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Low-lying structure of light radon isotopes
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The excited states in the neutron-deficient isotopes200,202,204Rn have been populated using the
168Er(36Ar,4n), 166Er(40Ar,4n), and 168Er(40Ar,4n) reactions at beam energies of 175, 182, and 177 MeV,
respectively. Evaporation residues were selected using an in-flight gas-filled separator and implanted at the
focal plane into a 16-element position-sensitive, passivated ion-implanted planar silicon detector. Promptg
rays were observed at the target position using an array of Compton-suppressed germanium detectors. Corre-
lation with the subsequent radioactive decay of associated recoiling ions in the silicon detector, recoil-g and
recoil-g-g coincidences were used to construct decay schemes of light radon isotopes. Measurements of
delayedg rays at the focal plane have also been made, and microsecond isomers have been observed in
200,202Rn, but not in 204Rn. Comparison of the results with those for polonium isotopes indicate a common
mechanism for the onset of deformation. Candidates have been found in202,204Rn for deformed intruder states
which coexist with the spherical ground-state shape.
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I. INTRODUCTION

In several regions of the periodic table, the onset of
formation has been associated with the presence of defor
particle-hole intruder configurations coexisting with sphe
cal ground-state shapes. These intruder configurations o
at low excitation energy due to a gain in the total pairi
energy. They fall in excitation energy with increasing nu
bers of valence particles due to an increase in the t
proton-neutron interaction energy@1#, eventually falling
lower in energy than the spherical configurations, at wh
point the ground state assumes a large permanent defo
tion. Spherical and deformed configurations may mix bef
this point is reached, introducing admixtures of the deform
configuration into the ground and low-lying states.

Over the past few years there have been extensive m
surements of excited 01 states and associated bands in ev
even lead, mercury and platinum isotopes withN,126@1,2#.
They have been interpreted in terms of intruder states ba
on proton particle-hole excitations across theZ582 shell
gap. In some cases, excited levels based on these states
been observed which correspond to deformed rotatio
bands, and supporting evidence has been obtained thr
the measurement of transition probabilities. Similar partic
hole intruder states should be present in nuclei above thZ
582 closure, such as 4p2h and 6p2h configurations in the
polonium and radon isotopes. Low-lying 01 states in polon-
ium isotopes have been observed in thea decay of200,202Rn
@3,4# and in theb decay of200,202At @5,6#. Energy systemat-
ics and branching ratios have been used to interpret s
states as intruders which appear to mix with the spher
ground-state configurations in isotopes lighter than200Po. In
addition, in-beamg-ray studies of196,198Po @7,8# have found
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22
1 and 42

1 states which have been associated with rotatio
bands built on top of the intruding 01 states. Studies o
low-lying yrast states in lighter isotopes@9# indicate that
there is strong mixing of deformed intruders and spheri
ground-state configurations in194Po, while the intruder con-
figurations dominate in the ground state of192Po. Alternative
interpretations of the observed 22

1 and 42
1 states in terms of

anharmonic vibrations@10# are inconsistent with recent ca
culations@11#, which cannot reproduce the observed chan
in the lighter isotopes with physically meaningful paramet
in a particle-core model.

This paper presents an investigation into the structure
neutron-deficient radon isotopes. A consistent picture of
onset of deformation aroundZ582 would predict effects in
the radon isotopic chain similar to those observed in pol
ium isotopes, namely, a transition from spherical vibratio
characteristics to deformed systems with the fall in excitat
energy of intruder configurations with increasing neutron
ficiency. Long-standing macroscopic-microscopic mod
@12–15# have predicted that deformed ground-state sha
exist beyond202Rn. The existing results in radon isotope
lighter than 204Rn are confined to the first few yrast excite
states@16–18#, ending in the most neutron-deficient isotop
with known excited levels198Rn. A steep fall in the excita-
tion energy ofJ521 and 41 states beyondA5204 is sug-
gestive of the sphericalph9/2

4 structures close toA5212 be-
ing crossed by states whose structure is quite different
which become energetically favored with increasing numb
of neutron holes. Such systematics of just a few states
often look somewhat misleading as mixing of deformed a
spherical configurations may shift the energies of the low
lying states away from simple expectations. A study w
therefore undertaken to establish states at higher spin
order to clarify the issue and to search for candidates
coexisting intruder configurations.
©2002 The American Physical Society21-1
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II. EXPERIMENTAL DETAILS

The three isotopes studied were all produced usingn
evaporation channels following the fusion of Ar beams w
Er targets. The production cross sections for the evapora
residues range from around 1 mb, in the case of204Rn, down
to around 1mb for the lightest isotope studied, whilst th
total fusion cross section is of the order of 100 mb. Te
niques are therefore necessary to isolate the in-beamg rays
emitted by evaporation residues surviving fission from rad
tion associated with the profusion of fission fragments p
duced concomitantly. To exacerbate the problem, str
Coulomb excitation of the target nuclei occurs. In addition
the issue of selection of the desired events from those a
ciated with these backgrounds, in the case of submillib
production cross sections the issue of isotopic identifica
is important. Where there is sufficient data to allow coin
dent g-g analysis to be performed, new transitions may
associated with known transitions in a particular isotope.
where only singles events are available, new transitions m
be positively identified with the emitting nuclide, even wh
low-lying transitions are already known.

Three different reactions were used in this study. Exci
states in200Rn were populated in the168Er(36Ar,4n) reac-
tion. A self-supporting metallic target, of thicknes
500 mg cm22 and highly enriched in168Er, was bombarded
with a beam of36Ar71 ions at an energy of 175 MeV, deliv
ered by theK-130 cyclotron at the Accelerator Laboratory
the University of Jyva¨skylä. The same machine was used
supply a beam of40Ar81 ions at 182 MeV to initiate the
166Er(40Ar,4n) reaction producing excited states in202Rn,
using similar target properties. The final reaction repor
here used the same beam at an energy of 177 MeV in a s
of 204Rn using the reaction168Er(40Ar,4n).

The basic experimental equipment was similar for all e
periments. Recoiling evaporation residues were separ
from primary beam particles, fission fragments and other
action products using the high-efficiency, gas-filled rec
separator RITU@19#. This was filled with He gas at a pres
sure of 1 mbar and isolated from the accelerator vacuum
a thin carbon foil of thickness;50 mg cm22 upstream of the
target position. At the focal plane of RITU, separated io
were stopped in a position-sensitive passivated i
implanted planar silicon detector. This detector was 35 m
high and 80 mm wide with a thickness of 300mm and cov-
ered approximately 70% of the recoil distribution at the fo
plane. The width was subdivided into 16 strips, each 5 m
wide. Vertical position along these strips was obtained on
basis of resistive division between signals taken from the
and the bottom of each strip. A summed signal was a
recorded giving the energy deposited. Energy and posi
signals were recorded for events corresponding to the
plantation of recoiling ions into the silicon detector and f
their subsequenta decays. Two sets of amplifiers were use
one with low gain suitable for the energies associated w
the recoiling ions~10–40 MeV! and another with high gain
suitable fora-particle energies~6–8 MeV!. Events in the
silicon detector due toa decay and implantation of recoilin
ions were primarily distinguished on the basis of the
06432
on

-

-
-
g

o-
n
n
-
e
t
st

d

d
dy

-
ed
-

il

y

s
-

l

e
p
o
n
-

,
h

-

corded energy signal. Further selection was provided b
multiwire gas-filled parallel-plate avalanche counter whi
was placed 20 mm in front of the silicon detector. The tw
sorts of events were distinguished in terms of the presenc
absence of a coincidence between gas and silicon detec
Residual scattered beam and other reaction products reac
the focal plane were differentiated from recoiling fused io
on the basis of a time-of-flight measurement through RIT
A large area silicon counter composed of four separate qu
rants was placed behind the positive-sensitive detector. T
was used to veto events which appear to be connected
very energetic light particles punching through the positio
sensitive detector which would otherwise contribute to
background ina-particle energy spectra. In the202Rn experi-
ment, a second gas detector was situated at a distance;310
mm upstream from the first, allowing a time-of-flight me
surement between the two gas counters to be made gi
further discrimination between recoiling ions and residu
scattered beam particles.

