for illustrative purposes and do
In order to confirm the assignment of thA&Rn group, the  not represent a least-squares fit to the number of counts per channel.
distribution of implant-decay times was analyzed in order to
measure the associated half-life. Figure 2 shows spectra %‘ecay correlation, namely, 20 s, 2 s, and 200 ms.
the distribution of decay times for radon isotopes observed in" 1 e_random ’subtracte’d/—ray' spéctra gated by the
the singlesc-particle energy spectrum. A maximum likeli- roup identified as'®®Rn are shown in Fig. 3. There are
ho+o S' anaIyS|§ of the decay times gave a meas_ured half-life everaly-ray and x-ray transitions apparent in the spectrum
66”2 ms, which compares well with the previous measuréy,ich arise in two different ways. The first set of transitions
ment of 642) ms[6]. Half-lives measured for the other ra- s 5s5qciated with Coulomb excitation of the ground-state
don isotopes produced show a similar consistency with pregoiational band of the target nucle#&er. The 80.6-, 184.4-,
vious results as indicated in Table |. . and 280.5-keV transitionfl1], along with erbium x rays,
Once thea-decay groups of interest had been identified,yere injtially identified as arising from Coulomb excitation
energy spectra were generated of prompiays emitted at o the pasis of the transition energy. These transitions appear
the target position by recoiling ions, which subsequeatly iy the spectrum from a small number of bad correlations
decay with characteristics associated with particular isotopegyeyeen implantation of ions following Coulomb excitation
This allows an unambiguous identification of the nuclide as4,q some unrelated decay or a low-energy implantation
sociated with particulay rays. _ which has been misinterpreted asadecay. The mean time
In order to produce as clean a data set as possible {Qerween such occurrences is lofaf the order of tens of

implantation-decay correlation analysis, implantation eve”t§econd)s compared to the decay times for the isotopes of
were filtered to reduce the number of events caused by ran-

dom coincidences between the Ge array and the silicon de-

tector. A polygonal software window was placed around th ) ; ) 4 :
ood estimates from implantation-decay correlations, for radon iso-

recoil-ion group in a two-dimensional spectrum of implanta- i .
tion energy versus the time of flight through the separatorFOpeS' Previous half-life data are taken from Rpég.and[11]

This time of flight was measured between the detection of a

TABLE I. Measured half-lives, deduced using maximum likeli-

. T - Parent Measured Previous
v ray and the arrival of the recoiling ion in the silicon detec- isotope half-life halflife
tor. This window was shifted along the time axis in order to
sample the time-random background and perform a suitable 19%Rn 6673 ms 64(2) ms
subtraction. In order to gain more insight into the compo- 199mRnp 0.312) s 0.32%25) s
nents of the resulting spectra, decay-taggecay spectra 199Rn 0.573) s 0.62025) s

were analyzed for different time cutoffs in the implantation-



PRC 59 y DECAY OF EXCITED STATES IN*8Rn . .. 677

30 120
49 r ErXray 30 +
a) 20s 80 Fe 1 __] +
20} | 81 (@) F 20
40 ;______*_ _______ 10 411 keV
184 0 b 0 i
10 ¢ 280 1 10 100 1 10 100
80 30
0 81 keV +
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FIG. 3. Energy spectra of prompt rays emitted at the target
position by ions which subsequently decay in the strip detector 40 -7+"”+ 7777777 20 | 443 keV +
with characteristics associated witffRn. In each spectrum a time F * g +
cutoff has been applied in the implantation-decay correlation. These 20F  339keV 0py-—— -
spectra correspond to time limits @) 20 s,(b) 2 s, and(c) 200 ms. 0 5 . . 0 5 . .
Strong peaks are labeled by the transition energy in keV. 1 10 100 1 10 100

