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The level structure of'*Rn has been studied using the alpha decay?@®a 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 witK =5/2* and K=3/2*. The K=5/2* bands have configurations intermediate be-
tween the reflection asymmetric configuration andgleshell model configuration, while thé=3/2* bands
have configurations intermediate between the mixed reflection asymmetric configuration ang,tbleell
model configuration. Comparison of the systematic€’@Rn with neighboring isotones, isobars, and isotopes
shows clearly the collapse of the quadrupole-octupole-type configurations into the less degenerate shell model
configurations[S0556-28138)02901-X

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

[. INTRODUCTION 4.7[1] or 4.5 in Nuclear Data Tabld4.1], appears to imply
a definite 3/2 spin parity assignment for this state. Further-
The nucleus?®Rn,4; lies in a strategic transition region more, all alpha-decay—gamma angular coincidence data
of the nuclear periodic table on the edge of the light actinideshould be reinterpreted. In this paper, then, we investigate
region which is known to involve intrinsic reflection asym- again the levels irf*®Rn using the alpha decay éf*Ra and
metry and corresponding unique spectroscopic featureghe resulting coincident gamma rays. Two additional levels,
These include parity doublet bands connected by enhancedore than 20 additional gamma transitions, and in particular
E1 transitions which result from parity mixed Nilsson orbit- a reinterpretation of the lowest levels #°Rn, have led to a
als. On the other hand, it has only 7 neutrons beyond the 12@&uch more complete understanding.
closed neutron shell, and might be expected to show some
residual effects from shell model neutron orbitals such as
sz i1172, andjg. Indeed the?!*Rn ground state decays to
the 2P0 9/2" [gg, ground state with the fairly low alpha  The 22%Ra source was obtained froR’Ac with which it
decay hindrance fact@HF) of 11 [1]] which implies a close was in secular equilibrium. Th& Ac activity was purchased
relationship between these two ground states. several years ago from the Radiochemical Center, Amer-
Furthermore,?**Rn is of special interest because of the sham, England, and continues to be useful because of its 21.8
possibility of comparing it with the reasonably well-studied yr half-life. The ?*®Ra is separated from thH&’Ac activity by
isobars 2% r and #!°Ra with the isotoneg?’Ra and??*Th  heating it to 1600 °C and collecting on a thig0 um) Al
and with the isotop&'Rn.

Ill. EXPERIMENTAL METHODS AND RESULTS

1054 * 3

II. PREVIOUS EXPERIMENTAL WORK 223Ra 219R
I 1 n

The early very careful experimental wof®] of ?Ra 1045
alpha decay using a magnetic spectrograph led to a network
of 2%Rn levels on which later work has been based. Gamma-
ray studies, alpha-gamma coincidence, various types of an-
gular correlations, and internal conversion research from a
large number of different authof8—9] have led to a fairly
extensive level scheme. However, the uncertainties in spins
have made interpretation very difficult and uncertain.

Since the interpretatiorfd—8] of the '°Rn spin parities,

a very significant finding—that thé?3Ra ground state has
spin parity 3/2°, not 1/2" [10]—influences considerably the 100- 500 0 50 a0 1600
determination of different spins. For example, the alpha de- Channels

cay HF to the 269 keV state, the lowest observed'iRn at
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FIG. 1. The alpha spectra dfRa, ?!°Rn, and?'Bi. Alphas
from the various activities are bracketed. Alphas fréfiRa leading
*Electronic address: sheline@nucmar.physics.fsu.edu to levels in2°Rn are labeled with their energies in keV.
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FIG. 2. Gamma spectra of
2IRn in coincidence with all
22%Ra alphas in Fig. 1 taken with a
high resolution planar Ge detec-
tor. Energies of thé'®Rn gammas
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foil. While the 22Ra evaporates at this temperature, producsrevious author$1,11] up to 446.7 keV. These differences
ing a uniform thin source, th&’Ac and 2>’Th will not begin  include the replacement of the 378.5 keV level with a 377.3

significant evaporation unti- 1900 °C. Almost immediately keV level with different decay properties and a new 490.8
after the evaporation, the source GfRa is in secular equi- keV level not populated in alpha decay, but observed
librium with 2°Rn (4.0 9 and ?*Po(1.78 m3. Within a few  through gamma population and depopulation. The level
hours it is also in secular equilibrium with'Pb (36.1 m), ~ structure is based on the magnetic spectrograph [ddta
2118j (2.15 m), and 21%P0 (0.52 3. slightly refined[8,19]. Our high resolution and high statistics

