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The low-lying level structure of the neutron-deficient isotope198Rn has been studied for the first time, using
the 166Er(36Ar,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. Promptg rays in 198Rn 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 of theira decay. The estimated production
cross section for198Rn in this reaction was 180 nb. The excitation energy of the 21

1 state 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.@S0556-2813~99!07802-4#

PACS number~s!: 27.80.1w, 23.20.Lv, 23.60.1e
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I. INTRODUCTION

The polarization of the doubly magic208Pb core by va-
lence nucleon particles has been known for many years t
responsible for the permanent deformation exhibited in
ground states of nuclei withN.126 andZ.82. A new re-
gion of deformed nuclei is expected when polarization
proton particles and neutron holes is sufficient to perturb
spherical core. The onset of deformation in this regi
whereN,126 andZ.82, has been predicted to occur f
from stability by many long-standing calculations@1–4#, al-
though no direct experimental evidence exists with which
substantiate these results.

Production of neutron-deficient nuclei via fusio
evaporation reactions becomes increasingly difficult far fr
stability because of the overwhelming dominance of fiss
channels over particle emission at every stage of the coo
of the compound nucleus. As a result there is not much
perimental information on many of these nuclei other th
the ground-state radioactive decay half-life andQ value,
which are difficult to interpret in terms of nuclear deform
tion. Spectroscopy of excited states, where a low 21

1 excita-
tion energy or development of rotational band structu
might be suggestive of collective effects, is difficult due
the low production cross sections, which fall into the sub-mb
regime where the deformation is predicted to be largest.
ditional experimental problems arise due to contamination
fission products and Coulomb excitation. This paper pres
experimental measurements concerningg-ray transitions be-
tween excited states in198Rn, an isotope with a large pre
PRC 590556-2813/99/59~2!/673~9!/$15.00
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dicted deformation parameter,ue2u;0.2, but produced in
suitable reactions with cross sections of the order of only 1
nb.

II. EXPERIMENTAL DETAILS

The production cross section of198Rn in the current reac-
tion was estimated from the current work to be only 180 n
while the total fusion cross section is of the order of 100 m
A very sensitive technique is thus required to isolate in-be
g rays deexciting states in evaporation residues surviv
fission, from radiation associated with the myriad fissi
fragments produced. Strong Coulomb excitation of target
clei of up to a barn in cross section exacerbates the prob
In addition to the rejection of these strong background ch
nels, anyg rays emitted by surviving evaporation residu
must be positively identified with198Rn since there is no
published information concerning excited states in this i
tope.

In the present study an in-flight gas-filled separator
used to select evaporation residues recoiling out of the ta
from an unreacted beam. Identification of198Rn residues was
performed on the basis of the radioactivea decay of the
residues in a silicon detector at the focal plane of the se
rator. The decay properties of198Rn have been establishe
previously@5,6# and the decay proceeds by the emission
an a particle of energy 7.196 MeV with a half-life of 64~2!
ms. Promptg rays at the target position were identified
transitions between excited states in198Rn by a correlation
technique:g rays are observed in coincidence with recoilin
ions, which, after transportation through the separator
673 ©1999 The American Physical Society
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674 PRC 59R. B. E. TAYLOR et al.
implantation into a suitable detector, decay by emitting
dioactivity with characteristics corresponding to the isoto
of interest.

For this investigation 198Rn was produced in the
166Er(36Ar,4n) reaction. A self-supporting metallic target, o
thickness 500mg cm22 and enriched to.96% in 166Er, was
bombarded with a beam of36Ar71 ions at an energy of 175
MeV, delivered by the K130 cyclotron at the Accelerat
Laboratory of the University of Jyva¨skylä. In order to pro-
duce sufficient information for position matching and ener
correction, discussed in detail below, the same target
bombarded with an40Ar71 beam at an energy of 192 MeV
The production cross sections with this second reaction
to less neutron-deficient isotopes and quickly gene
enough data for the required corrections.

