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The new neutron deficient nuclidé®Rn and the nuclidé®®Rn have been produced in fusion evaporation
reactions using®®Fe ions on'Nd targets. A gas-filled recoil separator was used to separate the fusion
products from the scattered beam. The activities were implanted in a position sensitive silicon detector. The
isotopes were identified using spatial and time correlations between implants and decays. desaying
isomeric states, withE_,=7536(11) ke\/[Tl,Z:(Gfg) ms| for the ground state ancE,=7555(11)
keV [Ty,=(5'3) ms] for an isomeric state were identified #°Rn. In addition, the half-life andr decay
energy of'®Rn were measured with improved precision. The reduced widths deduced for the neutron deficient
even-mass Rn isotopes suggest an onset of substantial deformalenl1ai.
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I. INTRODUCTION decay is strongly hindereHF=26). As discussed in Ref.
[6] the 93 ms 13/2 state is believed to be an oblate de-

Very low production rates of neutron deficient heavyformed Isomeric Very pureis@[ m(4p—2h)Jo« intruder

translead nuclei in heavy ion reactions often exclude in—bearﬁtate .Wh'le the 22 ms 3/2state is an admixture of the
v-ray measurements. Alpha decay then provides the onISphe”C"’lI Vp3’2®[77(2.p_0h.)]°+ and  deformed vpg
viable means to obtain spectroscopic information. The lates [7(4p=2h) Jo- cl%nﬂguranons. : o
study of the very neutron deficient Rn isotopes was per- _'_I'k_le « decay O_f ZRO was studied r_ecently in Jyskeyla
formed by Puet al. [1]. Their identification of the newe utilizing the «—e™~ coincidence technique at the separator

. . 18
decaying isotope®®Rn was based on three correlated recoilfocal plane(7]. Two excited o states in Pb were ob-
— a— a chains where the second decay in the chain had served to be fed by decay in addition to the ground state to

decay properties characteristic 3#2Po. The Rn isotope ground state decay. The ﬁnf structu_rel;j ecays, feeding the
197’Rn was studied by Enqvisit al. [2]. Following the sys- m(2p—2h) and m(4p—4h) 0" states in"*Pb, tumed out
tematics of odd-mass Rn isotopes in the region behdw BO+ Eeoin?jr:c;avﬂrne(:htizagagzetﬁéo?:tzrs:zf[zti?n%;Ol'srr:gt stLaete
=126, two « decaying isomeric stated {=13/2" and|™ Y- P

19 -+ H _ H
=3/27) were identified. The neighboring nuclid€®Rn is ZP.O 0" ground state contains a strong4p— 2h) intruder
configuration component associated with weak oblate defor-

the most neutron deficient Rn isotope for which in-beam™ . . . X
P mation. Similar fine structure in the decay has so far been

y-ray studies have been carried ¢8i. . e i .
Very recently detailedr decay fine structure studies have identified in six different even-mass Po isotopésl0-1,

been performed for the neutron deficient Po isotop&Bo
[4—6] and 1°%P0[7,8] (daughter activities of the Rn isotopes
studied in this work The isotope!®*Po was studied at the

Jyvaskyla gas-filled recoil separator RIT{B] utilizing the Heavy ion induced fusion evaporation reactions of the
a— vy coincidence technique at the separator focal plangype 4Nd(%%Fexn)'% *Rn were used to synthesize neutron
[4,6]. Two & decaying isomeric states were observed withdeficient Rn isotopes in three separate experiments in the
E,=7334(5) keV andTy,=22(1) ms[l,=77(3)%]| as- present work. The®®Fe beam was produced by thé
signed to the 3/2 ground state of ®Po and E, =130 MeV cyclotron of the Accelerator Laboratory at the
=7376(5) keV andry,,=93(3) ms[l,=50(3)%] assigned Department of Physics of the University of Jgkgla

to the 13/2 isomeric state of*Po. In addition, decay lines (JYFL). The metal ions made by the volatile compounds
with  E,=6966(10) keV [1,=8(3)%] and E, (MIVOC) method[13] developed at JYFL was used to pro-
=6888(5) keV[l,=46(4)%)], feeding the excited 3/2and  duce the iron beam from the ECR ion source. The fine ad-
13/2" states in'®PU" and ®’P1P, respectively, were ob- justment of the bombarding energies was performed using a
served. In fact, it turned out that the 6888 keMdecay is Set of nickel and carbon foils in front of the target. Energy