The sources were used ény high resolution coincidence @lpha-gamma coincidences allow us to construct the level
with a p|anar Ge gamma detector and also with a h|gh efﬁSCheme and put more than 20 new tranSItlons_fl_rme in the
ciency 20% coaxial Ge gamma detector. Simple alpha anflecay scheme. We then proceed to the more difficult task of
gamma spectra and 256 channdDOO channel alpha- @ssigning spins, parities, and, if possible, configurations to
gamma coincidence measurements were recorded simultfe level.
neously over a period of 5 days.

One example of the alpha spectrum?fRa and some of
its daughters is shown in Fig. 1. Major peaks in tHféRa The ground state of*®Rn has previoushy1,11] been
alpha spectrum are labeled in keV, whereas daughter alphfiven theJ™ assignment of 5/2. Its 5/2 spin has been un-
groups are bracketed and labeled. The planar gamma spec-

A. Spin assignments in?!*Rn

trum coincident with all?>Ra alphas in Fig. 1 is given in 150} @ o
Fig. 2. Gamma rays are labeled in keV afdx rays of Rn 100} o é 3 ;5
indicated. Three sets of gamma ray doublets are clearly ok 4| ‘ l l !§ J ]’ © g %ﬂ%}
served at 269.5 and 270.3, 361.7 and 362.9, and 371.7 at 0 A Lot besbigtiasadudie L
372.9 keV. Asterisks indicate gamma rays arising from N gl =
daughter activities. Figure 3 is a composite of coaxial f _? -
gamma spectra coincident with very weak alpha groups leac 2 2 A % ggﬁ
ing to the high energy part of th&"Rn level scheme with R A ‘f{-/
specific emphasis on new levels and new transitions. ﬂ
Finally, Table | lists all?'®Rn gamma rays observed in w%g
these experiments, their energies, intensities, multipolaritie Lo E\\\
(when availablg and assignment in the level scheme. — 3
IV. LEVEL SCHEME OF 2Rn AR g2 ﬁf
The level scheme of'*Rn below 733 keV is given in Fig. Channels ——

4. 1t is limited to the levels and, to the right, their energies in
keV. Also to the extreme right the energies of the populating £ 3. Gamma spectra 9Rn in coincidence with various
alphas in keV, their intensities, and their hindrance factorgyeak alpha groups d#3Rn as observed with a coaxial Ge detector.
(HF's) are given[2,19]. Transitions are shown as vertical () coincidences with the 5366 and 5339 keV alpha grodps,
lines with their energies in keV. A second simplified level wth the 5287 and 5283 keV alpha grougs) with the 5259 and
scheme emphasizing spin parities and configurational assigg236 and 5212 keV alpha groups, afi with the 5713 and 5152
ments is given in Sec. V. keV alpha groups. Gamma energies are given in keV. Note that
The level structure as distinct from the spin assignmentgnergy calibrations are different for each of the panels and also the
is clearly established and only slightly different from that of counting rate scale factors.
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TABLE |. Gamma ray transitions if*°Rn following the alpha decay od**Ra.

