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Transitional nature of the level structure of 21'Rn
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The level structure and configurations BfRn have been studied following thedecay of mass separated
221Ra (30 9. A number of new levels ang-ray transitions have been observed. A group of low-energy
states populated with lowt decay hindrance factors is interpreted as intermediate betweeggthshell
model configuration and the 5@2;0.2 quadrupole-octupole deformed configuration. A second group
of states populated with high hindrance factors is interpreted as intermediate betweep,thieell model
configuration and the mixed 1/20.1;0.5-2)+3/2(—0.1;0.6 quadrupole-octupole configuration.
[S0556-2818@7)01106-0

PACS numbg(s): 23.20.Lv, 21.60.Cs, 23.68e, 27.80+w

I. INTRODUCTION Using the ISOCELE separator and the selective fluorination
method[6] ??'Ra was separated &RaF") at mass number

The nucleus?'’Rn lies in an intermediate region, nine 240 (221+19).
nucleons beyond the double closed shelf&Pb with shell The collected activities were moved by a tape transport
model applications and four nucleons belé#Ra[1] where ~ system to a position between a 2-&r8i surface barriex
a reflection asymmetric model has been shown to applydetector and a Ge-ray detector. The resolution of the
While 2% r and ?'®Ra have been treated successfully withdetector was 21 keV with only 5 mm between the source and
the reflection asymmetric mod¢R,3], already atA=219  « detector. The Ge detector was aN"-type coaxial (20%)
major distortions in the parity doublet bands are observed. with a Be window. The distance betwen the Be window and

It would therefore be of considerable interest to observe #he source was approximately 1 cm. Collection-measurement
more detailed level stucture ift’Rn in order to attempt an cycles were 1 m. A total of- 600 cycles were collected.
interpretation in terms of one or more nuclear models. In thisSimple o and y spectra and 40004000 «-y coincidence
way we can better define the region of applicability of vari- measurements were recorded simultaneously.
ous nuclear models and study the experimental observables The resultinge spectrum of??'Ra and its daughters in
which occur with transitions between models. secular equilibrium is shown in Fig. 1. Major peaks in the

Very little previous experimental work oft’Rn has been  ??’Ra a spectrum are labeled in ke peaks of>’Rn and
reported. In part this is because heavy-ion reactions such &%o daughters, and?Ra and 2®Rn impurities are indi-
21%ph(Be,2n) 21'Rn, require exotic targets, beams, or both.cated.

Two ?*Ra « decay studie$4,5] have given some informa-
tion on 2YRn. The thesis study of Ru[#] suggested a num-
ber of levels in?''Rn. The recent study of AckermarBs]
confirmed the ground state and three lowest excited states ¢ . | — Z7Bn s1apo |
Ruiz giving more accurate energies for the levels and as- Y
signed specific spins to two of the levels. However, the 1054
higher levels of Ruiz appear to be questionable.

In this experiment we have used a mass separated sourc
of ?2'Ra in secular equilibrium with its daughters to study
the levels in?!'Rn. The result is a much more complete level
scheme together with a large numberjofransitions which
depopulate most of the levels ft'Rn.
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Il. EXPERIMENTAL METHODS AND RESULTS

10 g of a Th-Ce alloy(40-60% by weightwere bom- 2400 2000 zgﬁanndssooo 00

barded by a 280-MeV A beam of *He at the Orsay Syn-

chrocyclotron. The target constituted the anode of an ion- Fig. 1. Thea spectrum of??!Ra and its daughter and grand-
source arc chambg¢b] and was continuously fluorinated by gaughter?!’Rn and?'3Po. The region of each isotope is bracketed
introducing CF, vapor. Under these conditions one of the and the??!Ra « energies are given in keVf?Ra and?!®Rn impu-
main activities produced is 8 M*°Th with ??!Ra (30 9, rities are also indicated. They result from a slight contamination
21Rn (0.5 m9, and ?'%o0 (4 ws) in secular equilibrium. from the tail of the large??’Ra peak in the isotope separation.
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FIG. 2. They spectrum of?’'Rn in coincidence with alP>’Ra
a’s in Fig. 1. Energies of the's are given in keV and Rn x rays are
indicated. Note that the lower energy part of the spectfupper
pane) uses a logarithmic scale where the higher eneiigwer
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The y spectrum coincident with aff?'Ra a’s in Fig. 1 is
presented in Fig. 2. Gamma rays are labeled in keV, Knd 525.8(5)
andL x rays of Rn indicated. Figure 3 is a compositeof
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TABLE I. y-ray andK x-ray transitions in?*’Rn following the
a decay of?'Ra.

spectra coincident with various lines or groups of lines la-Xk(Rn)

beled in Fig. 1. Energies in keV of the varioysrays are

given.