Prompt electromagnetic radiation emitted at the target
sition was detected in the JUROSPHERE array. This ar
consisted of a number of different types of Compto
suppressed germanium detectors arranged in five r
around the target position. The general arrangement of th
three sorts of detector was as follows: fifteen EUROGA
phase I detectors of 70% nominal efficiency@20# ~ten at 134°
to the beam direction and five at 158°), seven 25%-effici
TESSA detectors@21# ~five at 101° and two at 63°), and fiv
NORDBALL detectors@22# with efficiencies that range be
tween 25 and 40 % at 79°. There were minor changes in
general arrangement for each experiment, but the meas
absolute efficiency of the setups used was close to 1.7%
1332 keV in each case.

Delayed electromagnetic radiation emitted at the fo
plane of RITU was also detected using Compton-suppres
germanium detectors. In the200Rn experiments a single
NORDBALL detector was used in close geometry with t
position-sensitive silicon detector. During the202Rn experi-
ment, further detectors were added to give a total of th
suppressed NORDBALL detectors and one unsuppres
EUROGAM detector for the second half of the duration
the experiment. For the204Rn experiment, four suppresse
NORDBALL detectors and one unsuppressed EUROGA
detector were used. The200Rn experiment was repeate
without the target position array, but with the same foc
plane setup as204Rn, in order to improve information on
isomeric decays.

Timing information for various detectors were recorded
several ways. Individual germanium times were record
relative to the cyclotron RF signal and also relative to t
arrival of a recoil at the focal plane. A generic prompt reco
g time interval was recorded between the arrival of a rec
and the firing of any target position germanium detector
similar delayed recoil-g interval was generated for foca
plane germanium detectors. Coincidenceg-g timing was re-
corded for both target and focal plane detectors between
logical definitions of ag-g event and anyg in the signal
processing. For the202Rn experiment, a second time-of-fligh
1-2
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measurement between the two gas counters was also
corded.

The data acquisition was triggered by an event in
position-sensitive silicon detector at the focal plane. On s
isfying this trigger, 6ms gates were opened to receive a
prompt signals from focal-plane Si and gas detectors,
target-position germanium detectors, along with the relev
timing information. In addition, longer 32ms gates were
opened for any delayed isomericg decays measured in th
focal plane germanium detectors. Along with these event
rameters, the absolute time of event trigger generation
recorded to a precision of 1ms by a 1 MHz scaler which ran
continuously for the duration of each experiment. This p
vides information so that temporal correlations between p
of events can be built up during off-line sorting of the eve
data.

Data were collected in each experiment for approximat
five days with beam currents typically of the order of
pnA, limited by the rate in the target-position germaniu
detectors, around 5–6 kHz Compton-suppressed rate
70% detector. Under these conditions the position-sens
silicon detector counted at rates of 20–30 Hz.

III. DATA REDUCTION AND ANALYSIS

Two approaches have been used in the data analysis o
current work. Where possible, recoil-g-g coincidence mea-
surements have been used to build up level schemes,
202,204Rn, using known low-lying transition energies. Yie
of data for 200Rn was lower and newg-ray transitions are
not easily associated with known transitions between lo
lying states using coincidence measurements; a problem
identification thus arises. Identification of new transitions
this case was performed by correlation of recoil-g events
with the subsequent radioactivea decay of the recoil mea
sured at the same position in the silicon detector.

The germanium detectors were matched in terms of
ergy using singles spectra taken using152Eu and 133Ba
sources. These were used to obtain gain matching co
cients and to produce a relative efficiency calibration for
target-position detectors. Doppler-shift corrections w
made to the in-beamg-ray data using calculated values
the recoil velocity in each case. For202,204Rn, g-g matrices
were produced from the event data subject to constraint
recoil-g and g-g timing measurements to minimize time
random backgrounds.

In order to establish sequences of correlated events fo
200Rn experiment, further data manipulation is require
These techniques, summarized here, are identical to the
vious study of198Rn @18# and the reader is referred to th
reference for further details. A small linear dependence of
measureda energies with position along the strips in th
silicon detector is corrected via an appropriate transform
tion. Individual strips were then gain matched and add
together. An internal calibration was performed on the res
ing spectrum using knowna-particle energies in order to
confirm the identification of decays in the energy spectru
To effectively correlate positions of recoil and decay even
the position measurements derived from the two respec
06432
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banks of amplifiers were matched using short-lived isoto
produced in the reaction. Recoil-a correlations were estab
lished by searching through the data to find thea decay
corresponding to implantation at a particular position in t
silicon detector. The energy of thea decay and the half-life
uniquely define the isotopic character of recoiling io
Promptg-ray transitions measured at the target position,
coincidence with that recoil, are then also associated w
that isotope.

In correlation analysis it is essential for the mean lifetim
of the isotope of interest to be small in comparison with t
average time between two implantations at a particular p
tion in the detector. For the detector as a whole the latter
measured to be 24 s, but varied between 13 s in the cent
64 s at the edges of the recoil distribution. Given that
known half-life of 200Rn is 1.06~2! s @23#, good correlation
conditions should be expected. Subsequent implantatio
the same position and the escape ofa particles from the
detector put restrictions on the maximum length of time af
an implantation that the decay can be searched for. A se
time of 5 s was chosen. It is also instructive to vary th
search time in order to identify any possible contamin
g-ray transitions arising from bad correlations.

IV. RESULTS

A. Level scheme of200Rn

A previous in-beam study of200Rn, using radioactive-
decay correlations, established two low-lying transitions
the decay scheme which were assumed to be the 41

1→21
1

and 21
1→0g.s.

1 transitions with energies of 504.3~2! and
432.9~2! keV, respectively@17#. The current work extends
the level scheme up to spins of;12\ and the resulting leve
scheme is shown in Fig. 1. The current work also provid

FIG. 1. The level scheme for200Rn deduced from measuremen
of the 168Er(36Ar,4n) reaction. Transitions are labeled with the tra
sition energy to the nearest keV. Excited states are labeled by
assigned spin parity and excitation energy in keV. Tentative pla
ments are shown with dashed lines.
1-3
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D. J. DOBSONet al. PHYSICAL REVIEW C 66, 064321 ~2002!
evidence for the spin assignments and for a previously
observed isomer.