unhinderedhindrance factor HE0.63 and the 7376 ke\k losses in the degrader foils, in the gas window, in the targets,
and in the helium gas filling were calculated using tirav

code[14]. Ten different bombarding energies, varying from
239 to 267 MeV, were used. Typical beam intensities were
*Present address: Gesellschaff'r fuSchwerionenforschung, 10-30 pnA and the total beam on target time was 300 h.
D-64220 Darmstadt, Germany. Targets of rolled Nd of thickness between 0.5 and

II. EXPERIMENTAL DETAILS
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1.0 mg/cn? were used. The isotopic composition of the tar- 10000

get by mass number was the following*Nd 98.26%, s000]” “po
1Nd 0.71%, *4Nd 0.58 %, **Nd 0.12%, *Nd 0.24%, 6000 o5,
148Nd 0.05%, and™®Nd 0.04%. 4000 { o R0 s,
The nuclides’®®Rn and *°*Rn studied in this work were 2000 { 5 Av TR
produced in rather coldreand 3 fusion evaporation chan- 0 5 -10-0
16001 x

nels. By minimizing the number of evaporation steps the
losses due to the strong fission competition are reduced. Als
the number of open reaction channels and therefore un-
wanted contaminants are reduced when bombarding energie
close to the Coulomb barrier are used.

Evaporation residues resulting from fusion reactions were 16

196
1200+ Rn

00 ’ | 1
800+ 1
0 T T ; ? T T AUl 00§00

)

Ckev

Counts/1

separated from the beam using the JYFL gas-filled recoil 12+ /mA‘ “Rn s
separator RITU. After passing through a multiwire propor- 8 | | /
tional avalanche gas counté/WPAC) the residues were 4] ) J]HJ\MH !‘J’[L J"H’h

il il 0o " 0 "" ’-l'l Iik il

implanted into a position sensitive silicon detector placed 10 0 . . | . . . .
6000 6200 6400 6600 6800 7000 7200 7400 7600 7800 8000

cm behind the avalanche gas counter at the focal plane of
Alpha particle energy [keV]

RITU. The silicon detector (30m thick) is divided into 16
position sensitive strips and the total area of the detector is k|G, 1. Energy spectra of particles measured in the silicon
35x 80 mnt. Since the vertical position resolution of each detector and vetoed with the gas counter using e+ 12Nd

strip is better than 50@m the silicon detector can be treated reaction:(a) all decaysib) decays following recoil implants within

as a pixel detector of more than 1000 pixels. Using spatial00 ms;(c) decays followed, in addition, by 6000—8000-keV

and time correlation, the implants were linked with their sub-particles within 1 s.

sequente decays and with decays of their daughter nuclei. o

The gas counter was used to separatetiparticles from the ~ quirement that the decays are followed within 1 sdypar-

low energy recoils. The recoil energy loss in the gas counteficles with energies between 6000 and 8000 keV. The
combined with the recoil energy deposited in the silicon de2ctivity **°At [18] is enhanced in addition to those higher
tector could be used to separate the candidate fusion evap®nergy events which mostly belong to Rn isotopes produced
ration products from the scattered beam particles. The pred? Xn fusion evaporation channels. Finally in Figj a two-
sure of the helium filling gas in RITU was typically 100 Pa. dimensional energy plot is shown where the different iso-
The RITU gas volume was separated from the high vacuurfopes can be recognized. Two groups which belong’tat

of the beam line using a 5@g/cn? carbon foil. The count- ~can clearly be seen. In addition, several neutron deficient Rn
ing gas in the gas counter was isobutane of 300 Pa and tHgotopes can be identified. The heavier Rn isotopes were pro-
counter windows, made of 12@g/cn? mylar, were also duced due to the heavier Nd isotopes in the target enriched in
used to keep the silicon detector chamber in high vacuum. “Nd.
The silicon detector was cooled down to 253 K using circu-