Finally, Table | lists ally rays of 2!’Rn observed in these
experiments, their energies, intensities, multipolarifielsen
available deduced from intensity balances betweerand
7, also by the X%, ratios for the 149.2 and 174.3 key/s, in
good agreement with electron measuremébisand assign-
ment in the level scheme. Al rays (representing>99.9%
of the intensity have been assigned except the weak 142.

keV v.

Counts

FIG. 3. I'-ray spectra o'’Rn in coincidence with various
groups of??'Ra. (a) Coincidences with the 6662 ke¥ group; (b)
with the 6607 keVa group; (c) with the 6579 keVa group; (d)
with the 6526 to 6147 ke\& region. y ray energies are in keV.
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E,(AE,) l,rel  1,/10%, Transition
56.16(5) 2.5(5) 3.2 M1) 149.2— 93.0
85.4(3) 0.15(5) 0.18 174.3— 88.9
86.0(5) 0.04(2) 0.05 235.2— 149.2
88.90(5) 7.5(10) 9.4 (M1) 88.9— 0
93.02(5) 33(3) 41 E2+M1 93.0— 0
140.3(3)  0.04(2) 0.05 375.0— 235.2
142.1(3)  0.05(2) 0.07
149.2(1) 100 125 E2 149.2— 0
174.3(1) 17 (2) 18 M1 174.3— 0
207.9(2) 0.6(2) 0.68 382.2— 174.3
225.7(2) 0.2(1) 0.27 375.0— 149.2
232.9(3) 0.2(1) 0.23 382.2— 149.2
289.1(3) 0.7(2) 0.87 382.2— 93.0
382.2(3) 0.3(2) 0.36 382.2- 0
395.2(3) 0.3(1) 0.40 569.6— 174.3
420.6(2) 0.7(2 0.86 569.6— 149.2
444.3(5) 0.2(1) 0.26 618.9— 174.3
469.7(5) 0.15(6) 0.16 618.9— 149.2
4745(4)  0.35(12) 0.40 4745- 0
476.5(4)  0.40(15) 0.52 569.6— 93.0

0.15(5) 0.18 618.9— 93.0
Ko + Kg 62 (8) 78

Ill. THE LEVEL SCHEME OF ?'Rn

The level scheme of'’Rn is given in Fig. 4. The level
structure itself, as distinct from spin-parity assignments, is
clearly establishef@except for the tentative- 295 keV statg

Py the combination ofe decay spectroscopy and hy-y

coincidences withy lines or groups ofx lines as the energy

of the « particles is decreased. This procedure corresponds
to moving up systematically in excitation energy and observ-
ing the y depopulation of individuaP*’Rn levels. One ob-
serves specifig rays growing into the spectrum or decaying
out with decreasingr energy, thus connecting certain tran-
sitions with specific?’Rn levels. This allows us to construct
the level scheme and put the transitions with their multipo-
larities firmly in place in Fig. 4. Once the-ray transitions

are assigned quite definitely between levels and some of the
multipolarities determined, we proceed to the much more
difficult task of assigning spins and parities.

Only three states can be assigned spins and parities unam-
biguously. They are the ground stg@2*), the 93.0 keV
state(7/2%), and the 149.2 kev stat®/2*). The first and
third of these states were previously assigngfland are
confirmed by these measurements. The ground-siatie-
cays to the ground state f%o with known ground-state
spin 9/2" with hindrance factofHF) 1.4 establishing spin
9/2* for the ?'Rn ground state. The 149.2 keV state is
populated by the 5/2 ??!Ra ground statémeasured by on-
line collinear laser spectroscofdy] with HF 3). Further-
more, it decays to the ground state with a very str&®y
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y ray. The 93.0 keV state is populated by a 56.2 K&  populating states irt!’'Rn. The high-energy group of’s
transition from the 5/2 state at 149.2 keV and depopulatesfrom 6754 to 6579 keV populates with HF's from 3-15.
by a 93.0 keV mixedM1 + E2 transition to the 9/2  Beginning with the state at 235.2 keV and on up in excitation
ground state, fixing its spin parity as 7/2 _ _or down ina energy, most of the states are populated with
Of considerable interest is a new state, the first excitegh, - higher HF’s. In fact, only the 569.6 keV state in this