The a-particle energy spectrum at the focal plane in
cates that the variety and yield of the isotopes produce
similar to that observed in the176Hf( 28Si,4n) reaction used
previously @17#. Assuming the transmission through th
separator is 25% and ana-particle detection efficiency lim-
ited to 50% by escape events, thea-particle yields indicate
an estimated cross section of 4mb. Figure 2 shows the
promptg-ray spectrum, after time-random subtraction, as
ciated with 200Rn recoil-a correlations. The effect of chang
ing the correlation search time was investigated and all
transitions in the spectrum scale in the manner expected
half-life of the order of 1 s. These transitions are therefore
assigned to200Rn, the energies and relative intensities
which are listed in Table I.

The use of fullg-g coincidence techniques is not viab
in the case of200Rn due to lack of statistics. Some coinc
dences can be verified in a recoil-a correlatedg-g matrix,
but with such low statistics the nonobservation of a transit
in a gated spectrum is not significant and such techniques
therefore limited. In general the decay sequences have t
ordered on the basis of relative intensity, with the help of
decay pattern of an isomeric state discussed below.

In order to assign spin changes angular distributions
g-ray intensity were investigated. Given that in order to o
serveg rays from200Rn recoil-decay correlation is necessa
and that the range in angles is rather limited, full angu
distribution analysis is not possible. Instead simple th
point distributions were performed. Decay-correlated prom
g-ray data were incremented as a function of angle. The d
from the 79° and 101° detectors were combined to produ
single data point in cosu with similar statistical significance
to the 134° and 158° angles, where the larger, more effic
detectors were placed. Angle-to-angle normalizations w
derived from data taken with radioactive sources. The res
ing distributions are shown in Fig. 3, where most low-lyin

FIG. 2. Energy spectrum of promptg rays emitted at the targe
position by ions which subsequentlya decay at the focal plane with
characteristics which are associated with200Rn. Strong peaks are
labeled by the transition energy in keV.
06432
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transitions have distributions which rise with cos2u. This
indicates that they are consistent with assignments
stretched quadrupole transitions. The 267-keV transition
different in that it has a downsloping distribution indicativ
of a stretched dipolar multipolarity. These assignments ar
general agreement with the systematics of the radon isoto
as discussed in detail below, which also suggest anE1 nature
for the 267-keV transition.

Figure 4 shows a spectrum of delayedg-ray energies ob-
served at the focal plane of RITU which are correlated w
recoil-a decay sequences identified with200Rn. This spec-
trum is the sum of data taken in both200Rn experiments,
with and without the target array in place. The 41→21 and
21→01 transitions are clearly seen with energies of 433 a
504 keV, along with the 62

1→41 transition, with an energy
of 840 keV, and transitions above it. No transitions are o
served from the pathway involving the yrast 61 state, con-
firming the existence of the two parallel pathways in t
proposed level scheme. Two low-energy transitions with
ergies 161 and 183 keV are also observed which deexcite
isomer and feed the states above the 62

1 state. The exact
details of this feeding remain tentative as coincidence dat
the focal plane is not possible given the weakness of
isomer population. However, on the assumption that the 2
and 267-keV transitions have the same detection efficie
the ratio of their intensities in the focal plane spectrum
1.5~4!, which suggests that the isomer decay feeds into
81

1 state as well as the 92 state.

TABLE I. Energies and deduced spins of excited states
200Rn. Measured transition energies and relative intensities of
exciting g rays are listed along with the inferred multipolaritie
Relative intensities of transitions are listed and have been corre
for efficiency and internal conversion. Energies and intensities
transitions not placed in the level scheme are shown below the m
table.

Level Jp Transition Relative Multipolarity
energy~keV! energy~keV! intensity

432.6~2! 21 432.6~2! 100 E2
936.3~3! 41 503.7~2! 80~8! E2
1500.6~3! 61 564.3~2! 35~3! E2
1776.3~4! 61 840.0~2! 30~5! E2
2033.6~4! 81 257.3~2! 28~4! E2
2114.0~4! 81 613.4~2! 19~4! E2
2300.5~4! 92 266.9~2! 14~4! E1/M2
2554.1~5! ~101) 440.1~3! 22~2!

2776.2~6! ~121) 222.1~3! 5~2!

Unplaced
transitions: 429.1~3! 10~2!

482.6~3! 12~2!

492.1~3! 14~2!

Unplaced delayed
transitions: 160.9~3!

182.8~6!
1-4
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Measured time intervals between implantation andg de-
cay in events which are correlated witha decays of200Rn,
shown in Fig. 5, yield a value of 3628

116 ms for the mean life
of the isomer. Figure 6 shows a spectrum of promptg rays
which are in coincidence with a recoiling ion which subs
quently emitted delayedg rays at the focal plane with ene
gies corresponding to transitions in200Rn, both with and
without the condition that the recoiling ion alsoa decays
with the energy corresponding to200Rn. These spectra giv
evidence of a promptg-ray transition with an energy o
482.4~3! keV which feeds the isomer. This is consistent w
a transition seen in the decay-correlated promptg-ray energy
spectrum ~see Fig. 2!, which has a transition of energ
482.6~3! keV.

B. Level scheme of202Rn

The previous published work on202Rn is restricted to the
knowledge of the first few excited states, up to the yr
spin-8 state, from recoil-g measurements@16#. The associa-
tion of these transitions with202Rn was confirmed by
radioactive-decay correlation techniques@17#, but in both
cases the construction of the level scheme relied on inte
ties and comparison with systematics. The current work u
a recoil separator with higher transmission than that use

FIG. 3. Angular distributions ofg rays measured in the decay o
excited states of200Rn plotted as a function of cos2u. The data
shown are derived from singlesg-ray events correlated with200Rn
a decays.
06432
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Refs.@16,17#, which has allowed the level scheme to be co
firmed and extended using recoil-g-g techniques. Angular
distribution measurements have also confirmed some of
spin assignments, which were all previously based on s
tematics.

Analysis of a-particle energy spectra at the focal pla
indicates that 202Rn is the dominant evaporation residu
from the reaction of40Ar on 166Er; other isotopes, particu
larly 201,203Rn, are only present with yields of less than 15
of the main channel. The production cross section is e
mated to be 300mb from thea-particle yield using assump
tions similar to those made for200Rn above. The half-life of
202Rn is 9.9~2! s, which begins to be comparable to the a

FIG. 4. Energy spectrum of delayedg rays emitted at the foca
plane by ions which subsequentlya decay at the focal plane with
characteristics which are associated with200Rn. Strong peaks are
labeled by the transition energy in keV.

FIG. 5. Time intervals between implantation and focal-planeg
decay. Events here are correlated with subsequenta decays charac-
teristic of 200Rn. The solid line represents a least-squares fit to
data of the formy5a1be2t/t. The inferred mean lifetime is
3628

116 ms.
1-5
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D. J. DOBSONet al. PHYSICAL REVIEW C 66, 064321 ~2002!
erage time interval between events at a particular positio
the silicon detector. Since the low-lying transitions have
ready been associated with202Rn decays, recoil-a correla-
tions were not performed. Recoil-g-g data were used to con
struct the level scheme on the basis of coincidences betw
transitions, intensities in gated spectra and energy-sum a
ments. The resulting scheme is shown in Fig. 7. The le
scheme shows two pathways in the low-lying states, sim
to those observed in200Rn, which can be justified with ref
erence to gates placed on the 504-, 569-, 625-, and 717
transitions shown in Fig. 8. Energies and intensities ofg rays
can be found in Table II. Of particular interest is the we
side structure which feeds into the first excited state. A sp
trum gated on the 526-keV transition@see Fig. 9~a!# clearly
shows coincidence with the 504-keV transition, but no ot

FIG. 6. Energy spectra of promptg rays which are in coinci-
dence with recoiling ions which subsequently emitg rays at the
focal plane with energies corresponding to those associated with
isomeric decay observed in200Rn ~see Fig. 4!. The events shown in
~b! have the additional requirement that the recoila decays with
characteristics associated with200Rn. The insets show expande
portions of the spectrum in order to give an impression of the wi
of candidate peaks, with the same vertical range as the main s
trum. Peaks are labeled by the transition energy to the nearest

FIG. 7. The level scheme for202Rn deduced from measuremen
of the 166Er(40Ar,4n) reaction. Transitions are labeled with the tra
sition energy to the nearest keV. Excited states are labeled by
assigned spin-parity and excitation energy in keV.
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low-lying g rays, along with a transition at 473 keV. Th
justifies the feeding of a weak side structure into the fi
excited state.