Correlation Time Limit (s)

interest. As a result the lines arising as a result of Coulomb ¢\ 4. Graphs showing the number of counts in various peaks

excitation appear to grow into theray spectra with increas- iy the o-decay tagged-ray spectra as a function of the time limit
ing time limit, as can be seen in Figs@B-3(c) and more  ysed in the implantation-decay correlation. The data are labeled
quantitatively in Fig. 4. The second group of transitions in-with the energy of the transition plotted. The x-ray peaks are for
cludes x rays with energies corresponding to radon atomsrbiumK« and radork ;. The 81-keV yields have the contribu-
and a series of distincy-ray peaks which are assigned as tion from radonK «, lines subtracted on the basis of the radom,
transitions between excited statesiiRn. Since the half- intensity and the known fluorescence yie[d4]. The dashed lines
life of %8Rn is only 66 ms, the majority of implante#®Rn  mark the number of counts in the spectrum with a 200 ms time limit
ions will decay before the smallest implant-decay time limitin order to guide the eye. Lines arising from the leak through of
used(200 m3. Hence, increasing the time limit will not sig- Coulomb excitation transitions by bad correlation increase above
nificantly increase the strength of these lines in theay  this level with_ inf:_reasing_ time limit. Transitio_ns asso_cigted With
spectrum. This characteristic can be used to distinguisﬁgan do not significantly increase as the half-life for this isotope is
198Rn lines from residual Coulomb excitation breakthrough®42) ms, and hence the majority of atoms decay before the 200 ms
as illustrated in Fig. 4. Ay-ray transition with an apparent tme limit
energy of 443 keV shows a linewidth inconsistent with the
Coulomb-excitation transitions and has a behavior inconsis- The spectrum of'%Rn is characterized by five distinct
tent with a mean life of the order of tens of milliseconds. transitions with energies and relative intensities listed in Ta-
While the origin of this line is unclear, the variation with the ble 1l. The 339.0-keV transition is the strongest and there-
implantation-decay time limit rules it out as a candidate tranfore is assumed to be the 2-0" transition. There are no
sition in **%Rn. other candidates in the measured spectrum between 70 and
Other y-ray transitions observed in this reaction which 400 keV, after considering the effects of efficiency and in-
correlate with knowna decays are listed in Table 1l and ternal conversion on the apparent intensity. In the absence of
compared to previous data, if any exist. The comparison ofy-y data, the other transitions are placed on the basis of their
transitions in the current analysis with those from previouselative intensity to give the decay scheme shown in Fig. 5.
work (Y%At [12], 19519%pg[13], and 1%Po[14]) adds con- The spins shown in this diagram are assigned on the basis of
fidence to the analysis performed here. For example, theystematics illustrated in the next section.
transitions which correlate with the decay ¥Po compare The intensity of the'®®Rn group in the singlea-particle
favorably to those previously measured by more traditionaknergy spectrum, 2384 counts, can be used to estimate the
recoil-y techniques. Transitions have also been observed fqsroduction cross section of®®Rn in this reaction. Several
the first time which are identified as arising frotffAt and  efficiency estimates must be used. The transmission of ac-
\ tinium isotopes through RITU produced in the reaction of
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TABLE II. Relative y-ray intensities obtained in recoil-decay TABLE II. (Continued).
correlated spectra tagged using groups associated with
198Rn,1%%A¢, 198At, 198mAL, 1950 195Mpg, and 1%Po. The measured Transition energykeV) Intensity Previous energgkeV)