state in21'Rn. This state is established at 88.9 keV by the,_ - o : -
observation of an 88.9 keWl1 transition in coincidence region of higher excitation is populated ndecay with a HF

with the 6662 keVa group populating the 93.0 keV 7/2 as low as 12. We note also that the 88.9 keV state with HF

state and by an 85.4 keV transition depopulating the wel”™ 120 belongs to the grqup_of states with higher HF's. ,
established 174.3 keV state, establishing positive parity. As € can understand this division into two groups of HF's
will be discussed in a later section of this paper, the 88.9 ke\?Y comparing the level structures and the octupole-
positive parity state is clearly of a different character than théjyiadrupole levels and configuratiof8,3] in the parent
other low lying states in view of its high HF. Its population >>'Ra and in**'Rn. Using these levels we anticipate that the
and depopulation suggest the tentative assignment a@gound state of the 133 neutron nucletfsRa ate ~ 0.09
(112 *. has spin parity 5/2 and octupole-quadrupole configuration
The previously known 174.3 keV state depopulates to thé/2(0.2;0.2. It is clear then from the very low HF’s that the
9/2" ground state, to the tentativdé1/2) * 88.9 keV state, ground state and other low lying states3Rn are closely
and with a tentative 81 keV transitidpartially obscured by related to this 5/2 rotational band with the same octupole-
the K, x ray), to the 93.0 keV 7/2 state, suggesting spin quadrupole configuration while the higher HF group involves
parity (9/2) *. For reasons which will become apparent in theanother configuration. However, #’Rn with just one less
Sec. IV of this paper, we have chosen instead to assign i particle, the rotational structure has been seriously dis-
tentatively as thg7/2)" member of theiy;;, “band.” The  turbed. Furthermore, the allowed unhindereddecays go
235.2 keV state decays only to the 5/2149.2 keV state. from the 22/Ra ground state to th&"Rn ground state band,
Since it does not decay to the 7I2state, we tentatively \yhereas we might have anticipated a ground state to excited
assign spin parity3/2”). A similar statement can be made giate4 transition. This can be explained with the reasonable
for the 375.0 keV state which decays to the 235.2 keV Stateolssumption that the quadrupole deformatiom 2'Rn has
and the 5/2 149.2 keV state. . decreased te- 0.07 as we go toward the 126 neutron closed
The 382.2 keV state decays to 5/27/2", and 9/2°  gpe| yesulting in a level crossing so that the 5/Band
lower lying states and therefore is given tentative assignment, ains the ground state 'Rn. We see a very similar
as(7/2). The 569.6 and 618.9 keV states decay to'54hd disruption in the same 5/2 band in 2*Ra, the isotond3].
7/12* lower lying states and are given tentative assignmentsha fact that the 5/2 band in 2°Ra is ar,w excited band in
as(5/2, 7/2. The 474.5 keV state decays only to the groundgqrast t0217Rn implies that the quadrupole deformation in
state and is given the tentative assignméh—11/2. In 21923 is slightly larger € ~ 0.09 so that the band crossing

summary then, although the levels, their connecting transip g ot occurred. If we now note that at the vanishing octu-
tions, an_d some of th_e parities in Fig. 4 are notin QOubt, or)ly ole and quadrupole deformation this ®2;0.2 band goes
.th“gg spins and parities have been determined with certain ver into thegy,, shell model state, the disruption in the band
in ““Rn. becomes more clear with the tendency of the lowest member
of the band to become 972
IV. DISCUSSION . . .
In Fig. 5 a comparison of the 5/20.2;0.2 band in