In a similar fashion to the200Rn analysis, the data wer
used to generate three-point angular distributions ofg-ray
intensity which were used to assist spin assignments.
results are shown in Fig. 10, where distributions which slo
upwards are assigned as stretched quadrupole transit
and down sloping distributions, such as that for the 183-k
transition, are assigned to be dipolar in nature. There w
insufficient statistics in gated spectra to tie down the nat
of the 183-keV transition on the basis of conversion coe
cient arguments; it is assumed here to be an electric dip
transition on the basis of the similarity in the decay patte
with 204Rn discussed in the next section. The states in
weak side structure at energies of 1030 and 1502 keV
tentatively assigned to be 21 and 41, respectively. The only
other reasonable possibility would be spins of 4 and 6\, but
this would make these states yrast with the expectation
they would be associated with much stronger feeding. I
also noted that the angular distribution of the 526-keV tra
sition is not clearly of either stretched quadrupole
stretched dipole character, and may be indicative of aDJ
50 transition. Given the possible interpretations of this s
structure, it is of interest to investigate possibleE0 compo-
nents in the decay. A gate was placed on the 473-keV tr
sition in order to assess the relative radiative intensity in
526-keV transition. Figure 9~b! shows the raw gate on a
energy of 473 keV without removing any background to
lustrate the importance of the subtraction technique. T
526-keV transition is clearly visible, along with other line
arising due to background contributions. In order to remo
them, a fraction of the total projection was subtracted and
result is shown in Fig. 9~c!. Most of the low-lying transitions
arising from the background have disappeared, but some

he

h
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FIG. 8. Gatedg-ray energy spectra associated with202Rn: ~a! a
sum of spectra gated on energies of 504 and 569 keV,~b! a spec-
trum gated on an energy of 625 keV, and~c! a spectrum gated on a
energy of 717 keV. Transitions of interest are labeled by the tra
tion energy to the nearest keV. Background subtraction was
formed using the method of Ref.@24#.
1-6



ci
v

te

io
-
ls
e
u
i

te

ur
bo

es
th
f

e-
vel
d
of

i
o

i-
e
te
lo

to

ak
f
nd
n

y

LOW-LYING STRUCTURE OF LIGHT RADON ISOTOPES PHYSICAL REVIEW C66, 064321 ~2002!
tensity remains in the 504-keV peak, indicating real coin
dence with the 473-keV transition as expected from the le
scheme presented. In Fig. 9~c! the intensity of the two lines
are the same to within errors; the percentage missing in
sity in the 526-keV transition is measured to be254~71!%.
The current data clearly do not have the statistical precis
with which to address the issue ofE0 components. System
atic effects in the background subtraction technique will a
be important. Such issues also prohibitively effect oth
methods of shedding light on the issue, such as the meas
ment of x-ray yields associated with different decay paths
the level scheme. The question of the size of anyE0 com-
ponent in the 526-keV transition is therefore open. It is no
that similar problems have arisen in assessingE0 strength
contributions in Po isotopes; statistically consistent meas
ments have been used to draw different conclusions a
the same transition@7,8# ~see Ref.@9# for further discussion!.

Inspection ofg-ray emissions at the focal plane indicat
the presence of an isomer with a lifetime longer than
flight time through RITU. Figure 11~a! shows a spectrum o
g rays within a time period of up to 30ms after the implan-

TABLE II. Energies and deduced spins of excited states
202Rn. Measured transition energies and relative intensities
prompt deexcitingg rays are listed along with the inferred mult
polarities. Relative intensities of transitions are listed and have b
corrected for efficiency and internal conversion. Energies and in
sities of transitions not placed in the level scheme are shown be
the main table. Intensities are taken from fitting theg-g matrix,
except those marked by an asterisk which are taken from the
projection.

Level Jp Transition Relative Multipolarity
energy~keV! energy~keV! intensity

504.0~1! 21 504.0~1! 100* E2
1029.7~3! ~21) 525.7~3! 5~1! DJ50
1073.1~2! 41 569.1~2! 88~4! E2
1502.2~6! ~41) 472.5~5! 1.2~6!

1698.3~3! 61 625.2~2! 32~2! E2
1789.4~4! 61 716.7~3! 38~2! E2
2077.9~3! 81 287.8~2! 24~1! E2

379.9~3! 2.3~4! (E2)
2159.6~4! 81 461.3~3! 5.8~7! E2
2210.9~5! 421.1~2! 1.4~5!

2260.4~4! 92 182.5~3! 3.3~4! E1/M2
2275.1~4! 81 576.8~3! 4.9~7! E2
2443.0~5! 81 744.7~4! 3.7~7! E2
2760.6~6! 101 601.0~4! 3.4~5! E2
2775.7~8! 332.6~6! 0.3~3!

Unplaced prompt
transitions: 486.9~5! 11.1~5!*

Unplaced delayed
transitions: 110.9~4!

148.8~4!

211.5~3!
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tation of a recoil. Transitions are clearly present which b
long to one of the two branches of the near-yrast le
scheme of202Rn ~see Fig. 7!, namely, the branch associate
with the yrast 92 state. Gates were placed on the energies
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FIG. 9. Gatedg-ray energy spectra associated with the we
low-lying sideband structure in202Rn: ~a! a gate on an energy o
526 keV, ~b! a gate on an energy of 473 keV without backgrou
subtraction, and~c! a gate on an energy of 473 keV with a fractio
of the total projection spectrum subtracted.

FIG. 10. Angular distributions ofg rays measured in the deca
of excited states of202Rn plotted as a function of cos2u.
1-7
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known transitions associated with202Rn ~see Table II! and
the resulting time intervals between implantation and foc
planeg-ray emission were analyzed to yield a mean life
3.2~1! ms for this isomer, as shown in Fig. 12.

Placing time gates on the focal planeg-ray data, indicates
that not all of the transitions indicated in Fig. 11~a! are from
the decay of this isomer; Fig. 11~b! shows the same spectru
but gated with a time window restrictingg-ray emission to
4.6 ms after the arrival of a recoil. Notice in particular that
transition with an energy of 125.9~4! keV is no longer
present in this spectrum, suggesting that it is associated
a much longer isomeric decay. This transition is also abs
in a focal-planeg-g total projection spectrum@see Fig.

FIG. 11. Energy spectra ofg rays emitted at the focal plane i
the 202Rn experiment under various conditions:~a! events within a
time period of up to;30 ms following the implantation of a recoil-
ing ion in to the silicon detector,~b! events within a time period o
;4.6 ms following implantation, and~c! g-g events at the foca
plane in the time period of;30 ms after recoil implantation.