Prompt electromagnetic radiation emitted at the reac
site was detected in the JUROSPHERE array. The array
sisted of 24 Compton-suppressed hyperpure germanium
tectors arranged in four rings around the beam direction,
rounding the target position. The array was composed of
crystals of two different sizes: fourteen 70% efficient det
tors of the EUROGAM phase I type@7#, nine at 134° and
five at 158° to the forward beam direction, and ten 25
detectors of the TESSA type@8#, five each at 79° and 101°
Efficiencies are quoted relative to the NaI standard. The
solute photopeak efficiency of the coaxial detectors in
array was measured to be 1.7% at 1332 keV.

Recoiling evaporation residues were separated from u
acted primary beam particles, fission fragments, and tar
like reaction products using the high-efficiency gas-filled
coil separator RITU @9#. This device achieves high
transmission by filling the field region of a magnetic dipo
with gas at low pressure. Charge-exchanging collisions
tween recoiling ions and gas atoms lead to ion trajecto
centered on the average ionic charge state in the gas, i
pendent of the original charge state when leaving the tar
Simple empirical descriptions of the average charge state
dicate that the magnetic rigidity of the ion in the gas-fill
region is effectively independent of charge state and re
velocity @10#, which leads to a charge and velocity focusi
giving high transmission. RITU was filled with helium gas
a pressure of 1 mbar. The helium was isolated from the
celerator vacuum by a thin carbon foil of thickness
mg cm22 upstream of the target position.

At the focal plane of RITU, separated ions were stopp
in a position-sensitive passivated ion-implanted planar s
con detector. The detector was 35 mm high and 80 mm w
with a thickness of 300mm. The width was subdivided into
16 strips of width 5 mm. Signals from the top and bottom
each strip, in addition to a summed signal, were record
The summed signal was used as an energy measurem
while vertical position along the strip was derived on t
basis of the resistive division in off-line analysis of the da
The position measurement was used in the analysis to
tially correlate the arrival of a recoiling ion with its subs
quenta decay. Energy and position signals were record
for events corresponding to the implantation of recoiling io
into the silicon detector and for their subsequent deca
Two sets of amplifiers were used, one with low gain~re-
ferred to below as ‘‘recoil’’ amplifiers! suitable for the ener-
gies associated with recoiling ions~10–40 MeV! and high
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gain ~‘‘decay’’ amplifiers! suitable for a-particle energies
~5–7 MeV!. The a-decay events and implantation even
were distinguished on the basis of the recorded ene
signal.

Several logical event triggers were generated. A silic
detector trigger was used corresponding to an event in
silicon detector. A recoil-g trigger was defined by the coin
cident detection of one or more promptg rays in the germa-
nium array around the target and a signal in one of the st
of the silicon detector. In addition, the coincident firing
three or more detectors in the germanium array was use
trigger the data acquisition system. This latter trigger w
used for diagnostic purposes to allow on-line monitoring
the detectors in the array.

Along with the other experimental parameters of t
event, the time at which the event occurred was record
This was generated by a scaler which ran continuou
throughout the duration of the experiment. This scaler w
interrogated every time a trigger of any sort was received
the data acquisition system. Events were thus labeled w
the time at which they occurred, relative to the beginning
the experiment, at a precision of 1ms. This time label allows
the data to be played back in sequential order during off-l
sorting to build up temporal correlations between the eve
occurring at each position in the silicon detector.

Data were collected for approximately 154 h at an av
age beam current of 10 pnA, giving an average raw rate
30–40 Hz in the silicon detector. The beam current used
limited by the rate in the germanium detectors, which w
typically a 3–4 kHz Compton-suppressed rate per 70%
tector and 2–3 kHz per 25% detector.