Even a cursory glance at thespectra of Fig. 1 indicates 2??'Ra[1], with the level structure of*®Ra[3] and ?''Rn,

quite clearly that there are two very different groups of HF’'sand with a schematigg,, shell model weak-coupling inter-
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400 A somewhat parallel situation occurs betwe®fRa and
its & decaying parent?’Th. The first excited configuration
1028 in 133 neutron?*'Ra is the 3/2—0.1;0.6 with, however,
1??37 considerable admixture of the 1/20.1;0.5-2) configura-
s 8185 [ — tion, giving rise to a quite disturbed 3/2band with the
300 sequence 7/2, 3/2", 5/2*. However, in the??°Th parent
the sequence is a reasonably regukas=3/2" rotational
band. It should be noted that this configuratioreat e; =
0 goes over into the;,, shell model state. Therefore we
200 suppose that th¢11/2* band head state at 88.9 keV in
21Rn is clearly showing the nature of this band.?fRa we
vion 7 have the more intermediate situation with 7/as the lowest
e band member.
o+ 1219 We assume therefore that tlil/2) * state at 88.9 keV,
112930/ the (7/2) * state at 174.3 keV, and th&/2") state at 235.2
\ keV in ?/Rn are all elements of a very distorted
4 1/2(—-0.1;0.5;—2)+3/2(—0.1;0.6 band with the mixing and
theiqq» shell model character producing the distortion.
0 N 13 . In Fig. 6 the sequence of states f&#°Th [9], ?*’Ra[1],
52t— 2 /2% 9/2¢ g/2t 21 217 . . :
5200202 v , a2, Ra [3]., Rn and a weak coupling interpretation of
ssMa1ss PULIE seMMa1 {schematic) 21%n ® iy, are compared. The trend from a near normal
3/2* band to increasingly distorted bands with 11/be-

FIG. 5. Comparison of th&=5/2" band with configuration ~Ccoming the band head is obvious. There is, however, a dif-
5/2(0.2:0.2 in 2?'Ra and related bands f°Ra, 2'’Rn and a sche- ficulty with the configurational assignment to the 7/3tate
matic weak-coupling model based on tiyg, shell model. at 174.3 keV. It has an anomalously small KIF5) to be a

member of the 3/2-0.1;0.6 band. We assume this results
from mixing with the 7/2" 93.0 keV state which lies only
81.3 keV away and has a HF of 8.

Figures 5 and 6 depict the transitions in both the*3#hd
5/2" bands from the normal rotational structures to shell
model configurations. In this way they show the transitional
nature of the?’’Rn levels, which is the primary focus of this

11/2+_211.0

Energy (keV)

100+

~~~~~~

pretation, is given. The quadrupole spacing of 324 keV fo
weak coupling is taken from the energy of the first &tate
in 21%Rn,

The disruption of the rotational bands if*’/Rn and
?"Ra in Fig. 5 can be explained by the influence of the ccaarch
spherical symmetry of the shell model with the 9/3tate '
sweeping down to become the ground state while the 5/2
and 7/2" states go up in excitation toward the shell model
limit. Thus Fig. 5 suggests that the 5/2band of 2'Rn is V. CONCLUSION
intermediate between the 5/20.2;0.2 quadrupole-octupole In this experimental study of!’Rn following thea decay
band of ?'Ra and the spherical shell model. of ??!Ra we have observed seven new states and one tenta-

13/2+

L1/t 324
pros 9/2+
300-] = -7 7/2"',,—
157242811~ ,'/
FIG. 6. Comparison of thek=3/2" band
200 with configuration 3/p—0.1;0.6 in ?*°Th and re-
S | qypn_i8 / lated bands in*'Ra, ?*Ra, ?!'Rn and a sche-
g e / matic weak-coupling model based on thg,,
= 139 A (@ov), 1463/ shell model. As we move to the right in the se-
= 92+ —=— J ;
o @2 / quence?? Th, 22Ra, 2*Ra, and?*'Rn there are
w Pl : . . . .
/. / increasing amounts of the configurations
a ; / >
1 884 1/2(~0.1;0.5:-2) andiyyp.
64 S
(72H)———_ 59.6 /
/5’/,2, oz 520
A ;
(5/2+) 28 - a2t 20 .- 166 /
e nt——-l_ 0@8.9 219RNDi
od @op—0 T 7pe0@998) _ gpe O T(11/2)£ 0889) 1o
3/2(-0.1;0.6)  3/2(-0.1; 0.6)+1/2(-0.1;0.5;-2) 1V2(0105:2)  +  3/2:0.1,08) Shell Model
225, 221 219 217, {schematic)
00 TNias a3 o8 1a131 s6RN131
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tive new state and connectingray transitions. In general, a mixed 1/2—-0.1;0.5-2)+3/2(—0.1;0.6 quadrupole-
the spin parities were not determined with certainty. Theoctupole deformed configuration.

HF’s observed in thé?’Ra « decay indicate that there are

two distinctly different types of states. We have interpreted ACKNOWLEDGMENTS
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