Level Level
E,(AE) 1,2 Multipolarity®  Initial—Final E,(AE) 1,2 Multipolarity®  Initial—Final
4.4 (1) 4.4 -0 342.807) 1.6 (1) El 342.8-0
10.0 (1) 14.4—4.4 355.5 (2)° 0.03 (1) 732.8-377.3
14.4 (1) 14.4 -0 355.7 (2)° 0.02 (1) 514.4-158.7
31.9 (1) 0.001 E2 158.7—126.8  361.7 (1) 0.20 (5) 376.1-14.4
345 (2)° 377.3—-3428  362.9(2° 0.11 (5) 377.3-14.4
69.5 (1)° 0.05 (2) M1 446.8—377.3 368.5 (1) 0.06 (3) 711.3-342.8
70.9 (2)° 0.025 (8) (517.7—446.8 371.7 (1) 3.5 (1) M1+E2  376.1-4.4
102.2 (2)° 0.006 (3) 445.0-342.8 372.9(1)° 0.36 E1l 377.3-4.4
103.2 (2)° 0.04 (2) E2+M1 594.0—490.8 376.1(2) 0.09 (3) 376.1-0
104.0 (2) 0.14 (2) M1+E2 446.8—342.8 387.6 (2) 0.11 (4) 514.4-126.8
106.7 (1) 0.17 (1) M1 445.0—338.3 390.0 (2) 0.05 (2) 732.8-342.8
108.5 (2)° 0.04 (2) 446.8—-338.3  430.6 (3) 0.14 (4) 445.0-14.4
110.8 (1) 0.42 (3) E2 269.5—-158.7  432.4(3) 0.25 (2 446.8-14.4
(112.6 711.3—598.7  445.06 (5 9.3 (3) M1 445.0-0
114.7 (2) 0.07 (3) 490.8—-376.1  487.4(2) 0.08 (1) 646.1-158.7
122.32(7) 8.7 (1 M1 126.8—4.4 490.8 (3)° 0.012 (5)
131.7 (2) 0.04 (2) 646.1—514.4  500.0 (4)° 0.010 (4) 514.4-14.4
138.3 (3)° 0.012 (5) 514.4—376.1 510.0 (4)° 0.003 (2) 514.4-4.4
144.23(3) 23.5(5) M1+E2 158.7—14.4 523.2 (4)° 0.010 (4)
147.2 (2)° 0.04 (2) 594.0 —446.8 527.6 (1) 0.51 (3) 542.0—-14.4
154.20(3) 41 (1) M1+E2 158.7—4.4 532.9 (4)° 0.010 (4)
158.65 (5) 5.0 (1) M1+E2 158.7—0 537.6 (1)° 0.015 (5) 542.0—-4.4
165.9 (2) 0.04 (2) 542.0—376.1 542.0 (4)° 0.010 (4) 542.0-0
175.5 (2) 0.14 (3) 445.0—269.5 545.8 (5)° 0.008 (4) 672.6-126.8
177.3 (1) 0.34 (3) 446.8—269.5 574.1 (7)° 0.008 (4) 732.8-158.7
179.6 (1) 1.1 (1) M1+E2 338.3—-158.7 579.6 (3)° 0.010 (4) 594.0-14.4
199.3 (3) 0.02 (1) 646.1—446.8 584.3 (3)° 0.010 (4) 598.7-14.4
221.4 (1) 0.26 (4) E1l 598.7—377.3 594.0 (3)° 0.010 (4) 594.0-0
246.2 (3) 0.07 (2) 623.5—377.3 598.7 (1) 0.68 (3) 598.7-0
249.3 (1) 0.28 (7) M1+E2 376.1—126.8 609.1 (1) 0.41 (2) 623.5-14.4
251.2.(2) 0.3 (1) M1+E2 594.0—342.8 619.1 (4)° 0.025 (8) 623.5-4.4
255.1 (2) 0.38 (5 269.5—-14.4 623.5(3) 0.06 (3 623.5-0
255.7 (3) 0.04 (2) 594.0—-338.3 631.7 (7) 0.003 (2) 646.1-14.4
260.4 (3) 0.05 (2) 598.7 —338.3 641.7 (4)° 0.012 (5) 646.1-4.4
269.47(3) 100 (2) M1 269.5—0 646.1 (5)° 0.003 (3) 646.1-0
270.3 (4)° 0.005 (3) 397.1-126.8  696.9 (7)° 0.005 (2) 711.3-14.4
286.0 (4)° 0.008 (4) 732.8—446.8  711.3(2) 0.026 (7) 711.3-0
288.1 (1) 1.15 (3) El 446.8—158.7 718.4 (4)° 0.010 (4) 732.8-14.4
323.90(5) 28.7 (5 M1+E2 338.3-14.4 728.4 (8)° 0.002 (1) 732.8-4.4
328.4 (1) 1.5 (5) El 342.8—14.4 732.8 (6)° 0.004 (2) 732.8-0
333.9(1) 0.73 (4) E2 338.3—4.4 737.2 (8)° 0.002 (1)
338.32(5) 20.4 (4 M1+E2 338.3—0