III. DATA REDUCTION AND ANALYSIS

In order to begin the analysis, the various detector e
ments require gain matching and conditions to be applied
the data set require determination. The germanium detec
were calibrated by collecting singlesg-ray energy spectra
from 152Eu and 133Ba sources, giving good coverage of th
energy range of interest. These were used to obtain g
matching coefficients and to perform a relative efficien
calibration for the 24 coaxial germanium detectors in sing
mode. A Doppler-shift energy correction was applied to t
in-beamg-ray data using a calculated value of recoil velo
ity, b5v/c50.0183, assuming ions recoil at 0°. A calc
lated recoil velocity was used since the number of counts
any oneg-ray transition in any one angular ring of detecto
was too small to deduce an empirical Doppler correction
the data. The JUROSPHERE array has most of its efficie
towards the backward angles and as such the use of a c
lated recoil velocity introduces a systematic error into t
measurements ofg-ray energies. This is estimated to be le
than;0.3 keV at 500 keV.

Transformations were made of thea-particle energy sig-
nals in order to correct for a small linear dependence of
observed energy with vertical position. This was perform
using stronga groups arising from the decay of201mRn and
198Po produced in the40Ar-induced reaction. An energy
resolution of 26–30 keV was typically obtained in an ind
vidual strip after correction. The strips were gain match
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PRC 59 675g DECAY OF EXCITED STATES IN198Rn . . .
and an internal energy calibration was performed us
known a-particle energies in order to confirm the identific
tion of lines in the energy spectrum.

Since independent banks of amplifiers were used, the
sition signal derived from the ‘‘recoil’’ amplifiers need
matching to that derived from the ‘‘decay’’ amplifiers. I
order to match the two position measurements,
201m/201Rn activities, strongly produced in the40Ar reaction,
were used. Thea decays corresponding to previous impla
tations were searched for and a two-dimensional plot of
cay position versus recoil position was incremented. The
recoil-a correlations produce a line in such a plot, on top
a background due to false, chance correlations. A lin
transformation was applied in order to put the true corre
tions onto the diagonal in the two-dimensional plot and th
match the gains of the two position measurements. Pos
resolution was typically found to be;400 mm full width at
half maximum~FWHM!.

The analysis is based on the observation of time-
position-correlated implantation anda decays in the silicon
detector. Since some of the implantation events will invo
the detection of promptg rays at the target position, th
identification of thea-decay characteristics of a particul
isotope allows a specific selection and identification
prompt g rays emitted by that isotope. Such analysis
volves an off-line search through the collected data to fi
the a decay corresponding to implantation at a particu
position, seen in the silicon detector. The two events
deemed to have occurred at the ‘‘same’’ position in the
tector if their two position measurements are within61
FWHM position resolution. The time interval between t
implantation and decay is used to measure the half-live
the isotopes produced.

In order to establish good correlated events, the mean
of an implanted ion should be small in comparison to
average time between two implantations at a particular p
tion in the detector, as set by the experimental rates. Off-
analysis of the data allowed the measurement of the ave
time between implantations into the same position in
silicon detector. The value obtained,;60 s, is considerably
longer than the mean life of the198Rn isotope which was
previously determined to be 92~3! ms @6#. In principle, under
the experimental conditions used, good implantation-de
correlations can be found for198Rn. However, several prob
lems arise in establishing correlated implantation-decay
quences due to the presence of longer-lived isotopes
duced at the same time with higher production rat
Difficulties in interpretation arise if two implantations occ
at the same position within a time interval which is short
comparison with the half-lives involved. It is not clear und
such circumstances with which recoil to associate any s
sequent decays seen at that place in the detector. In add
since the implantation depth of the recoiling io
(;9 –10 mm) is less than the range ofa particles in silicon
(;30–40 mm), it is not always possible to detect the dec
of every implantation. Only approximately half of the deca
are observed with their full energy. In order to minimiz
these problems, a search is made for a decay at a ce
position only within a certain time interval after an impla
tation. In the final analysis, this time limit was chosen to
200 ms, although, as discussed below, it is instructive to v
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this limit in order to assess contaminantg-ray transitions
arising from residual bad correlations.