transition energies are compared to previous results where possm!L(&_jm

taken from the Refd.12-14. Intensities are corrected for the ef- Po
fects of relative efficiency only. Errors quoted on observed energies 319.52) 1006) 318.15)
are purely statistical. Contributions of systematic error to the mea- 388.92) 52(4) 388.45)
sured energies are discussed in the text. 403.84) 9(2)
427.33) 11(2)
Transition energykeV) Intensity Previous energfkeV) 495.03) 31(4) 494.85)
198Rn 196P0
339.02) 100(15) 237.62) 20(3) 237.31)
410.53) 68(13 254.12) 17(2) 253.41)
481.53) 58(13) 277.85) 11(3)
548.85) 34(10) 283.94) 15(4)
604.08) 27(9) 388.93) 20(5) 387.641)
1990 396.83) 17(4) 395.81)
433.1) 53(8) 432.9 404.86) 14(4)
600.53) 100(14) 414.1(3) 31(5) 414.28)
610.17) 22(8) 608.2 427.52) 86(10) 427.91)
655.95) 19(4) 432.33) 15(4)
671.02) 44(9) 462.12) 10011 463.11)
700.47) 11(3) 498.12) 67(9) 499.11)
517.64) 9(3)
198t 528.13) 17(5) 528.61)
130.01) 64(9) 582.63) 35(6) 583.92)
136.12) 21(5) 615.46) 21(6) 616.92)
151.12) 20(7)
155.59) 38(10)
168.31) 33(6) 49Ar beams with*"Lu targets at 185 MeV has been mea-
173.12) 14(4) sured[15] to be between 25% and 35%. The reaction used
247.51) 54(8) here is similar and RITU transmission has been assumed to
279.12) 75(12) be 30%. Comparisons of the number of recoil-decay corre-
284.41) 100(14) lated %Rn events and the number of second generation
304.95) 34(9) recoil-decay-decay events indicate that the efficiency of mea-
422.22) 17(6) suring ana particle which deposits its full energy into the
486.54) 31(9)
566.24) 42(11) 10" 23838
lQ&’nAt
136.22) 72) 6080
247.41) 30(5) N
279.13) 23(6) 8 1779.8
284.11) 81(10
413.32) 18(5) SB8
422.22) 53(9) .
551.91) 31(6) 6 12310
567.11) 100(14) .
“Po 4t I 749.5
243.82) 60(15)
319.13) 48(14) 3191) 410.5
401.86) 63(21) 402(1) +
405.93) 64(19) 2 3390
428.43) 100(24) 427(2) 330
470.85) 95(20) 4702) 0ot L 0
488.33) 30(12 198 R n
495.14) 37(14) 494.81)
498.63) 6119 FIG. 5. The decay scheme df%Rn derived from the current

600.54) 62(20) work. See text for details of assignments.
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3.0 <204, is suggestive of different structures for these states in
isotopes near to th=126 closure, compared to those with
larger neutron deficiency. It is interesting to note that there is
little information on 1§ states in these nuclei. A candidate
for the 1Q state is apparent from this work ifP®Rn, but
200Rn is only known up to spin 4, with a tentative spin-6
state[16].

It is clear that naive conclusions drawn from the results of
theoretical calculationd 1-4]—that radon isotopes with
mass numbers lighter than 202 have permanent ground-state
shapes corresponding to a deformation parameter,
|e;| =0.2—are not substantiated by the current data. Axial
deformation of this extent should result in a first excited state
at an excitation energy of just over 100 keV and a reasonably
well-developed rotational ground-state band. In contrast,
0.0 . . . . . 19%Rn has a first excited state at 339 keV and the ratio
194 198 202 206 210 214 E(4™)/E(2") has a value of 2.2. This is more typical of an

Mass Number anharmonic vibrator than of a clearly defined rotational band,

FIG. 6. Excitati . . . which is expected to exhibit a ratio of 3.33. Similar incon-

. 6. Excitation energies of low-lying states in neutron- . . .
deficient radon isotopes witi<<126. The data are taken from Refs. sistency has been seen ',n the '°W"y'_”9 levels¥Rn [16].
[16-23. The problem of theoretically describing the ground-state
shapes in this region therefore needs readdressing.
The excited states may, however, suggest the influence of