lating alcohol. The events were gain matched and calibrated 74005 b) _
using well knowna activities produced in the bombardments E ) » ]
and in one of the experiments by using a separate reaction 7200_5 196RIl : \ 195 3
withlghe *Fe beam on &%Cd target. The aim of the use of . $- Rn
the G_Cd target was t_o prodyc_e kn(_)vmactlwnes with high 7000 195 At 197Rn P / ;
a particle energies with sufficient yields. For the energy cali- = E L . ; E
bration thea particle energies were taken from Rdf5,16] ﬁ ‘& ) A
when a**Nd target was used and from R¢lL7] when a = 6800'5 . $®Rn E
106Cq target was used. The full width at half maximum value 2 R
with all the 16 strips summed up was measured to be 30 keV & 6600 . . E
at thea energy of 7000 keV. 5 i. Tt s E
é 6400 © . - At E
E ®e vy
Ill. RESULTS 6200—2 . _
Figure Xa) presents the energy spectrum of all decays ' . E
observed in the silicon detector and vetoed with the gas 6000 errrprrrerrrerrerreeres e rererrr e e e
counter using the®Fe+ 1#2Nd reaction with all bombarding 6600 6800 7000 7200 7400 7600 7800 800
energies combined. The spectrum is dominated by activities Mother o [keV]

formed in fusion channels involving charged particle evapo-

ration. In Fig. 1b) only decays correlated within 100 ms FIG. 2. Mother and daughter particle energies for all chains of
with the implanted residues inside the proper recoil energyhe type ER-a,,— a4 observed in the>®Fe+2Nd irradiation.

gates are shown. Thus the faster decaying activities are eMaximum search times were 100 ms for the ER,, pair and 1 s

hanced. Figure (t) shows decays with the additional re- for the ay— a4 pair.
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TABLE I. The measuredr decay properties. The literature values are taken from R&f6,16. For
1%Rn and **Rn the hindrance factors and half-lives normalizedft#0 are calculated according to Ref.
[21]. For °IPo the hindrance factors are taken from Réf.

Nuclide E, [keV] E, [keV] T2 [Ms] Ty [Ms] Ty [Ms] HF
Meas. Lit. Meas. Lit. Calc.
19%Rn 74619) 749230) 443 377 15 1
192pg 716711 71677) 29718 33.214) 25 1
19%Rnm 755511) 53 8 21
191pgn 736420) 73765) 95" 130 93(3) 26
193pgn 687812 68885) 110759 93(3) 0.63
195Rrg 753611) 63 9 2.2
Ylpg 733111) 733405) 15%1 22(1) 2.9
In total nine ER- @,,— a4 decay chaingER refers to The above division of the decay events in gragbpinto

evaporation residuey,, and a4 refer to the mothew and  two parts is based on the twe particle energie$7376 and
daughtera decays, respectivelyassigned to the isotope 7334 ke\j measured for'®'Po in the work of Ref[6] from
19%’n were observed. The measureeparticle energyE,  where it can be seen that theparticle energies are 42 keV
=7457(12) keV and haIf-IifeT1,2=(3.4féjS) ms, of the apart from each other. This energy difference is bigger than
mother activity are compatible with those reported in Ref.the energy resolution measured for the detector setup used in
[1], where an energy dE ,=7492(30) keV and a half-life of this work. After this division it can be seen that the measured
T1,2=(3f;) ms are given. The mother activity was followed lifetimes indeed support this assignment. Even though the
by a daughter activity withE,=7167(11) keV andT»,  number of chains is only three in the second group the mea-
=(29" §5) ms. The daughter activity is identified &Po for  sured average lifetime 137 ms for this daughter activity is far
which the decay properties d&,=7167(7) keV andT,, too long to be arising from the 22 m$'Pd group.

=33.2(14) mg8] have been reported. Taking into account It is quite unlikely that the observed lifetimes of the
all the identified nineteen ERa,, chains with proper par-  daughter nuclei in these 14 decay chains originate from only
ticle energy the decay properties Bf,=7461(9) keV and one nuclear species. Making this assumption, however, one
T1,=(4.4259 ms are determined for the isotop&Rn. arrives at the half-life of (323?) ms for the daughter activ-