FIG. 12. The distribution of time intervals between implantati
and focal-planeg-ray emission for events involvingg-ray transi-
tions associated with202Rn. The solid line represents a leas
squares fit to the data of the formy5a1be2t/t. The inferred mean
lifetime is 3.2~1! ms.
06432
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11~c!#, indicating that it is not associated with a decay pa
with a largeg-ray multiplicity. It is likely that this longer-
lived isomer is associated with one of the more weakly p
duced reaction channels such as201,203Rn. Theg-g data was
insufficient to allow detailed information on the decay pa
of the isomer to be established. Consideration of the bala
of g-ray flux through states populated in the decay of
isomer suggests that the decay feeds the 81

1 state at 2078
keV excitation at a level of 56~10!% and the 92 state at 2260
keV at a level of 35~7!%. Unlike the case of200Rn where the
two transitions are of similar energy, these numbers are s
ject to a systematic error involving the relative efficiencies
the 183- and 288-keV transitions; the relative efficiency m
surement is performed using a point source, whereas the
planted ions are spread over the area of the implanta
detector.

In order to establish candidates for transitions which fe
the isomer in202Rn, a spectrum was produced of promptg
rays emitted from recoiling ions which, after implantation
the focal plane, produce delayedg rays with energies corre
sponding to transitions assigned to202Rn. The results are
shown in Fig. 13 which clearly shows a transition with a
energy of 486.8~2! keV. This transition is present in
the total projection of promptg-g events with energy of
486.9~5! keV.

C. Level scheme of204Rn

There are two previously published papers on204Rn. The
first @25# consisted ofg-g measurements made with a sma
number of detectors with no channel selection; isotopic
signments were made on the basis of excitation function
level scheme with 28 transitions was produced but the c
rent findings are only consistent with a subset of these,
others presumably arose from contaminants in competing
action channels. A recoil-g measurement with mass selectio

FIG. 13. Energy spectra of promptg rays which are in coinci-
dence with recoiling ions which subsequently emitg rays at the
focal plane with energies corresponding to those associated with
isomeric decay observed in202Rn. The inset shows an expande
portion of the spectrum with the same vertical range
the main spectrum, in order to illustrate the width of the peak in
spectrum.
1-8
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FIG. 14. The decay scheme of204Rn deduced from recoil-gatedg-g measurements in the168Er(40Ar,4n) reaction at a beam energy o
177 MeV. Transitions are labeled with the transition energy given to the nearest keV. Excited states are labeled by the spin parity
using measured DCO ratios as detailed in the text, and, in italics, by the excitation energy in keV.
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has also been performed@16# where the low-lying transitions
up to the yrastJp592 state were confirmed, but the use of
low efficiency array ofg-ray detectors prevented any coi
cidence work.

In the 40Ar1168Er reaction,204Rn is the dominant chan
nel with the only other significant residues being the nei
boring odd isotopes present at a similar level to the202Rn
experiment. The current analysis is based on recoil-sele
g-g measurements, which has established the level sch
shown in Fig. 14, involving a total of 54 transitions, 36
which have not been previously reported. The yrast levels
to spin 13\ are consistent with the work of Ref.@25#. There
is a notable loss of intensity between the 135- and 243-k
transitions feeding into and out of a state assigned to be2

at 2460 keV excitation. This state is isomeric with a pre
ously measured lifetime of 33~3! nsec@25#; analysis of the
time spectrum associated with the 243-keV transition yie
a consistent measurement of the lifetime of 34~4! ns ~see
Ref. @26# for details!. The addition of a large number of wea
transitions from a variety of nonyrast states to the yrast le
scheme and the introduction of two pairs of transitions w
similar energies~a 589.2 keV transition with an energy sim
lar to the 41→21 588.6-keV transition and two transition
with energies of 582.6 and 583.0 keV! have lead to extension
and significant revision of the previous level scheme. En
gies and intensities ofg rays can be found in Table III.

Evidence for a second 589-keV transition is clear from
spectrum gated on a transition with an energy of 135 k
shown in Fig. 15~a!. This transition is above the 34 ns isom
discussed above, so the transitions below show a redu
intensity compared to those above. For example the 543-
transition is weak compared to the 709-keV transition. Ho
ever, there is a strong 589-keV transition in this gate wh
indicates a transition of similar energy to the 41→21 tran-
sition above the isomer. Closer inspection of the centroid
such peaks in gates above and below the isomer, yi
588.6~1! keV for the transition below, and 589.2~3! keV for
the transition above the isomer. Figure 15~b! and ~c! show
spectra gated on the 299-keV transition and a sum of 2
06432
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keV and 114-keV transitions respectively. Peaks correspo
ing to ag-ray energy of around 583 keV are present in bo
gates, however, a consistent picture can only be foun
these peaks arise from different transitions and in fact
extracted transition energies are different from one ano
~see Table III!. There is a broad peak in the 299 keV ga
around 185 keV@see Fig. 15~b!#. This does not arise from
204Rn, but from Coulomb excitation which presumably a
pears in the data due to a weak scattered beam group re
ing the focal plane of RITU. The yrast 61→41 transition in
168Er has an energy of 285 keV which contaminates the 2
keV gate as it is broadened due to kinematic effects. T
21→01 transition has an energy of 80 keV which also a
pears in the spectrum unresolved from the Rn x-ray gro
An interesting example of a weak nonyrast transition is t
which feeds directly into the 21

1 level with a transition en-
ergy of 1085 keV. A gate on that transition@see Fig. 15~d!#
yields a very clean and empty spectrum, other than a p
corresponding to the 21→01 transition at 543 keV.

Given the complexity of the deduced level schem
simple angular distribution measurements were not p
formed and ag-g directional correlation technique was use
to provide the necessary spectrum cleanliness. The ge
nium detectors were grouped into two sets; central-angle
tectors at 79° and 101° and backward-angle detector
134° and 158° to the beam axis. Data were sorted int
central-versus backward-angle two-dimensional matrix a
an experimental DCO ratio for each transition was defined

RDCO5I back
g2 ~gatecent

g1 !/I cent
g2 ~gateback

g1 !,

whereI a
g i(gateb

g j) is the intensity ofg i measured in detecto
group a in a spectrum gated byg j measured in detecto
group b. The results are listed in Table III. The empiric
results for transitions with known multipolarity are consi
tent with schematic calculations using the formalism in R
@27#, although full calculations involving an efficienc
weighted average over all detector pairs have not been
1-9
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TABLE III. Energies and deduced spins of excited states in204Rn. Measured transition energies, relative intensities, and DCO ratio
deexcitingg-ray transitions are listed along with the assigned multipolarity and spin change. DCO ratios are defined in detail in the
gating transition is a stretched quadrupole transition unless marked by an asterisk where stretched dipole transitions have been

Level energy M Level energy M
~keV! Jp Eg I g RDCO (L) DJ ~ke V! Jp Eg I g RDCO (L) DJ
542.9~1! 21 542.9~1! 100 0.99~2! E2 2
1131.5~1! 41 588.6~1! 99~4! 1.04~4! E2 2
1627.8~1! (2 –4) 1084.9~13! 1.8~4!

1772.8~2! 61 641.3~1! 45~2! 0.98~4! E2 2
1806.2~2! 61 674.7~1! 42~2! 0.99~3! E2 2
1911.4~6! (4,5) 779.9~6! 1.8~4!