In addition to implantation-decay sequences, if the dau
ter isotope is also ana emitter, it is possible to distinguish
decays by generation and identify correlations between
plantation, first-generationa decay, and second-generationa
decay. For the isotopes produced in this reaction, only ra
nuclei are expected to show strong first- and seco
generationa decays. Other species, such as polonium a
astatine, are expected to show only first-generationa decays,
since the daughter nuclei undergob decay. The thickness o
the silicon detector is too small to be sensitive to suchb
particles. In a similar fashion to the time limit discuss
above, a time cutoff is applied to the search for a seco
generation decay in order to reduce the influence of bad
relations.

IV. RESULTS

The identification of the198Rn a-particle group was made
primarily on the basis of thea-particle energies and half
lives obtained in implantation-decay sequences.

The results of implantation-decay correlations are sho
in Fig. 1. The upper portion shows thea-particle energy
spectrum for all events in the silicon detector with no cor
lational analysis performed~referred to below as the single
a-particle energy spectrum!. The strongest peaks are labele
by the decaying isotope. This spectrum was calibrated in
nally using knowna-particle energies@11#, other than those
associated with radon isotopes. The measureda-particle en-
ergy from 198Rn decay was 7190~4! keV, in excellent agree-
ment with the previous value of 7196~10! keV @6#. Some

FIG. 1. Energy spectra ofa particles associated with~a! any
decay event in the strip detector~singlesa-particle energy spec-
trum!, ~b!–~d! for implantation-decay correlated events with tim
limits for the correlation of 20 s, 2 s, and 200 ms, respectively;
text for details. Stronga-particle groups are labeled with the de
caying isotope.
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676 PRC 59R. B. E. TAYLOR et al.
a-particle groups were observed whose presence can on
explained by isotopic contamination in the target. Howev
there is no evidence for any reactions on erbium isoto
lighter than A5166. The group associated with198Rn is
therefore the highest-energya decay observed and, as suc
is clearly separated from other groups and shows no c
tamination. It is noted in passing that parent-daughter co
lations for this group are consistent with the198Rn identifi-
cation.

The lower portions of Fig. 1 show thea-particle spectra
associated with decays correlated with an implantation.
each of the spectra, a cutoff was imposed, as discu
above, on the time between the implantation and the deca
a particular position in the silicon. Figures 1~b!–1~d! have
time limits of 20 s, 2 s, and 200 ms, respectively, whi
cause changes to the relative intensity of the differena
groups in the spectrum depending on the half-life of the
caying isotope. Isotopes, such as198Rn and199,199mRn, with
relatively short half-lives, tend to decay before the short
time cutoff used. Increasing this time cutoff therefore do
not significantly increase the number of decays observ
However, the numbers of observed decays associated
isotopes with long half-lives are reduced with application
a time cutoff short in comparison with their half-life. Exten
ing the time cutoff increases the observed number of dec
for example, in Figs. 1~b!–1~d! for 198Po. The correlated
spectra in Fig. 1 also show a better peak-to-backgroun
the higha-particle energy region than the singlesa-particle
energy spectrum. This is due to the removal of the ba
ground due to low-energy implantations by the correlat
search.

In order to confirm the assignment of the198Rn group, the
distribution of implant-decay times was analyzed in order
measure the associated half-life. Figure 2 shows spectr
the distribution of decay times for radon isotopes observe
the singlesa-particle energy spectrum. A maximum likel
hood analysis of the decay times gave a measured half-lif
6622

13 ms, which compares well with the previous measu
ment of 64~2! ms @6#. Half-lives measured for the other ra
don isotopes produced show a similar consistency with p
vious results as indicated in Table I.

Once thea-decay groups of interest had been identifie
energy spectra were generated of promptg rays emitted at
the target position by recoiling ions, which subsequentlya
decay with characteristics associated with particular isoto
This allows an unambiguous identification of the nuclide
sociated with particularg rays.

