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Configurations and level structure of 219Rn
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The level structure of219Rn has been studied using the alpha decay of223Ra and coincident gamma rays.
While only modest changes are required in the level structure, and only above 342.8 keV, severe changes are
required throughout the level scheme in the spin assigments. These changes allow the assignment of two sets
of anomalous bands withK55/26 and K53/26. The K55/26 bands have configurations intermediate be-
tween the reflection asymmetric configuration and theg9/2 shell model configuration, while theK53/26 bands
have configurations intermediate between the mixed reflection asymmetric configuration and thei 11/2 shell
model configuration. Comparison of the systematics of219Rn with neighboring isotones, isobars, and isotopes
shows clearly the collapse of the quadrupole-octupole-type configurations into the less degenerate shell model
configurations.@S0556-2813~98!02901-X#

PACS number~s!: 21.60.Cs, 23.20.Lv, 23.60.1e, 27.80.1w
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I. INTRODUCTION

The nucleus219Rn133 lies in a strategic transition regio
of the nuclear periodic table on the edge of the light actin
region which is known to involve intrinsic reflection asym
metry and corresponding unique spectroscopic featu
These include parity doublet bands connected by enhan
E1 transitions which result from parity mixed Nilsson orb
als. On the other hand, it has only 7 neutrons beyond the
closed neutron shell, and might be expected to show s
residual effects from shell model neutron orbitals such
g9/2, i 11/2, andj 15/2. Indeed the219Rn ground state decays t
the 215Po 9/21 @g9/2 ground state with the fairly low alpha
decay hindrance factor~HF! of 11 @1## which implies a close
relationship between these two ground states.

Furthermore,219Rn is of special interest because of t
possibility of comparing it with the reasonably well-studie
isobars 219Fr and 219Ra with the isotones221Ra and 223Th
and with the isotope217Rn.

II. PREVIOUS EXPERIMENTAL WORK

The early very careful experimental work@2# of 223Ra
alpha decay using a magnetic spectrograph led to a netw
of 219Rn levels on which later work has been based. Gam
ray studies, alpha-gamma coincidence, various types of
gular correlations, and internal conversion research from
large number of different authors@3–9# have led to a fairly
extensive level scheme. However, the uncertainties in s
have made interpretation very difficult and uncertain.

Since the interpretations@1–8# of the 219Rn spin parities,
a very significant finding—that the223Ra ground state ha
spin parity 3/21, not 1/21 @10#—influences considerably th
determination of different spins. For example, the alpha
cay HF to the 269 keV state, the lowest observed in219Rn at
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4.7 @1# or 4.5 in Nuclear Data Tables@11#, appears to imply
a definite 3/21 spin parity assignment for this state. Furthe
more, all alpha-decay–gamma angular coincidence d
should be reinterpreted. In this paper, then, we investig
again the levels in219Rn using the alpha decay of223Ra and
the resulting coincident gamma rays. Two additional leve
more than 20 additional gamma transitions, and in particu
a reinterpretation of the lowest levels in219Rn, have led to a
much more complete understanding.

III. EXPERIMENTAL METHODS AND RESULTS

The 223Ra source was obtained from227Ac with which it
was in secular equilibrium. The227Ac activity was purchased
several years ago from the Radiochemical Center, Am
sham, England, and continues to be useful because of its
yr half-life. The 223Ra is separated from the227Ac activity by
heating it to 1600 °C and collecting on a thin~30 mm! Al

FIG. 1. The alpha spectra of223Ra, 219Rn, and 211Bi. Alphas
from the various activities are bracketed. Alphas from223Ra leading
to levels in 219Rn are labeled with their energies in keV.
104 © 1998 The American Physical Society
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57 105CONFIGURATIONS AND LEVEL STRUCTURE OF219Rn
FIG. 2. Gamma spectra o
219Rn in coincidence with all
223Ra alphas in Fig. 1 taken with a
high resolution planar Ge detec
tor. Energies of the219Rn gammas
are indicated in keV. Daughter ac
tivities are indicated with aster
isks.
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foil. While the 223Ra evaporates at this temperature, prod
ing a uniform thin source, the227Ac and 227Th will not begin
significant evaporation until;1900 °C. Almost immediately
after the evaporation, the source of223Ra is in secular equi-
librium with 219Rn ~4.0 s! and 215Po ~1.78 ms!. Within a few
hours it is also in secular equilibrium with211Pb ~36.1 m!,
211Bi ~2.15 m!, and 211Po ~0.52 s!.