In the case of'“Rn the identification is more compli- jty. Wwhile this result is not in strong disagreement with the
cated. In the work of Ref4] three strongr particle decays known half-life of 221) ms for 1°Pd, it would be highly
were reported for the activity®Po (daughter activity in this unlikely to observe the long lifetimes 157 and 226 ms when
work). One of thosex particle decays can be seen in the tWohe sample size is only 14 decays. One can also determine
dimensional spectrum shown in Fig. 2 grol@. The mea- o hropability that the observed width of the lifetime distri-
sured daughte+r7act|V|ty enerdy, =6878(12) keV and half-  p ;sion is due to only one decaying soufd@]. The resulting
life Ty,=(110"3) ms are compatible with the decay prop- rejatively small value of 17% is compatible with our assump-
erties E,=6888(5) keV andT,,=93(3) ms reported for tjon that both%Pd? and °%Pd" contribute to the daughter
¥%pd" [6]. This daughter activity was preceded by an activ-gecays.
ity with decay properties of,=7555(13) keV andT Finally the second group and the activity followed by the
=(3*7) ms which therefore could be identified to originate 878-keV« decay can be combined and the decay properties
from the new Rn isotope*Rn™. Altogether seven such of E_=7555(11) keV andr,,=(5"3) ms are proposed to
ER— ay,— a4 chains were identified. belong to *°Rn™.

The group(b) in Fig. 2 can be divided into two parts. The  The energy resolution of the detector setup was not good
first part includes 11 ERay—aq chains and the second enough that the determined: decay energy difference
part has in total three ERapn—ay decay chains. The (75557536 key19 keV could clearly be seen in the singles
mother activities with E,=7536(11) keV and Ty, 4 particle decay spectra although theparticle decay energy
=(63) ms andE,=7555(20) keV andT;,=(9779) ms distribution assigned t¢%Rn is wider than that assigned to
were followed by daughter activities withE,  %Rn[see Figs. (b) and(c)]. Also the measured two half-
=7331(11) keV and Ty,=(15'%) ms and E, lives are too close to each other to allow any firm conclu-
=7364(20) keV andT,,=(95 5% ms, respectively. The sions to be made and therefore the identified-&R, chains
measured decay properties for the daughter activities anehich were not followed by the second with full energy
compatible with the values of ,=7334(5) keV andT,, are not included in the final decay properties’dRn given
=22(1) ms ande,=7376(5) keV andrl,,=93(3) ms re- in Table |. The predicted partigl-decay half-lives~2.5 and
ported for °*Pd and 1°'Pd", respectively6]. Therefore the ~1.7 s for ***Rn and °*Rn [20], respectively, are much
mother activities are assigned t&Rnf and 1Rn™, respec- longer than the measured half-lives and, hemcéranching
tively. ratiosb,~1 are assumed.
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W0y T T T T T T T T observation concerning the Rn isotopes can be made. The
reduceda decay widths of even-mass Rn isotopes with neu-
tron numbers of 114 N=<126 increase smoothly with de-
creasing neutron number. The redueedecay width value
for 1%Rn is slightly higher and the: decay width value of
19%Rn is clearly higher than the smooth behavior predicts.
Thesea decays are relatively more favored than thele-
E cays of the heavier even-mass Rn neighbors. Presumably the
N a decay from a normal configuration to the intruder configu-
104 106 108 110 112 114 116 118 120 122 124 126 128 ration will be at least slightly hindered. Because the daughter
N activities (*Po and®*Po) are shown to have intruder con-
figurations in their ground states the same should be true also
in *%Rn and **®Rn. Therefore, for example, the"0ground
g state in 1%Rn contains a strongr(6p—2h) intruder con-
figuration and thex decay occurs from this state to thé 0

L / i . ground state in*®Po having a strongr(4p—2h) intruder

10

Reduced width [keV]