8Gamma intensities normalized with previous dgith
bMultipolarities from magnetic conversion electron measuremigits
‘New gamma-ray transitions observed.

ambiguously determined by collinear fast beam laser spegarity of 3/2" because of the low HF populating it from the
troscopy[12] and the positive parity strongly implied by the 2?®Ra 3/2° ground state. It decays to the 5/Zround state
low HF [11] of the ?®Rn—?1%P0 alpha decay. As mentioned as expected, with a mixeM1+E2 gamma ray. The 372

in Sec. Il, the 269.5 keV state can be assigned a definite spistate at 269.5 keV also decays to the 158.7 keV state with a
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FIG. 4. Energy level scheme df°Rn up to 733 keV resulting from the present study. Alpha energies in keV, their intensities and
hindrance factor§HF's) populating the levels are shown to the right and are taken from magnetic spectrograph measyi&ia@nts

Transitions are shown as vertical lines with their energies in keV. Spins, parities, and configurations are shown in the simplified level scheme

of Fig. 5.

collective pureE2 transition whosd(E2) is 69 Weisskopf that the 14.38 keV state which decays to the*9#246 keV
units (W.u.) [10], strongly suggesting™=7/2". The 7/2 and 5/2° ground state with mixe 1+ E2 transitions must
158.7 keV state decays by a collecti#? transition to a be 7/2".
state at 126.8 keV. Since the 126.8 keV state is not populated Having established the spin parities of the lowest six
by the 269.5 keV 3/2 state and does not decay to the 5/2 states with a range of spins from 3/2 to 11/2, it is then often
ground state, we suggest spin parity 11/2 possible to determine unique spins and parities for the states
The very low lying level structure of R is unusual in  which lie higher in energy. For example, the next state at
that there are three states within the first 15 keV. The 4.4&3g 3 keV decays b1 or M1+E2 to the 5/2 ground
and 14'331“51\{] s|t_|ates have eachth:?: m‘;ltipllggssiﬂ'?g% a%tate, the 7/2 14.4 keV state, and the 7/2158.7 keV state
signmentg 1,11, owever, we note that the K€ and byE2 to the 9/Z 4.4 keV state, fixing its spin parity as
state and the 126.8 keV 11*/23tate. both decay 10 the 4.46 ¢/>+ | some cases only multiple spin assignments are pos-
keV state with mixed 1+ E2 transitions, fixing 9/2 as the sible, as, for example, for the 342.8 keV state where 5/2

spin of the 4.46 keV state. The only difficulty is that the : "~
internal conversion spectrum of the 4.46 keV transition toand 7/Z are possible. For model reasons we prefer the 5/2

the ground state 5/2has been measured as mixdd + E2 assignment. Spins of higher lying levels follow from the

[9] instead ofE2. This multipolarity assignment is based on populating .and depo.pulati_ng transi.tions.. We will meption
the ratio ofN, to N, to N5 conversion electron intensities only those instances in which there is a discrepancy with the