silicon detector is~67%. This figure is in line with that deformation in the lighter isotopes. The steep fall in the ex-
expected on the basis of simple geometric estimates invohcitation energy of higher-lying states in radon isotopes with
ing implantation depth ana-particle range in silicon. On increasing neutron deficiency fr<204 is suggestive of the
this basis the production cross section f8fRn is 180 nb.  sphericalzhg, structures close td=212 being crossed by
This must be viewed only as an estimate due to the uncesstates whose structure is quite different and which become
tainty in some of the experimental parameters. A similarenergetically favored with increasing numbers of neutron
analysis using the intensity of the 339.0-keV transition, 46holes. BelowZ =82, similar behavior is known to be associ-
counts, and an estimategiray efficiency at that energy of ated with deformed intruder configurations which fall in ex-
4% (made on the basis of the measured absolute efficiency aftation energy with decreasing neutron number away from
1332 keV and the measured relative efficiency cugrees a  N=126. In platinum isotopes, which have the same number
lower \{alue for the cross section.. This indicates tha’; e>.<citeq)f valence protons with respect I=82 as radon isotopes,
states in some of thé**Rn nuclei produced decay via iso- gficiently neutron-deficient nuclides are known for the
mers with half-lives longer than a few tens of nanosecondseparacteristic parabolic variation of the energy of the intruder
states to be mapped o[23]. In the midshell region, at the
V. INTERPRETATION AND CONCLUSIONS minimum of the parabola, the ground-state wave function
has significant admixtures of the deformed structure. Such an
The low-lying systematics of excited states in even-masgierpretation forz=78 andZ==80, where similar features

radon isotopes below tfe=126 shell closure are illustrated ¢ ohserved, has supporting evidence from measurements of
in Fig. 6. The data are those obtained in the current work fof» sition quadrupole moments and rotational band struc-
®Rn compared with those for heavier isotopes from Refstures

[16_22'21226 low-lying Ie_vels of the smglgl closed shell Above Z=82 the evidence for the presence of deformed
nucleus™Rn are predominately based arhg, SIUCIUIeS. i der configurations is less clear, although recent energy

In more neutron-deficient isotopes, increasing neutron desystematics in polonium isotopes do suggest that similar ef-
grees of freedom make more configurations available at 10Wgcts occur. A measurement of the low-lying structure of
excitation energy, thus increasing admixtures of other CON192p424] indicates that the minimum of the parabolic varia-
figurations in therhg,, states. The gradual fall in excitation tion is being approached and that the ground-state wave
energy of the 2 and 4 states, in increasingly neutron- function should therefore contain admixtures of the intruding
deficient isotopes out té\=202, can be attributed to the configuration. Such conclusions are strengthened-oecay
increase in collectivity of the low-lying levels. This mecha- stydies of radon isotopes which observe population Hf 0
nism is also responsible for the increase in the transitioniates in the polonium daughtdi§]. Interpretation of such
probability of the § isomers when moving away from the states in terms of deformed intruder states indicates that
N=126 closure. Beyond=202, both the 4 and 6 states strong mixing into the ground state does occut$a'*Po. It
show a rather more dramatic fall in excitation energy withmust be noted, however, that the low-lying structure of the
decreasing neutron number. The slight initial rise in the enneutron-deficient polonium isotopes has also been inter-
ergy of the Gf and 81+ states in moving fromA=214 to A preted with some success using particle-vibration coupling
=204 compared to the rather steep fall in isotopes with without the need for deformed particle-hole excitatif2s].

20 |

1.0

Excitation Energy (MeV)
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The radon energy-level systematics are therefore suggesstablished for the first time using in-beayrray spectros-
tive of falling intruder configurations with increasing number copy. The reaction used has a production cross section of
of neutron holes. Comparison with the polonium systematicenly 180 nb. The isolation and identification of radiation
indicates that a flattening of the fall in the energy of the 4 from such weakly produced evaporation residues was only
and 6" states, which could be associated with significantpossible by correlation with radioactive decay, in order to
mixing of intruder and ground-state configurations, may octemove the vastly more intense backgrounds from fission
cur for more neutron-deficient isotopes. Such conclusions resnd Coulomb excitation. The structure BERn is inconsis-
main rather speculative as supporting evidence is lackingent with theoretical predictions of a sizable permanent
Studies of such neutron-deficient isotopes"¥&n are at the ground-state deformation, while energy systematics are sug-

very limit of current in-beamy-ray spectroscopy since the gestive of the presence of intruder configurations which fall
production reaction has a cross section of the order of 108, energy with increasing neutron deficiency.

nb, the smallest ever used in such work, and as such, sup-

porting evidence is difficult to obtain. The extension of the

current energy systematics to lighter radon isotopes is also

difficult. While the a-decay characteristics of*Rn have ACKNOWLEDGMENTS
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