In order to produce as clean a data set as possible
implantation-decay correlation analysis, implantation eve
were filtered to reduce the number of events caused by
dom coincidences between the Ge array and the silicon
tector. A polygonal software window was placed around
recoil-ion group in a two-dimensional spectrum of implan
tion energy versus the time of flight through the separa
This time of flight was measured between the detection o
g ray and the arrival of the recoiling ion in the silicon dete
tor. This window was shifted along the time axis in order
sample the time-random background and perform a suit
subtraction. In order to gain more insight into the comp
nents of the resulting spectra, decay-taggedg-ray spectra
were analyzed for different time cutoffs in the implantatio
be
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decay correlation, namely, 20 s, 2 s, and 200 ms.
Time-random subtractedg-ray spectra gated by thea

group identified as198Rn are shown in Fig. 3. There ar
severalg-ray and x-ray transitions apparent in the spectr
which arise in two different ways. The first set of transitio
is associated with Coulomb excitation of the ground-st
rotational band of the target nucleus166Er. The 80.6-, 184.4-,
and 280.5-keV transitions@11#, along with erbium x rays,
were initially identified as arising from Coulomb excitatio
on the basis of the transition energy. These transitions ap
in the spectrum from a small number of bad correlatio
between implantation of ions following Coulomb excitatio
and some unrelateda decay or a low-energy implantatio
which has been misinterpreted as ana decay. The mean time
between such occurrences is long~of the order of tens of
seconds! compared to the decay times for the isotopes

FIG. 2. The distribution of time intervals between the implan
tion and decay of198Rn,199mRn, and199Rn ions in the silicon de-
tector. The lines drawn on top of the data are exponential cur
corresponding to the half-lives derived from a maximum likeliho
analysis of the set of decay times. The exponentials have b
superimposed by eye onto the data for illustrative purposes an
not represent a least-squares fit to the number of counts per cha

TABLE I. Measured half-lives, deduced using maximum like
hood estimates from implantation-decay correlations, for radon
topes. Previous half-life data are taken from Refs.@6# and @11#.

Parent Measured Previous
isotope half-life half-life

198Rn 6622
13 ms 64~2! ms

199mRn 0.31~2! s 0.325~25! s
199Rn 0.57~3! s 0.620~25! s
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PRC 59 677g DECAY OF EXCITED STATES IN198Rn . . .
interest. As a result the lines arising as a result of Coulo
excitation appear to grow into theg-ray spectra with increas
ing time limit, as can be seen in Figs. 3~a!–3~c! and more
quantitatively in Fig. 4. The second group of transitions
cludes x rays with energies corresponding to radon ato
and a series of distinctg-ray peaks which are assigned
transitions between excited states in198Rn. Since the half-
life of 198Rn is only 66 ms, the majority of implanted198Rn
ions will decay before the smallest implant-decay time lim
used~200 ms!. Hence, increasing the time limit will not sig
nificantly increase the strength of these lines in theg-ray
spectrum. This characteristic can be used to distingu
198Rn lines from residual Coulomb excitation breakthrou
as illustrated in Fig. 4. Ag-ray transition with an apparen
energy of 443 keV shows a linewidth inconsistent with t
Coulomb-excitation transitions and has a behavior incon
tent with a mean life of the order of tens of millisecond
While the origin of this line is unclear, the variation with th
implantation-decay time limit rules it out as a candidate tr
sition in 198Rn.

Other g-ray transitions observed in this reaction whi
correlate with knowna decays are listed in Table II an
compared to previous data, if any exist. The comparison
transitions in the current analysis with those from previo
work (199At @12#, 195,195mPo @13#, and 196Po @14#! adds con-
fidence to the analysis performed here. For example,
transitions which correlate with the decay of196Po compare
favorably to those previously measured by more traditio
recoil-g techniques. Transitions have also been observed
the first time which are identified as arising from198At and
198mAt.