The sources were used ina-g high resolution coincidence
with a planar Ge gamma detector and also with a high e
ciency 20% coaxial Ge gamma detector. Simple alpha
gamma spectra and 256 channel34000 channel alpha
gamma coincidence measurements were recorded sim
neously over a period of 5 days.

One example of the alpha spectrum of223Ra and some of
its daughters is shown in Fig. 1. Major peaks in the223Ra
alpha spectrum are labeled in keV, whereas daughter a
groups are bracketed and labeled. The planar gamma s
trum coincident with all223Ra alphas in Fig. 1 is given in
Fig. 2. Gamma rays are labeled in keV andK x rays of Rn
indicated. Three sets of gamma ray doublets are clearly
served at 269.5 and 270.3, 361.7 and 362.9, and 371.7
372.9 keV. Asterisks indicate gamma rays arising fro
daughter activities. Figure 3 is a composite of coax
gamma spectra coincident with very weak alpha groups le
ing to the high energy part of the219Rn level scheme with
specific emphasis on new levels and new transitions.

Finally, Table I lists all 219Rn gamma rays observed i
these experiments, their energies, intensities, multipolar
~when available!, and assignment in the level scheme.

IV. LEVEL SCHEME OF 219Rn

The level scheme of219Rn below 733 keV is given in Fig
4. It is limited to the levels and, to the right, their energies
keV. Also to the extreme right the energies of the populat
alphas in keV, their intensities, and their hindrance fact
~HF’s! are given@2,19#. Transitions are shown as vertic
lines with their energies in keV. A second simplified lev
scheme emphasizing spin parities and configurational ass
ments is given in Sec. V.

The level structure as distinct from the spin assignme
is clearly established and only slightly different from that
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previous authors@1,11# up to 446.7 keV. These difference
include the replacement of the 378.5 keV level with a 37
keV level with different decay properties and a new 490
keV level not populated in alpha decay, but observ
through gamma population and depopulation. The le
structure is based on the magnetic spectrograph data@2#,
slightly refined@8,19#. Our high resolution and high statistic
alpha-gamma coincidences allow us to construct the le
scheme and put more than 20 new transitions firmly in
decay scheme. We then proceed to the more difficult tas
assigning spins, parities, and, if possible, configurations
the level.

A. Spin assignments in219Rn

The ground state of219Rn has previously@1,11# been
given theJp assignment of 5/21. Its 5/2 spin has been un

FIG. 3. Gamma spectra of219Rn in coincidence with various
weak alpha groups of223Rn as observed with a coaxial Ge detecto
~a! Coincidences with the 5366 and 5339 keV alpha groups,~b!
with the 5287 and 5283 keV alpha groups,~c! with the 5259 and
5236 and 5212 keV alpha groups, and~d! with the 5713 and 5152
keV alpha groups. Gamma energies are given in keV. Note
energy calibrations are different for each of the panels and also
counting rate scale factors.



106 57R. K. SHELINE, C. F. LIANG, AND P. PARIS
TABLE I. Gamma ray transitions in219Rn following the alpha decay of223Ra.

Eg(DE) I g
a Multipolarityb

Level
Initial→Final Eg(DE) I g

a Multipolarityb
Level

Initial→Final
4.4 ~1! 4.4→0
10.0 ~1! 14.4→4.4
14.4 ~1! 14.4→0
31.9 ~1! 0.001 E2 158.7→126.8
34.5 ~2!c 377.3→342.8
69.5 ~1!c 0.05 ~2! M1 446.8→377.3
70.9 ~2!c 0.025 ~8! ~517.7!→446.8