2032.7~2! 81 259.9~1! 23~1! 0.97~4! E2 2
2105.0~2! 81 298.9~1! 30~1! 0.95~4! E2 2
2182.7~5! (6,7) 376.5~5! 1.3~2!

2218.8~2! 92 113.7~1! 3.8~2! 0.81~7! E1 1
186.1~1! 4.7~2! 0.88~6! E1 1

2239.1~3! (7) 327.0~5! 1.0~1!

433.2~4! 2.4~2!

466.4~4! 2.5~2!

2248.2~2! 81 215.3~2! 2.0~1! 1.1~2! M1 0
475.6~3! 3.1~2! 0.9~2! E2 2

2365.5~4! (8,9) 332.8~4! 1.0~1!

2371.1~3! (8,9) 266.1~3! 1.4~1!

2452.8~3! 101 234.0~2! 2.2~1! 0.78~10! E1 1
2461.4~4! 102 242.8~4! 0.87~9! 0.8~2! M1 1
2540.0~6! (81) 767.2~6! 1.8~2!

2596.8~4! 112 135.2~2! 11.1~4! 0.9~2!* M1 1
2636.6~4! 101 603.9~1! 15.5~8! 1.03~5! E2 2
2681.0~3! 101 576.0~2! 3.2~2! 1.1~2! E2 2
2688.0~3! 101 583.0~2! 11.7~5! 1.2~1! E2 2
2794.3~4! 9 761.6~6! 1.3~2! 0.8~1! M1 1
2895.0~4! (101) 646.8~3! 3.8~2! 0.8~2! (E2) ~2!
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2933.0~2! (101) 828.0~1! 0.7~1!

3035.1~3! 121 438.0~4! 3.3~3! 1.0~2!* E1 1
582.6~2! 5.6~3! 1.3~2! E2 2

3150.9~3! (121) 469.9~2! 3.8~2! 1.0~2! (E2) ~2!

3165.1~5! (112) 568.3~3! 14~1! 0.8~1!* (M1) 1
3192.9~4! 11 504.9~3! 3.0~2! 0.6~1! 1
3228.5~5! (11,12) 591.9~3! 4.1~2!

3246~1! (101) 706.4~10! 0.6~1!

3305.4~3! 132 140.3~4! 1.3~1!

708.6~2! 18.2~1! 1.6~2!* E2 2
3399~1! (11,12) 465.6~10! 0.4~1!

3410.4~3! (121) 722.4~2! 5.1~3! 1.7~3! (E2) ~2!

3473.7~5! (11,12) 578.7~3! 2.1~2!

3506.9~4! 13 471.8~2! 4.8~3! 1.0~1!* E1 1
3677.0~4! 121 511.6~3! 2.7~2! 0.7~1! E1 1

1040.6~3! 2.7~2! 1.0~2! E2 2
3736.5~6! (12– 14) 262.9~8! 0.33~6!

508.0~4! 1.3~1!

3782.2~5! (12– 14) 371.8~4! 1.0~9!

3894.6~5! (13– 15) 589.2~3! 10.5~7!

3948.8~4! 141 271.8~2! 2.8~2! 1.0~3! E2 2
3980~1! (12– 14) 751.7~12! 0.5~1!

4001.7~4! 14 494.8~2! 2.9~2! 0.9~1!* E1 1
4087.2~5! (14– 16) 138.4~3! 0.9~1!

4120.6~8! (13,14) 710.2~7! 0.9~1!

4413.5~5! (14– 17) 518.9~5! 2.2~2!

4582.8~9! (14– 17) 688.2~8! 1.3~2!
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formed. The ratio for a stretched quadrupole transition ga
by another stretched quadrupole transition should be equ
unity, which is the case for the known low-lying quadrupo
transitions, for example, the 543- and 589-keV transitio
haveRDCO ratios of 0.99~2! and 1.04~4! when gated on each
other. The 186-keV transition has previously been assig
to have a dipolar nature on the basis of an angular distr
tion measurement@25#. When gated by a stretched quadr
pole transition, the ratio obtained for the 186-keV transiti
is 0.77~6!. This is consistent with the result of a schema
calculation~0.68! with detectors at 90° and 142° and a typ
cal alignment parameter ofs/J50.4 for a primary state of
similar spin. These internally calibrated ratios were then u
to assign the spin changes involved in the other transiti
observed.~Note that some transitions, marked by an aster
in Table III, are gated by dipolar transitions in order to obta
clean gated spectra.!

Spin assignments in the level scheme have been m
primarily on the basis of measured DCO ratios. Where tr
sitions involve a substantial contribution from internal co
version, intensity arguments have been used to back up
assigned spin and to infer the multipolarity involved. In t
d
to
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u-

d
s
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de
-

-
he

absence of these measurements, through lack of adeq
statistics or spectrum cleanliness, tentative assignments
made on the basis of yrast or near-yrast feeding argum
assuming that stretched transitions are prevalent. For cla
assignments made solely on the basis of feeding argum
are not shown on the level scheme Fig. 14, but are liste
Table III.

The strong low-lying transitions all have DCO ratios co
sistent with stretched quadrupole transitions, giving sp
parity assignments for the two main deexcitation pathw
up to Jp581. The 186- and 114-keV transitions have DC
ratios which are less than one. If they are assigned to beE1
transitions, a consistent picture of the intensities in a sp
trum gated on an energy of 234 keV arises after convers
correction. Assignments ofE1 and M1 multipolarity are
made to the 234- and 135-keV transitions on a similar ba

Several parallel branches in the level scheme assist m
tipolarity assignments. The parallel pair of transitions w
energies 476 and 215 keV feed the yrast 61 and 81 states
respectively from a level at an excitation energy of 2248 k
The DCO ratio for the former is consistent with a stretch
quadrupole transition, whilst intensities of the transitions
1-10
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LOW-LYING STRUCTURE OF LIGHT RADON ISOTOPES PHYSICAL REVIEW C66, 064321 ~2002!
consistent with a magnetic dipole conversion coefficient
the 215-keV transition. Its measured DCO ratio is 1.1~2!
which is not inconsistent with the schematic calculation fo
DJ50 transition, which yields 1.04 under the assumptio
stated above. This leads to aJp581 assignment for the de
exciting state. The parallel pair of transitions with energies
568 and 709 keV were observed by Ref.@25# but the 140-
keV crossover was not. The 1041- and 512-keV transiti
have DCO ratios consistent with stretched quadrupole
dipole nature, respectively, so it is likely that the 568-ke
transition deexcites a spin-11 state. This would require
the 140-keV transition have quadrupole multipolarity; co
sistent intensities are obtained for anE2 rather than anM2
transition, fixing the spin-parity to be 112. The 438-keV
transition feeds into this state and has a DCO ratio
0.97~16! when gated by a dipolar transition. This suggest
121 assignment for the deexciting state. Measured DCO
tios in the parallel path via 583- and 234-keV transitions
the yrast 92 state are consistent with this. The authors
Ref. @25# note that the temporal character of these two tr
sitions suggests that they are partially fed by a delayed c
ponent with a half-life around 10 ns. The time spectra as
ciated with the 234-, 438-, and 583-keV transitions are
consistent with some delayed feeding component; analys
the time spectra for the 234- and 438-keV transitions give
half-life of 14~4! ns @26# consistent with Ref.@25#. The 495-
and 472-keV lines appear to be prompt. It is therefore lik
that the isomeric state feeds into the 121 state, possibly by
an unobserved low-energy transition which would expl
the isomeric nature.