FIG. 3. Energy spectra of promptg rays emitted at the targe
position by ions which subsequentlya decay in the strip detecto
with characteristics associated with198Rn. In each spectrum a tim
cutoff has been applied in the implantation-decay correlation. Th
spectra correspond to time limits of~a! 20 s,~b! 2 s, and~c! 200 ms.
Strong peaks are labeled by the transition energy in keV.
b

-
s

t

h

s-
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-

f
s

e

l
or

The spectrum of198Rn is characterized by five distinc
transitions with energies and relative intensities listed in T
ble II. The 339.0-keV transition is the strongest and the
fore is assumed to be the 21

1→01 transition. There are no
other candidates in the measured spectrum between 70
400 keV, after considering the effects of efficiency and
ternal conversion on the apparent intensity. In the absenc
g-g data, the other transitions are placed on the basis of t
relative intensity to give the decay scheme shown in Fig
The spins shown in this diagram are assigned on the bas
systematics illustrated in the next section.

The intensity of the198Rn group in the singlesa-particle
energy spectrum, 2384 counts, can be used to estimate
production cross section of198Rn in this reaction. Severa
efficiency estimates must be used. The transmission of
tinium isotopes through RITU produced in the reaction

se

FIG. 4. Graphs showing the number of counts in various pe
in the a-decay taggedg-ray spectra as a function of the time lim
used in the implantation-decay correlation. The data are lab
with the energy of the transition plotted. The x-ray peaks are
erbiumKa and radonKa1 . The 81-keV yields have the contribu
tion from radonKa2 lines subtracted on the basis of the radonKa1

intensity and the known fluorescence yields@11#. The dashed lines
mark the number of counts in the spectrum with a 200 ms time li
in order to guide the eye. Lines arising from the leak through
Coulomb excitation transitions by bad correlation increase ab
this level with increasing time limit. Transitions associated w
198Rn do not significantly increase as the half-life for this isotope
64~2! ms, and hence the majority of atoms decay before the 200
time limit.
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678 PRC 59R. B. E. TAYLOR et al.
TABLE II. Relative g-ray intensities obtained in recoil-deca
correlated spectra tagged usinga groups associated with
198Rn,199At,198At,198mAt,195Po,195mPo, and 196Po. The measured
transition energies are compared to previous results where pos
taken from the Refs.@12–14#. Intensities are corrected for the e
fects of relative efficiency only. Errors quoted on observed ener
are purely statistical. Contributions of systematic error to the m
sured energies are discussed in the text.

Transition energy~keV! Intensity Previous energy~keV!

198Rn
339.0~2! 100~15!

410.5~3! 68~13!

481.5~3! 58~13!

548.8~5! 34~10!

604.0~8! 27~9!

199At
433.2~1! 53~8! 432.9
600.5~3! 100~14!

610.1~7! 22~8! 608.2
655.8~5! 19~4!

671.0~2! 44~9!

700.6~7! 11~3!

198At
130.0~1! 64~9!

136.7~2! 21~5!

151.7~2! 20~7!

155.5~9! 38~10!

168.3~1! 33~6!

173.7~2! 14~4!

247.5~1! 54~8!

279.1~2! 75~12!

284.4~1! 100~14!

304.9~5! 34~9!

422.2~2! 17~6!

486.5~4! 31~9!

566.2~4! 42~11!

198mAt
136.2~2! 7~2!

247.4~1! 30~5!

279.1~3! 23~6!

284.1~1! 81~10!

413.3~2! 18~5!

422.2~2! 53~9!

551.9~1! 31~6!

567.1~1! 100~14!

195Po
243.8~2! 60~15!

319.1~3! 48~14! 319~1!

401.8~6! 63~21! 402~1!

405.9~3! 64~19!

428.4~3! 100~24! 427~1!

470.8~5! 95~20! 470~1!

488.3~3! 30~12!

495.1~4! 37~14! 494.8~1!