102.2 ~2!c 0.006 ~3! 445.0→342.8
103.2 ~2!c 0.04 ~2! E21M1 594.0→490.8
104.0 ~2! 0.14 ~2! M11E2 446.8→342.8
106.7 ~1! 0.17 ~1! M1 445.0→338.3
108.5 ~2!c 0.04 ~2! 446.8→338.3
110.8 ~1! 0.42 ~3! E2 269.5→158.7

~112.6! 711.3→598.7
114.7 ~2! 0.07 ~3! 490.8→376.1
122.32 ~7! 8.7 ~1! M1 126.8→4.4
131.7 ~2! 0.04 ~2! 646.1→514.4
138.3 ~3!c 0.012 ~5! 514.4→376.1
144.23 ~3! 23.5 ~5! M11E2 158.7→14.4
147.2 ~2!c 0.04 ~2! 594.0→446.8
154.20 ~3! 41 ~1! M11E2 158.7→4.4
158.65 ~5! 5.0 ~1! M11E2 158.7→0
165.9 ~2! 0.04 ~2! 542.0→376.1
175.5 ~2! 0.14 ~3! 445.0→269.5
177.3 ~1! 0.34 ~3! 446.8→269.5
179.6 ~1! 1.1 ~1! M11E2 338.3→158.7
199.3 ~3! 0.02 ~1! 646.1→446.8
221.4 ~1! 0.26 ~4! E1 598.7→377.3
246.2 ~3! 0.07 ~2! 623.5→377.3
249.3 ~1! 0.28 ~7! M11E2 376.1→126.8
251.2. ~2! 0.3 ~1! M11E2 594.0→342.8
255.1 ~2! 0.38 ~5! 269.5→14.4
255.7 ~3! 0.04 ~2! 594.0→338.3
260.4 ~3! 0.05 ~2! 598.7→338.3
269.47 ~3! 100 ~2! M1 269.5→0
270.3 ~4!c 0.005 ~3! 397.1→126.8
286.0 ~4!c 0.008 ~4! 732.8→446.8
288.1 ~1! 1.15 ~3! E1 446.8→158.7
323.90 ~5! 28.7 ~5! M11E2 338.3→14.4
328.4 ~1! 1.5 ~5! E1 342.8→14.4
333.9 ~1! 0.73 ~4! E2 338.3→4.4
338.32 ~5! 20.4 ~4! M11E2 338.3→0
e
e
d
sp
342.80~7! 1.6 ~1! E1 342.8→0
355.5 ~2!c 0.03 ~1! 732.8→377.3
355.7 ~2!c 0.02 ~1! 514.4→158.7
361.7 ~1! 0.20 ~5! 376.1→14.4
362.9 ~2!c 0.11 ~5! 377.3→14.4
368.5 ~1! 0.06 ~3! 711.3→342.8
371.7 ~1! 3.5 ~1! M11E2 376.1→4.4
372.9 ~1!c 0.36 E1 377.3→4.4
376.1 ~2! 0.09 ~3! 376.1→0
387.6 ~2! 0.11 ~4! 514.4→126.8
390.0 ~2! 0.05 ~2! 732.8→342.8
430.6 ~3! 0.14 ~4! 445.0→14.4
432.4 ~3! 0.25 ~2! 446.8→14.4
445.06 ~5! 9.3 ~3! M1 445.0→0
487.4 ~2! 0.08 ~1! 646.1→158.7
490.8 ~3!c 0.012 ~5!
500.0 ~4!c 0.010 ~4! 514.4→14.4
510.0 ~4!c 0.003 ~2! 514.4→4.4
523.2 ~4!c 0.010 ~4!
527.6 ~1! 0.51 ~3! 542.0→14.4
532.9 ~4!c 0.010 ~4!
537.6 ~1!c 0.015 ~5! 542.0→4.4
542.0 ~4!c 0.010 ~4! 542.0→0
545.8 ~5!c 0.008 ~4! 672.6→126.8
574.1 ~7!c 0.008 ~4! 732.8→158.7
579.6 ~3!c 0.010 ~4! 594.0→14.4
584.3 ~3!c 0.010 ~4! 598.7→14.4
594.0 ~3!c 0.010 ~4! 594.0→0
598.7 ~1! 0.68 ~3! 598.7→0
609.1 ~1! 0.41 ~2! 623.5→14.4
619.1 ~4!c 0.025 ~8! 623.5→4.4
623.5 ~3! 0.06 ~3! 623.5→0
631.7 ~7! 0.003 ~2! 646.1→14.4
641.7 ~4!c 0.012 ~5! 646.1→4.4
646.1 ~5!c 0.003 ~3! 646.1→0
696.9 ~7!c 0.005 ~2! 711.3→14.4
711.3 ~2! 0.026 ~7! 711.3→0
718.4 ~4!c 0.010 ~4! 732.8→14.4
728.4 ~8!c 0.002 ~1! 732.8→4.4
732.8 ~6!c 0.004 ~2! 732.8→0
737.2 ~8!c 0.002 ~1!
aGamma intensities normalized with previous data@1#.
bMultipolarities from magnetic conversion electron measurements@8#.
cNew gamma-ray transitions observed.
e