No transitions associated with204Rn were observed in
focal planeg-ray detectors. This would indicate that the
are no strongly populated isomers with half-lives longer th
;0.5 ms.

FIG. 15. Energy spectra of promptg rays emitted at the targe
position in the204Rn experiment:~a! gated by a transition energy o
135 keV,~b! gated by a transition energy of 299 keV,~c! gated by a
transition energy of 114 or 234 keV, and~d! gated by a transition
energy of 1085 keV. The prominent peaks in the spectrum are
beled with the transition energy given to the nearest keV.
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V. INTERPRETATION AND CONCLUSIONS

The low-lying near-yrast states in the light radon isotop
below theN5126 shell closure are illustrated in Fig. 16~a!.
The data shown are those of Refs.@16–18,25,28–31# along
with the results obtained in the current study which compl
the systematics by providing a full picture of states up to s
10 in the A52002204 nuclides. The proximity of theN
5126 andZ582 shell closures might suggest that the d
scription of nuclei in this region lends itself to a shell mod
approach. For example, measurements of the magnetic
ments of the isomeric 81

1 states in2062214Rn @32#, have con-
firmed the assignment of a protonh9/2

4 configuration. Empiri-
cal calculations have been attempted with some succes
208Rn and heavier isotopes@29–31#, albeit using a rather
restricted model space and weak coupling between pro
and neutrons. Such calculations rapidly become intracta
in lighter systems where the increasing number of vale
particles dramatically increase the size of the model spac
cursory glance at the energy level systematics shown in
16~a! shows that the spacing of the 21, 41, and 61 states is
roughly equal in the middle of the isotopes shown, which
indicative of vibrational effects. These are clearly anh
monic, as might be expected from coupling of harmonic

a-

FIG. 16. Systematics of the low-lying yrast states in~a! neutron-
deficient radon isotopes and~b! polonium isotopes. The states i
different isotopes which are joined by a line in~a! are part of similar
decay sequences. Some low-spin nonyrast states are also sho
the asterisks. Sequences are labeled by the spin parity of the s
concerned and a common symbol is used for all yrast states o
same spin parity.
1-11
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brations to an underlying single-particle structure. Such c
lectivity is indicated by the importance of neutro
admixtures into the 21

1 and 41
1 states in2062210Rn @30#. The

interacting boson approximation~IBA-1! has been used to
describe states in206,208Rn @28#, but even these calculation
do not reproduce some of the details seen. The fall in
energies of the low-lying states in the lightest isotopes
been linked with the presence of deformed intruder sta
@18# as discussed in more detail below. The structure of
nuclei studied here is clearly complex and transitional
nature.

Some of these features have been addressed by cal
tions of Zemel and Dobes@33#, who have used the interac
ing boson model coupled to two-quasiparticle excitatio
~IBA1QP! to calculate the properties of excited states
spin 2 to 8 in 2002210Po, 2022212Rn, and 2042214Ra. Data
were only available for the polonium isotopes and2042212Rn
when these calculations were performed, but a reason
agreement was obtained. The current data allow an exten
of the comparison to202Rn. The general trend in th
IBA1QP predictions is of gradually falling 21

1 and 41
1 states

with increasing neutron deficiency, corresponding to str
tures primarily of an IBA collective nature. The calculatio
reproduce some irregularity in the 41 systematics nearer th
shell closure due to competition between quasiproton
neutron excitations. The 61 and 81 states are predicted t
rise with falling mass and are dominated byph9/2n52

4 struc-
tures. The data for202Rn for 21

1 , 41
1 , and 81

1 states all agree
with these predictions, surprisingly to within a few tens
keV, given the rather limited quasiparticle space used. Du
this restriction the appearance of secondary 61 and 81 states
is not reproduced; in the lightest nuclei calculated th
states are outside of theph9/21n f 5/2 model space. In an
attempt to track states expected to have similar structu
the points in Fig. 16~a! are connected by a straight line
they are part of similarg-decay pathways; in2022208Rn there
is a decay path through one set of states populated main
the decay of the yrast 92 state and another not connect
with it. The situation in204Rn is obviously more complex
Within this scheme, the 62

1 state in 202Rn best fits the pre-
dicted trends for aph9/2n52

4 structure but with a reasonab
admixture of the IBA collective structure.

For nuclei lighter thanA5202, there is a noticeable fa
in the excitation energies of the yrast states. This has b
observed previously in the lowest lying states@18#. With the
information added in the current work a consistent picture
found of the systematics of states up to spin-10. These
tematics indicate the presence of deformed intruder sta
which fall in energy as theN5822126 midshell is ap-
proached, by comparison with similar trends in yrast exc
tion energies in Hg and Pt isotopes belowZ582. In this
latter region, other measured quantities such as trans
quadrupole moments and observation of extensive rotati
sequences give supporting evidence. The polonium isoto
also display a similar, almost parabolic fall in the excitati
energies of states in the lightest systems known. These
tematics are shown in Fig. 16~b! for comparison where dat
has been taken from Ref.@8,9,34–39#. The horizontal axes o
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parts~a! and ~b! of Fig. 16 have been aligned such that t
data point for a particular polonium isotope may be co
pared directly to the radon isotope which is four mass un
heavier. The fall in yrast states in radon isotopes is seen t
very similar in character to the fall observed in the poloniu
isotopes corresponding to the radon isotopes minus aa
particle. This is suggestive of the effects ofF-spin symmetry,
which have been noted in nuclei below theZ582 shell clo-
sure@40# on the basis of the similarity in the relative energi
of members of bands built on intruder states. These ana
states arise within the context of the interacting boson mo
where proton and neutron bosons haveF56 1

2 respectively,
and the totalF spin for a state is obtained in a similar way
enumerating the total isospin of a system. In general, gro
stateF-spin multiplets are split due to the dependence of
IBA Hamiltonian onNpNn . However, the formation of in-
truder configurations by excitation of proton pairs increa
the proton boson number, giving larger and more sim
NpNn values within a multiplet. For example, in their groun
states196Po and200Rn should be members of anF54 mul-
tiplet with F0523 and22, respectively, but the multiplet is
split as NpNn values are 7 and 12. If intruder states a
formed by the excitation in each case of a pair of proto
across theZ582 gap, the intruder configurations form a
F55 multiplet with F0522 and21. But now theNpNn

values, 21 and 24, are more equal and theF-spin symmetry
should be consequently better. Detailed analysis ofF-spin
analogues in this region is made difficult by the mixing b
tween normal and intruder states, which requires more
perimental information to disentangle than is available he
Note that the lightest knowna-pair of Rn and Po isotopes
with masses of 198 and 194, respectively, haveg-ray ener-
gies that are fairly similar above the spins where mixing
strong. The pairs of energies for the 10→8, 8→6, and 6
→4 are 602/604, 545/548, and 462/481 keV, respectively
the absence of information which would enable the unp
turbed intruder state energies to be extracted, the similarit
the energy systematics is enough to suggest a com
mechanism for the intruders in polonium and radon.