498.6~3! 61~19!

600.5~4! 62~20!
40Ar beams with 175Lu targets at 185 MeV has been me
sured@15# to be between 25% and 35%. The reaction us
here is similar and RITU transmission has been assume
be 30%. Comparisons of the number of recoil-decay co
lated 198Rn events and the number of second genera
recoil-decay-decay events indicate that the efficiency of m
suring ana particle which deposits its full energy into th

ble

s
-

TABLE II. ~Continued.!

Transition energy~keV! Intensity Previous energy~keV!

195mPo
319.5~2! 100~6! 318.7~5!

388.9~2! 52~4! 388.4~5!

403.8~4! 9~2!

427.3~3! 11~2!

495.0~3! 31~4! 494.8~5!

196Po
237.6~2! 20~3! 237.3~1!

254.1~2! 17~1! 253.4~1!

277.8~5! 11~3!

283.8~4! 15~4!

388.9~3! 20~5! 387.6~1!

396.8~3! 17~4! 395.8~1!

404.8~6! 14~4!

414.1~3! 31~5! 414.2~8!

427.5~2! 86~10! 427.9~1!

432.3~3! 15~4!

462.7~2! 100~11! 463.1~1!

498.1~2! 67~9! 499.1~1!

517.6~4! 9~3!

528.1~3! 17~5! 528.6~1!

582.6~3! 35~6! 583.9~2!

615.4~6! 21~6! 616.9~2!

FIG. 5. The decay scheme of198Rn derived from the curren
work. See text for details of assignments.
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silicon detector is;67%. This figure is in line with that
expected on the basis of simple geometric estimates inv
ing implantation depth anda-particle range in silicon. On
this basis the production cross section for198Rn is 180 nb.
This must be viewed only as an estimate due to the un
tainty in some of the experimental parameters. A sim
analysis using the intensity of the 339.0-keV transition,
counts, and an estimatedg-ray efficiency at that energy o
4% ~made on the basis of the measured absolute efficienc
1332 keV and the measured relative efficiency curve! gives a
lower value for the cross section. This indicates that exc
states in some of the198Rn nuclei produced decay via iso
mers with half-lives longer than a few tens of nanosecon

V. INTERPRETATION AND CONCLUSIONS

The low-lying systematics of excited states in even-m
radon isotopes below theN5126 shell closure are illustrate
in Fig. 6. The data are those obtained in the current work
198Rn compared with those for heavier isotopes from Re
@16–22#. The low-lying levels of the singly closed she
nucleus212Rn are predominately based onph9/2

4 structures.
In more neutron-deficient isotopes, increasing neutron
grees of freedom make more configurations available at
excitation energy, thus increasing admixtures of other c
figurations in theph9/2

4 states. The gradual fall in excitatio
energy of the 21

1 and 41
1 states, in increasingly neutron

deficient isotopes out toA5202, can be attributed to th
increase in collectivity of the low-lying levels. This mech
nism is also responsible for the increase in the transi
probability of the 81

1 isomers when moving away from th
N5126 closure. BeyondA5202, both the 41

1 and 61
1 states

show a rather more dramatic fall in excitation energy w
decreasing neutron number. The slight initial rise in the
ergy of the 61

1 and 81
1 states in moving fromA5214 toA

5204 compared to the rather steep fall in isotopes withA

FIG. 6. Excitation energies of low-lying states in neutro
deficient radon isotopes withN<126. The data are taken from Ref
@16–22#.
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,204, is suggestive of different structures for these state
isotopes near to theN5126 closure, compared to those wi
larger neutron deficiency. It is interesting to note that ther
little information on 101

1 states in these nuclei. A candida
for the 101

1 state is apparent from this work in198Rn, but
200Rn is only known up to spin 41, with a tentative spin-6
state@16#.