th a
ambiguously determined by collinear fast beam laser sp
troscopy@12# and the positive parity strongly implied by th
low HF @11# of the 219Rn→215Po alpha decay. As mentione
in Sec. II, the 269.5 keV state can be assigned a definite
c-

in

parity of 3/21 because of the low HF populating it from th
223Ra 3/21 ground state. It decays to the 5/21 ground state
as expected, with a mixedM11E2 gamma ray. The 3/21

state at 269.5 keV also decays to the 158.7 keV state wi
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FIG. 4. Energy level scheme of219Rn up to 733 keV resulting from the present study. Alpha energies in keV, their intensities
hindrance factors~HF’s! populating the levels are shown to the right and are taken from magnetic spectrograph measurement@2,19#.
Transitions are shown as vertical lines with their energies in keV. Spins, parities, and configurations are shown in the simplified leve
of Fig. 5.
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collective pureE2 transition whoseB(E2) is 69 Weisskopf
units ~W.u.! @10#, strongly suggestingJp57/21. The 7/21

158.7 keV state decays by a collectiveE2 transition to a
state at 126.8 keV. Since the 126.8 keV state is not popul
by the 269.5 keV 3/21 state and does not decay to the 5/21

ground state, we suggest spin parity 11/21.
The very low lying level structure of219Rn is unusual in

that there are three states within the first 15 keV. The 4
and 14.38 keV states have each had multiple spin-parity
signments@1,11#. However, we note that the 158.7 keV 7/21

state and the 126.8 keV 11/21 state both decay to the 4.4
keV state with mixedM11E2 transitions, fixing 9/21 as the
spin of the 4.46 keV state. The only difficulty is that th
internal conversion spectrum of the 4.46 keV transition
the ground state 5/21 has been measured as mixedM11E2
@9# instead ofE2. This multipolarity assignment is based o
the ratio ofN1 to N2 to N3 conversion electron intensitie
@9#. However, the very weakN1 intensity is very dependen
on how the strongN2 andN3 tails are drawn. We note tha
the expected ratioN1 /N2 /N3 of 1/85/109 for a pureE2
transition @13# is equally in agreement with the data@9#.
Therefore we believe the 4.46 keV transition isE2 and the
spin of the 4.46 keV state, 9/21. Once this assumption i
made, the integrity of the entire set of spin parities of219Rn
is obvious. This is perhaps the most significant reason
assigning 9/21 to the 4.46 keV state. It follows then directl
ed

6
s-

o

r

that the 14.38 keV state which decays to the 9/21 4.46 keV
and 5/21 ground state with mixedM11E2 transitions must
be 7/21.