A further similarity between polonium and radon isotop
is the appearance of secondary low-spin states. These
marked with asterisks in Fig. 16. Such states were first
served in196,198Po isotopes@7#, where the in-beam data ar
supplemented by studies of states populated ina decay@5#,
and are interpreted as deformed intruder configurations
194Po there is evidence that such states are a strong mi
spherical and deformed configurations, with the latter ass
ing the ground-state configuration in lighter isotopes@9,34#.
The current work has observed similar nonyrast states in
198Po1a nucleus202Rn. The predictions of a pairing vibra
tional model@11# do indicate that the excitation energy of th
associated 01 state should actually be slightly lower in202Rn
than 198Po; the excitation energy of the 21 states is very
similar, but a comparison is complicated by mixing betwe
spherical and deformed configurations and the possibility
slightly different moments of inertia. The observed dec
pattern of the states in202Rn is slightly different to that in the
Po isotopes; the 22

1→0g.s.
1 transition is not observed in th

higher energy portion of the spectra in Fig. 9, presuma
1-12
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due to low efficiency at the expected 1030 keV transit
energy combined with low statistics. Low yield has also l
the question of theE0 contribution in the transitions to th
yrast states open. This component is known to be depen
on the extent of mixing between spherical and deformed c
figurations and the deformation difference between them@2#.
The nonyrast side structures in204Rn, such as the state at a
excitation energy of 1085 keV may also have a similar o
gin.

The current work has produced a rather complex le
scheme for204Rn above spins of 8\. A complete interpreta-
tion of these states is difficult, especially in the absence
practicable shell-model calculations. However, some gen
statements concerning some of the structure can be m
aided by trends in the feeding patterns and configuration
signments from the heavier radon isotopes where schem
calculations have been made@29#. The level scheme of204Rn
is fragmented and there are many states with similar sp
reflecting the increase in the degrees of freedom with
creasing numbers of valence neutron holes in the neut
deficient isotopes.

A convenient place to begin such discussions is the 12

state at 2597 keV in204Rn. Such states are seen across
radon isotopes with a roughly constant excitation energy
have been attributed to aph9/2

3 i 13/2 configuration on the basi
of measuredg factors in 208,210Rn @32#. This level decays to
a 102 state which in206Rn @29# has been suggested to be
different coupling of the same configuration. In206Rn it de-
cays largely to the yrast 81 state via an energeticM2 tran-
sition and partly to a 101 state and the yrast 92 state. Such
interpretations of the 102 and 112 states seem plausible als
in 204Rn. The 102 state is isomeric in204Rn with a half-life
of around 33 ns and it decays via anM1 transition to the
yrast 92 state.M2 transitions to the two 81 states are no
observed, presumably due to the lower transition ener
compared to206Rn and possibly different wavefunctions o
those states~see discussion below! in 204Rn. There is a 101

state below the 102 level but the energy difference is only 1
keV inhibiting that decay path. The only observed decay
the 92 state must be via a retardedM1 transition. The yrast
92 level in the heavier isotopes has been associated wi
two-quasineutron excitation (n f 5/2

21i 13/2
21 ) which therefore fits

with this scenario of a hindered decay path, explaining
isomerism.

The increasing role of neutron degrees of freedom is
likely explanation for the appearance of the pairs of 61 and
81 states in204Rn, before the intruding deformed 61 and 81

states fall in energy in lighter nuclei. In heavier isotopes
yrast states are associated with recoupling the valence pr
configurationph9/2

4 un52. The 61 and 81 states from this
configuration rise with neutron deficiency, as seen in the F
16 and the results of Ref.@33#, and it is therefore not surpris
ing that neutron configurations eventually become comp
tive. The decay of the 92 state, which feeds both 81 states
with almost equal branching, indicates that the wavefu
tions of these states are no longer simple in204Rn. On the
basis of the decay via the 604- and 583-keV transitions,
101 states at 2637 and 2688 keV must be candidates
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carrying significant amplitudes of theph9/2
4 un54 configura-

tion. The other near-yrast 101 state at 2453 keV, mentione
above, has only one observable decay path via a 234-
transition to the 92 state; this probably indicates a structu
involving neutron configurations. In200,202Rn, the 92 state
feeds only one 81 state which would tend to indicate tha
this pathway involves 61 and 81 states based on
ph9/2

4 un52. The other 61 and 81 states in200,202Rn therefore
have some other structure and may be associated with
formed intruders as discussed above.

The ms isomers in200,202Rn have been helpful in deter
mining the level schemes, but it is interesting to ponder
their nature. It is likely, from the little that is known abou
their feeding pattern, that they have spins of at least 10\.
There is indirect evidence that a similar isomer is a
present in198Rn @18#, but in the heavier even-even isotop
there is a single example of a high-spin, long-lived isom
namely, the 1.6ms 172 isomer in210Rn. Given that the mul-
tiplicity of observed purely delayed transitions is small, t
spins of the200,202Rn isomers are unlikely to be that high
One possibility concerns the 112 states discussed abov
Empirical shell model calculations in208Rn actually predict
that the 102 state should lie higher than the 112 state@29#.
These two levels are actually within 140 keV of each other
204,206Rn. It is therefore possible that the ordering of the
two levels may switch in lighter isotopes, or that they mig
be separated by only a few tens of keV in202Rn and lighter.
A situation could easily arise where the decay of the 12

state by three possible routes. One via anE2 to the 92 state,
retarded by the difference in structure. Another via a lo
energy transition to the 102 state with a consequently sma
transition probability. And finally via anE3 transition to 81

state with large amplitudes of theph9/2
4 un52 configuration.

The 81 and 92 states are certainly populated in the observ
isomer decays in200,202Rn. This scenario is very similar to
that of the 112 ph9/2

3 i 13/2 states in the light polonium iso
topes. Here the observed decays are similar, involving
E3 and retardedE2 transitions. Despite known admixture
of octupole vibrations into the wave function@35#, the half-
lives of these states increase with neutron deficiency, in
main due to the rising 81 excitation energy and theEg

7

transition-probability dependence. In recent measuremen
194Po, the half-life of the 112 state is 15ms @9,34#, compa-
rable to that encountered in these radon isotopes. The lac
adequate numbers ofg-g focal plane events frustratingly
hampers the determination of the exact isomer decay p
without which the above description of the isomerism m
remain speculative. However, candidate transitions in the
cays from the 112 and 102 states to the 92 level in 200Rn
are the delayed 183- and 161-keV transitions, giving a
keV separation. The lack of observation of a 369-keVE3
transition may suggest that the octupole enhancements
in polonium isotopes do not extend to radon nuclei, or t
the scenario presented here is incorrect. Corresponding
didates in 202Rn are the delayed 149- and 111-keV tran
tions, with a 38 keV 112 to 102 energy separation.

In summary, knowledge of the decay schemes
200,202,204Rn have been extended adding to the picture of
1-13
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development of the structure of the neutron-deficient, ev
even radon isotopes. The energy systematics of the low-ly
states suggest the presence of intruder states which fall
increasing neutron deficiency in a similar way to the polo
ium isotopes, indicating a common mechanism for the on
of deformation aboveZ582. Candidates have been foun
for nonyrast intruder states in202Rn. The higher-spin levels
in the lighter radon isotopes reflect the increasing importa
of neutron-hole excitations. Long-lived isomers in200,202Rn
may be produced by a similar mechanism responsible for
112 isomers in the light polonium isotopes. The data
200,202Rn also illustrate some of the difficulties of makin
spectroscopic measurements beyond simple singlesg-ray
spectra in the submillibarn regime.
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