It is clear that naive conclusions drawn from the results
theoretical calculations@1–4#—that radon isotopes with
mass numbers lighter than 202 have permanent ground-
shapes corresponding to a deformation parame
ue2u50.2—are not substantiated by the current data. Ax
deformation of this extent should result in a first excited st
at an excitation energy of just over 100 keV and a reasona
well-developed rotational ground-state band. In contra
198Rn has a first excited state at 339 keV and the ra
E(41)/E(21) has a value of 2.2. This is more typical of a
anharmonic vibrator than of a clearly defined rotational ba
which is expected to exhibit a ratio of 3.33. Similar inco
sistency has been seen in the low-lying levels of200Rn @16#.
The problem of theoretically describing the ground-st
shapes in this region therefore needs readdressing.

The excited states may, however, suggest the influenc
deformation in the lighter isotopes. The steep fall in the e
citation energy of higher-lying states in radon isotopes w
increasing neutron deficiency forA,204 is suggestive of the
sphericalph9/2

4 structures close toA5212 being crossed by
states whose structure is quite different and which beco
energetically favored with increasing numbers of neutr
holes. BelowZ582, similar behavior is known to be assoc
ated with deformed intruder configurations which fall in e
citation energy with decreasing neutron number away fr
N5126. In platinum isotopes, which have the same num
of valence protons with respect toZ582 as radon isotopes
sufficiently neutron-deficient nuclides are known for t
characteristic parabolic variation of the energy of the intru
states to be mapped out@23#. In the midshell region, at the
minimum of the parabola, the ground-state wave funct
has significant admixtures of the deformed structure. Such
interpretation forZ578 andZ580, where similar features
are observed, has supporting evidence from measuremen
transition quadrupole moments and rotational band str
tures.

Above Z582 the evidence for the presence of deform
intruder configurations is less clear, although recent ene
systematics in polonium isotopes do suggest that similar
fects occur. A measurement of the low-lying structure
192Po @24# indicates that the minimum of the parabolic vari
tion is being approached and that the ground-state w
function should therefore contain admixtures of the intrud
configuration. Such conclusions are strengthened bya-decay
studies of radon isotopes which observe population of2

1

states in the polonium daughters@6#. Interpretation of such
states in terms of deformed intruder states indicates
strong mixing into the ground state does occur in192,194Po. It
must be noted, however, that the low-lying structure of
neutron-deficient polonium isotopes has also been in
preted with some success using particle-vibration coup
without the need for deformed particle-hole excitations@25#.
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The radon energy-level systematics are therefore sug
tive of falling intruder configurations with increasing numb
of neutron holes. Comparison with the polonium systema
indicates that a flattening of the fall in the energy of the1

and 61 states, which could be associated with significa
mixing of intruder and ground-state configurations, may
cur for more neutron-deficient isotopes. Such conclusions
main rather speculative as supporting evidence is lack
Studies of such neutron-deficient isotopes as198Rn are at the
very limit of current in-beamg-ray spectroscopy since th
production reaction has a cross section of the order of
nb, the smallest ever used in such work, and as such,
porting evidence is difficult to obtain. The extension of t
current energy systematics to lighter radon isotopes is
difficult. While the a-decay characteristics of196Rn have
recently been established@26#, the production cross section
only at the level of a few nanobarns. Such measurements
only possible by employing a state-of-the-art array of germ
nium detectors, with a photopeak efficiency approach
10%, at the target position of a high-transmission, and th
fore necessarily gas-filled, separator.

In conclusion, the low-lying levels of198Rn have been
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established for the first time using in-beamg-ray spectros-
copy. The reaction used has a production cross sectio
only 180 nb. The isolation and identification of radiatio
from such weakly produced evaporation residues was o
possible by correlation with radioactive decay, in order
remove the vastly more intense backgrounds from fiss
and Coulomb excitation. The structure of198Rn is inconsis-
tent with theoretical predictions of a sizable perman
ground-state deformation, while energy systematics are s
gestive of the presence of intruder configurations which
in energy with increasing neutron deficiency.
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