Having established the spin parities of the lowest
states with a range of spins from 3/2 to 11/2, it is then of
possible to determine unique spins and parities for the st
which lie higher in energy. For example, the next state
338.3 keV decays byM1 or M11E2 to the 5/21 ground
state, the 7/21 14.4 keV state, and the 7/21 158.7 keV state
and byE2 to the 9/21 4.4 keV state, fixing its spin parity a
5/21. In some cases only multiple spin assignments are p
sible, as, for example, for the 342.8 keV state where 52

and 7/22 are possible. For model reasons we prefer the 52

assignment. Spins of higher lying levels follow from th
populating and depopulating transitions. We will menti
only those instances in which there is a discrepancy with
accepted level scheme@1,11#. A level at 378.5 keV has bee
proposed@1,11# with one depopulating transition. We find n
evidence for this level or transition. We do find evidence
a new 377.3 keV level~not populated by alpha decay! with
three depopulating transitions which define spin parity 7/2

or 9/22. We also find evidence for a 490.8 keV level~not
previously observed! which is depopulated by a 114.7 ke
M1 transition to the 376.1 keV transition. In view of th
additional spins and parities proposed in this research and
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TABLE II. Comparison of the experimental and theoretical angular correlation coefficients@A2(a,g)# for
the alpha decay of223Ra to the 158.7 keV state in219Rn and its subsequent gamma decay to the219Rn ground
state and 4.4 and 14.4 keV states.

Eg Gamma transition A2(a,g) ~expt.!

A2(a,g) ~calc.!

d,0 d.0

144.3 7/2→7/2 1(0.3760.04) 1(0.3460.02) 2(0.5260.02)
154.3 7/2→9/2 2(0.0760.02) 2(0.0660.04) 1(0.2660.04)
158.7 7/2→5/2 1(0.1160.03) 1(0.1060.07) 1(0.7160.07)
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newly established 3/21 ground state spin of223Ra, it is es-
pecially important to reinterpret angular correlation result

B. Interpretation of alpha-gamma angular correlation

There have been numerous alpha-gamma angular cor
tion studies of223Ra alpha decay@5,6,9# including one from
our laboratory@8#.

We can now reinterpret the alpha-gamma angular co
lation results with much more confidence using the kno
223Ra and 219Rn ground state spins of 3/2 and 5/2, resp
tively, from collinear laser spectroscopy@10,12#.

The anisotropy coefficientsA2 andA4 of a-g ~u! are com-
posed of two terms:

An~a,g!5An~a!* An~g!, ~1!

where

An~a!5@Fn
a~ I i ILL !12DFn

a~ I i ILL 8!

1D2Fn
a~ I i IL 8L8!#/~11D2!, ~2!

An~g!5@Fn
g~ I f I l l !12dFn

g~ I f I l l 8!

1d2Fn
g~ I f I l 8l 8!#/~11d2!. ~3!

I i , I , and I f are spin values of the initial, intermediate, a
final states;D2 and d2, are angular momentum mixin
(L,L8) for alpha and (l ,l 8) for gamma transitions.

The 158.7 keV level of219Rn is a particularly interesting
case. This level is strongly populated by alpha decay
there are three intense gamma 144.3, 154.3, and 158.7
depopulating transitions decaying to 14.4, 4.4, and
ground state of219Rn. Their E2/M1 mixing is well estab-
lished by magnetic electron conversion measurements@8#:

144.3 keVM11(1.560.5)% E2,
154.3 keVM11(0.660.3)% E2,
158.7 keVM11(5.061.5)% E2.

We have proposed the spin 7/21 for the 158.7 keV inter-
mediate state. For an alpha decay of 3/21 to 7/21 ~L52,
D2.0! the A2(a) is 20.95.

Using the spins 5/2, 9/2, 7/2, and 7/2 for the ground st
4.4, 14.4, and 158.7 keV states of219Rn and A2(a)
520.95 we have calculated the angular correlation coe
cients@A2(a,g)# and compared them with experiment. Th
results are summarized in Table II.

We find a very nice agreement between theA2(a,g) ex-
perimental values and the calculated values if the gam
la-

e-
n
-

d
eV
e

e,

-

a

mixing phase is negative. These results reinforce our p
posed spins 9/2 for the 4.4, 7/2 for the 14.4 and 158.7 ke
levels.