configuration. This is also in good agreement with the recent
in-beamy-ray studies where the same kind of intruder struc-
tures were exposed foP®Rn, *4Po, and®Po[3,22.
It is intriguing that thex decays of'®Rn and'%Rn seem
to be clearly faster than the smooth behavior of heavier even-
FIG. 3. (a) Reduceda decay width values of neutron deficient mass Rn isotopes predicts. This is illustrated in Fig) 3
isotopes of Po, Rn, and Ra. The filled squares represent valugghere the ratio of calculated and experimental absolute
determined for Po, the filled circles represent values determined fodlecay widthsl'gasn/'exp (I'=%\) for even-mass Rn iso-
Rn, and the filled triangles represent values determined fofiRa. topes are shown. The half-lives were calculated according to
Calculateda decay width relative to measured decay width for ~ Rasmussef21] and normalized t6*?Po. It is characteristic
neutron deficient isotopes of Rn. that the partiale decay half-lives of the spherical nuclei at
the magic neutron number 126 are underestimated. Starting
The efficiency of the RITU separator was not measuredrom neutron number 120 the calculataddecay half-lives
but an assumed value of 30% should give cross sectionggree well with the experimental ones until starting from
accurate to within a factor of 2. Both isotopé®Rn and  neutron number 1121{3Rn) the half-lives are clearly over-
19R_n were produced with peak cross sections of about 2 nkestimated.
In a simple picture it should be easier for arparticle to
IV. DISCUSSION penetrate out from the poles of the nucleus than from the
equator if the nucleus has a prolate defornG@ehspherical
Through systematic study af decay hindrance factors shape and the overall effect will be a higher penetration
HF and reduced width$? important structure information probability. The corresponding reasoning also applies to ob-
on the decaying states is obtained. In the present work thiite deformed nuclei. For example, in the work by Delion
experimental reduced decay widths were determined ac- et al.[23], absolutexr decay widths [ =%\) with regard to
cording to Rasmuss€R1]. The reducedr decay widths for  the level of deformation were studied. The experimental de-
neutron deficient even-mass Po, Rn, and Ra isotopes atgay widths were well reproduced for deformed nuclei when
shown in Fig. 8a). A gradual increase in the reduced width theoretical decay widths were calculated assuming a de-
values is considered to be a normal feature with increasingormed Coulomb barrier. One feature shown was that the
neutron deficiency. The Po isotopes are an exception. Thealculated decay rates are faster through a deformed Cou-
reduced widths for the ground state to ground state transiomb barrier than through a spherical Coulomb barrier. The
tions remain constant for even-mass Po isotopes lighter thafinal conclusion is therefore that especially in the case of
19%po and even decrease significantly f§#Po0. The reason 19Rn the o decay is taking place between deform@ahd
for this is that thex decays from the Po 0ground states to  strongly mixed 0* ground states.
the proton (p—2h) 07 intruder states in Pb nuclei are get-  The « decay of?°%Ra is also anomalously fast as can be
ting increasingly favorable. This feature is shown in Fi@3 seen from Fig. @). The measured decay properties?8iRa
where also reduced widths for decays between Po groun@4] are based on one event and therefore the statistical error
states and 9 intruder states in Pb are shown. These lowis large. But this case could also be a sigrvgfarticle decay
excitation (2p— 2h) states are associated with oblate de-between deforme¢and mixed ground states.
formation. The interpretation has been given that the ground The hindrance factor is defined as the ratio of the reduced
states of neutron deficient Po isotopes are mixtures of differwidth of the ground state to ground state transition in the
ent configurations, sphericair(2p—0h), oblate #(4p closest even-even neighbor to the reduced width of the tran-
—2h) [and prolater(6p—4h)]. sition in question. In odd-mass nuclei a hindrance factor of
Based on the5? values shown in Fig. @) the following less than 4 implies an unhindered decay between states of

T L L T L T L T T T T T T
104 106 108 110 112 114 116 118 120 122 124 126 128
Neutron number
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13/2* states 3/2- states 1200 T T T T T T T T T
195Rn™ (59) 1 |--®~Rn .
Vi, ®ldp-Oh)+6p-2h)] ————— 195Rne - p
5ms y g > 10001 | -e— Po s
S VP, ®[(4p-0h)+(6p-2h)] ) | '5;,' |
L A
= 5 2 s
E,= |755 7536 5 800+ 7 i
HF= | 21 22 kS ]
&
w6004 B
Vi, ®(dp-2h) y (40) o1pos gﬂ | -
oty y g
s VP, ®[(2p-Oh)+(4p-2h)] S 400- - i
7376 7334 g '_,::_ =
26 29 £
. 8 2004 _
Vi3, ®(2p-2h) 377 VP, ®(2p-2h) g
. 187ppe 187ppym I A
Vi3, ®(0p-Oh) vp,,®(0p-0h) 0