V. DISCUSSION

One feature of the level scheme of219Rn ~Fig. 4! is im-
mediately evident. There are two groups of alphas, with ve
different HF’s. To emphasize this point and others involvin
the configurations a simplified level scheme is presented
Fig. 5 in which all of the gamma transitions have been r
moved and levels with similar HF’s have been grouped t
gether. The high HF’s range from 2400 to.105 and the
corresponding alphas populate the first three states all
which lie below 15 keV. The rest of the states in this grou
except the 397 keV state~HF 3100! which is shown to the
left in Fig. 5, are not populated in alpha decay, implying ver
high HF’s. On the other hand, the rest of the states shown
the right two columns of Fig. 5 have much lower HF’s whic
range from 4.5 to 65.

A second fairly obvious feature is that the lowest negativ
parity state of the states populated with high alpha dec
HF’s lies ;340 keV above the lowest positive parity state
while among the states populated with low HF’s the diffe
ence is;320 keV. Both of these features of the219Rn level
scheme may be understood in terms of the underlying co
figurations.

FIG. 5. Schematic level scheme of219Rn showing spins, pari-
ties, and configurations. Where multiple spin assignments are giv
the underlined spin is most consistent with the reflection asymm
ric model.
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A. Configurations in 219Rn

Figure 6 presents the octupole deformed Nilsson orbi
calculated with an axially symmetric reflection asymmet
folded Yukawa potential@14#. The levels are labeled b

V(^ŝz&,^p̂&), and in the case ofK51/2 orbitals, a third
quantum number listed last in the parenthe

^pconju2 ̂1uRconj&. These are parity mixed orbitals so th
each orbital gives rise to two bands with positive and ne
tive parity. In the most strongly octupole deformed nucl
the two bands lie fairly close in energy.

The ground state of the alpha decaying parent, 135 n
tron 223Ra, should have configuration 3/2(20.1, 0.6) at
quadrupole deformatione;0.12 according to Fig. 6. One
observes@15# a K53/21 ground state rotational band an
;50 keV above the parity doubletK53/22 band as pre-
dicted in 223Ra. On the other hand, the 133 neutron219Rn
daughter of223Ra should have a ground state configurat
5/2(0.2, 0.2) and a first excited state configurati
3/2(20.1, 0.6), the same as the ground state of223Ra.

In the level scheme~Fig. 5! of 219Rn we note that the
ground state does have spin parity 5/21. However, the struc-
ture 5/21, 9/21, 7/21 all within 15 keV is very curious, and
is an indication of the transitional nature of the219Rn levels.
As we shall see, however, by a comparison with otherK
55/21 bands in this region, the level structure is understa
able in terms of the overall systematics. It should also
noted that very high alpha decay HF’s are expected for
5/2(0.2, 0.2) configuration since the parent has the confi
ration 3/2(20.1, 0.6). These two configurations ate35e
50 go over into theg9/2 and i 11/2 shell model states, respec
tively. They are therefore quite unrelated and expected to
connected by high HF’s in alpha decay.

FIG. 6. Parity mixed neutron orbitals calculated in an axia
symmetric but reflection asymmetric (e350.08) folded Yukawa po-
tential @14# plotted against quadrupole deformation~e!. The orbitals
are labeled byV and in parentheses by single particle matrix e

ments^ŝz&, ^p̂&, and if V51/2, also^pconju2 ̂1uRconj&.
ls

s

-
,

u-

-
e
e

u-

e

The 219Rn states populated by low HF’s in alpha dec
are clearly closely related to the 3/2(20.1, 0.6) 223Ra
ground state configuration. As in the case of theK55/21

band, the rotational structure of theK53/21 band is seri-
ously disrupted when compared with that in223Ra. It has the
spin sequence 11/21, 7/21, 3/21, 5/21, 9/21. Comparison
of theK53/21 band in 219Rn with that of its isotone,221Ra,
shows a very similar disruption due in large part to mixi
with the K51/21 band from the configuration
1/2(20.1, 0.5, 22). This point will be made more com
pletely in the next section with the comparison of all theK
53/21 bands in this region.

We note the presence of negative parity bands;340 and
320 keV from the positive parity bandheads. These have
appropriate spin-parity structure to be the parity doublets
pected from reflection asymmetric orbitals. However, th
much larger energy differences are another indication
the 219Rn level structure is transitional.

Finally, it should be pointed out that the 9/21 lies at only
4.4 keV and the 11/21 is the bandhead of the other group
states populated with low HF’s. It is clear that as the neut
number decreases toward 126, these two sets of state
going over into theg9/2 and i 11/2 shell model states, respec
tively. On the basis of the above considerations, the confi
rations 5/2(0.2, 0.2) andg9/2 are listed under one set o
states in Fig. 5 while 3/2(20.1, 0.6)11/2(20.1, 0.5,
22) andi 11/2 are listed under the other.

B. Systematics of the band structure of theK55/26 bands
in 219Rn and in neighboring isotopes, isotones,

and isobars

In order to understand the band structure of theK
55/26 bands in219Rn, it is instructive to compare them wit
those of 223Ra @15#, with the isotone221Ra @16#, with the
isobar219Ra@17#, and with the isotope217Rn @18#. This com-
parison is made in Fig. 7. AllK55/26 bandheads in Fig. 7
~two of which begin withJp59/21 states! are assigned an
energy of 0 keV to put them on the same footing for t
comparison. States of the same spin in theK55/21 bands
are connected by dashed lines. Only the bandhead of thK
55/22 band is given and is connected by dotted lines. Fr
the left to right we go lower in mass number and towards
126 neutron closed shell.

Toward the left hand side of Fig. 7 we see quite regu
K55/21 bands in223Ra and221Ra which can be understoo
in terms of the 5/2(0.2, 0.2) reflection asymmetric orbital
Fig. 6. As we decrease the mass number in the isoto
219Ra and219Rn, the level structure is severely compress
as a result of the sharp drop in energy of the 9/21 state to
become the lowest state in219Ra or very near the ground
state~4.46 keV! in 219Rn. At the same time the 5/21 and
7/21 states come much closer together. Finally, at217Rn just
four protons and five neutrons away from the double clo
shell in 208Pb, the 9/21 state has decisively become th
ground state with a great deal ofg9/2 shell model character a
shown by its very fast alpha decay to theg9/2 ground state of
213Po (HF<1.4) @1#. Meanwhile the 5/21 state has crosse
over the 7/21 state. The trend in theK55/21 band in Fig. 7
is quite clear. We proceed from quite regular reflecti
asymmetric bands to mixed reflection asymmetricg9/2 shell

-
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FIG. 7. Comparison of se-
lected level structures of theK
55/26 bands of 223Ra, 221Ra,
219Ra, 219Rn, and217Rn. States of
the same spin and positive parit
are connected by dashed line
States of the same spin and neg
tive parity are connected by dotte
lines. See text for interpretation.
d

ir

te
ng

m-
an
model states with increasing dominance of the shell mo
character as we move toward the closed shell.

If we now look at the parity doubletK55/22 bandheads
in both 223Ra and221Ra, they are reasonably close to the
K55/21 partner~103–135 keV!. However, as theg9/2 shell
model character increases theK55/22 shoots up sharply in
energy to 291–343 keV in219Ra and 219Rn, respectively.
While this energy is still considerably less than that expec
for the octupole vibration, it clearly indicates a lesseni
el

d

reflection asymmetric character. In217Rn the negative parity
band has unfortunately not been observed.

C. Systematics of the band structure of theK53/26 in 219Rn
and in neighboring isotopes, isotones, and isobars

The band structure of theK53/26 bands in219Rn is com-
pared with the same set of nuclei with which it was co
pared in Sec. V B. in Fig. 8. All bandheads are assigned
e
e

.

FIG. 8. Comparison of se-
lected levels of the K53/26

bands of 223Ra, 221Ra, 219Ra,
219Rn, and 217Rn. States of the
same spin and positive parity ar
connected by dashed lines, thos
of negative parity by dotted lines
See text for interpretation.
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energy of 0 keV for the comparison. States of the same s
in the K53/21 bands are connected by dashed lines wh
the 3/22 and 5/22 states of theK53/22 bands are connecte
by dotted lines. The ordering of the nuclei in Fig. 8 is t
same as that in Fig. 7. From the left we move in decreas
mass number toward the 126 neutron closed shell, with
three Ra nuclei,223Ra, 221Ra, and 219Ra, followed by the
two Rn nuclei 219Rn and 217Rn.