106 108 110 112 114 116 118 120 122 124
FIG. 4. Proposedr decay scheme of**Rn™9. Only the o de- Neutron number
cays seen in this work are shown. All the data and interpretations

belonging to'°'Po are taken from Ref6]. FIG. 5. The experimental 13/2energies with regard to the

ground state of neutron deficient isotopes of Po and Rn.

equal spin, parity, and configurati¢@5]. Hindrance factors
for the isotope!®Rn determined in this work in addition to
those taken from Ref6] for the daughter activity**Po are

slgown in Table I. The hmdrance factors Of°Rn™ and ~32330(100) keV were reported fdf®Pb and 179t, re-
Rrf lead to the conclusion that the decays occur be-  gpeciively, utilizing Schottky mass spectrometry. These nu-
tween states of equal spin, parity, and configuration. Thug|ej are connected through particle decay chains to Rn
the 7536 keVa decay originates from the 372ground state  jsotopes studied in this work. Using the reportegarticle
of 1%Rn and the 7555 keW decay from the 13/2 isomeric decay energies of%Hg [15], 87Pb [29], *'Po [6], and
state of *°Rn. This isomeric state lies about 59 keV above 1953n a mass excess of 4q9_0_0) keV is obtained forr®Rn.
the ground state based on the reported corresponding levebrrespondingly, using the decay energies of*Po[16]
spacing in the daughter nucled&'Po [6]. Here one should and 1°Rn a mass excess of 20200 keV is obtained for
remember that in*Po the 13/2 isomeric state is believed °%Rn. For comparison, a mass excess of 2260 keV was
to be an oblate deformed isomeric very putigs,®[ 7(4p  recommended fot®®Rn in the latest mass evaluation of Audi
—2h)]o+ state while the 3/2 state is an admixture of the and Wapstrd30].
spherical vps,®[7(2p—0h)]o+ and deformed vp,;, In conclusion, thex particle decay properties of the new
®[7(4p—2h)]o+ configurations[6]. Therefore the hin- isotope!®Rn were investigated for the first time, and the
drance factors of about 2 indicate that the intruder compodecay of *Rn was studied with improved accuracy. The
nent is also strongly present in both of the correspondingletermined reduced decay widths indicate al=0 char-
states in1%Rn. In Fig. 4 the proposed decay scheme ofacter for the observed transitions. An unexpectedly fast de-
19Rn together with data for the daughter is shown. This
scheme fits well with the measured systematics of heavier ¥ T T T T T T 7T 7T 71T T
odd-mass Rn isotopes for which a falling trend of energy of
the isomeric 13/2 state with regard to the ground state 3/2 000 N v Liran-Zeldes
(or 5/2°) as a function of decreasing neutron number has S * - Moller Nix
been observed. This behavior is illustrated in Fig. 5 where

nuclei, whereas the daughter nudlBio are predicted to be
almost spherica27].
In Ref. [28], mass excesses of 17760(100) keV and

——Exp

7500

the energies of 13/2 isomeric states with regard to the E

ground states in Rn and Po isotop&s<{123) are shown. z i
In Fig. 6 the experimentak decayQ values of Rn iso- §

topes with neutron numbeN<127, including 2Rn and < *"] |

Rn studied in this work, are compared with those calcu- | |

lated using the mass tables of Liran and Zel{i2§], ob-
tained using a semiempirical shell-model mass formula, and |
of Moller etal. [27], obtained using macroscopic- 192 194 196 198 200 202 204 206 208 210 212 214 216
microscopic calculations. As can be seen from Fig. 6, the Mass number

Liran and Zeldesy (_jecayQ values fit the experimental d_a_ta FIG. 6. « decayQ values of neutron deficient isotopes of Rn.
_rather well, espeglally Wher_‘ r_nodera’Fer neutron def'(_:'eml'he filled circles represent data, including thelecayQ values for
isotopes are considered. It is interesting to note the biggefss 19, deduced in this work. The filled squares and triangles

deviations in theQ,, values at mass 200 in the Mier etal.  representx decayQ values calculated using mass tables by Liran
prediction due to the predicted onset of deformation for Rrand Zeldes and by Mier et al, respectively.
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cay rate measured for the isotop&Rn could be a sign of a
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