At the extreme left of Fig. 8, theK53/21 band of 223Ra
has a reasonably regular rotational structure, although t
is evidence that the states of negative simplex quantum n
ber ~i.e., 3/21, 7/21, and 11/21! are lowered with respect to
states with positive simplex quantum number (5/21, 9/21).
By the time we reach221Ra in the systematics, the 7/21 state
has become the bandhead. It remains the bandhead in219Ra.
However, in 219Ra the 11/21 state has come down all th
way to 16.6 keV. In219Rn the 11/21 state is the bandhea
and becomes even more decisively so in217Rn.

The fact that the negative simplex states move down
energy in theK53/21 bands results from two effects. Th
first is the Coriolis coupling of the K53/21,
3/2(20.1, 0.6) band with theK51/21, 1/2(20.1, 0.5,
22) band. Figure 6 indicates for 133 neutron nuclei
e;0.10 the first excited configuration should be 3
(20.1, 0.6). However, the hole configuration 1
(20.1, 0.5, 22) should occur nearby probably higher
energy. With a large negative decoupling parameter it w
push down the negative simplex states.

The second effect on the systematics is the approach
ward spherical symmetry and thei 11/2 shell model state.
These two effects reinforce each other. For example, as
approach spherical symmetry the energy difference betw
the 1/2 and 3/2 band decreases, the Coriolis coupling c
stant increases and the negative decoupling parameter o
K51/2 band becomes more negative. All of these effe
cause the negative simplex states to move down in en
until the normal band structure is destroyed and the 111

state becomes the bandhead and finally thei 11/2 shell model
state. These effects are obvious in Fig. 8.

At the same time theK53/22 parity doublet partner in-
creases in energy from 50 keV in223Ra to 320 keV in219Ra
and 219Rn. In fact, the energy splitting in theK55/26 and
K53/26 parity doublet bands is remarkably similar in219Ra
and 219Rn. This suggests that the octupole collectivity
cl
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e

g
e

re
-

n

t

ll

o-

e
en
n-
the
ts
gy

decreasing. It is also interesting that just as the negative s
plex states are lowered for the 3/21 band, the positive sim-
plex states are lowered for the 3/22 parity doublet band. This
is indicated in Fig. 8 by the reversal in order of the 3/22 and
5/22 states in 221Ra and 219Ra and is expected since th
parity doublet 1/22 band will have positive decoupling pa
rameters.

VI. CONCLUSIONS

The level structure of219Rn has been studied using th
alpha decay of223Ra together with the coincident gamm
rays. The level scheme resulting from the synthesis of pre
ous data@1,11# up through the 342.8 keV level, insofar a
levels and transitions are concerned, is confirmed. Ab
this energy some changes in the level structure and a
tional transitions are required.

Quite different spins and parities are required for ma
levels previously assigned. In addition, many new spin-pa
assignments have been proposed.

Using reflection asymmetric Nilsson orbitals the alpha d
caying ground state of223Ra is known to have configuratio
3/2(20.1, 0.6). It decays to excited states in219Rn with low
HF’s and the same configuration. The ground state of219Rn
and a few higher energy states populated with much hig
HF’s in alpha decay are shown to have configurat
5/2(0.2, 0.2). However, the band structures of bothK
53/26 and 5/26 bands are very anomalous. In order to s
out the band structures, the systematics of the bands ar
from the configurations 5/2(0.2, 0.2) and 3/2(20.1, 0.6) is
studied in 223Ra, 221Ra, 219Ra, 219Rn, and 217Rn. In this
way it is possible to understand the anomalies in the b
structures and to interpret theK55/26 bands as intermediat
between the 5/2(0.2, 0.2) reflection asymmetric configu
tion and theg9/2 shell model configuration. In a similar wa
the K53/26 bands are interpreted as intermediate betw
the mixed 3/2(20.1, 0.6)11/2(20.1, 0.5, 22) reflection
asymmetric configurations and thei 11/2 shell model configu-
ration.
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