[9]. However, the very weal, intensity is very dependent 2ccepted level scheni,11]. A level at 378.5 keV has been

on how the strond\, and N tails are drawn. We note that Prorosed1,11 with one depopulating transition. We find no
the expected ratidN; /N, /N5 of 1/85/109 for a pureE2  evidence for this level or transition. We do find evidence for
transition [13] is equally in agreement with the dafg]. @ new 377.3 keV levelnot populated by alpha decewith
Therefore we believe the 4.46 keV transitiong& and the three depopulating transitions which define spin parity 7/2
spin of the 4.46 keV state, 9/2 Once this assumption is Of 9/2". We also find evidence for a 490.8 keV leVelot
made, the integrity of the entire set of spin parities’6Rn  previously observedwhich is depopulated by a 114.7 keV

is obvious. This is perhaps the most significant reason foM1 transition to the 376.1 keV transition. In view of the
assigning 9/2 to the 4.46 keV state. It follows then directly additional spins and parities proposed in this research and the
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TABLE Il. Comparison of the experimental and theoretical angular correlation coeffi¢igptea, y) ] for

the alpha decay of?*Ra to the 158.7 keV state f°Rn
state and 4.4 and 14.4 keV states.

and its subsequent gamma decay to’ff&n ground

Ay(a,y) (calc)

E, Gamma transition As(a,y) (expt) 6<0 6>0

144.3 712-7/2 +(0.37=0.04) +(0.34+0.02) —(0.52£0.02)
154.3 712-9/2 —(0.07=0.02) —(0.06x:0.04) +(0.26:0.04)
158.7 7/2-5/2 +(0.11+0.03) +(0.10+0.07) +(0.71=0.07)

newly established 3/2 ground state spin of*Ra, it is es-
pecially important to reinterpret angular correlation results.

B. Interpretation of alpha-gamma angular correlation

There have been numerous alpha-gamma angular corre
tion studies of?**Ra alpha deca§5,6,9 including one from
our laboratory[8].

We can now reinterpret the alpha-gamma angular corre-

lation results with much more confidence using the know
22%Ra and?*Rn ground state spins of 3/2 and 5/2, respec
tively, from collinear laser spectroscop¥0,12.

The anisotropy coefficients, andA, of a-vy (6) are com-
posed of two terms:

An(a,y)=An(a)*An( ), D
where
An(@)=[F2(I;ILL)+2AF2(I;ILL")
+AZFE(LIL'L) T/ (1+A2), 2
An(y)=[FY(1)+26F (111"
+8PFY(1117)](1+ 8%). ©)

I;, I, andl; are spin values of the initial, intermediate, and
final states;A? and 6, are angular momentum mixing
(L,L") for alpha and k,1") for gamma transitions.

The 158.7 keV level of®Rn is a particularly interesting

case. This level is strongly populated by alpha decay an
there are three intense gamma 144.3, 154.3, and 158.7 ke

depopulating transitions decaying to 14.4, 4.4, and th
ground state o?*®Rn. TheirE2/M1 mixing is well estab-
lished by magnetic electron conversion measurem@its

144.3 keVM 1+ (1.5+0.5)% E2,
154.3 keVM 1+ (0.6+0.3)% E2,
158.7 keVM 1+ (5.0+ 1.5)% E2.

We have proposed the spin 7/2or the 158.7 keV inter-
mediate state. For an alpha decay of '3t 7/2" (L=2,
A%=0) the A,(a) is —0.95.

Using the spins 5/2, 9/2, 7/2, and 7/2 for the ground state

4.4, 14.4, and 158.7 keV states df°Rn and A,(a)
=—0.95 we have calculated the angular correlation coeffi
cients[ A,(«,y)] and compared them with experiment. The
results are summarized in Table II.

We find a very nice agreement between &g a,y) ex-

n

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

la- V. DISCUSSION

One feature of the level scheme 8fRn (Fig. 4) is im-
ediately evident. There are two groups of alphas, with very
different HF's. To emphasize this point and others involving

m

the configurations a simplified level scheme is presented in
Fig. 5 in which all of the gamma transitions have been re-
moved and levels with similar HF's have been grouped to-
gether. The high HF’s range from 2400 to10° and the
corresponding alphas populate the first three states all of
which lie below 15 keV. The rest of the states in this group,
except the 397 keV stat@diF 3100 which is shown to the
left in Fig. 5, are not populated in alpha decay, implying very
high HF’'s. On the other hand, the rest of the states shown in
the right two columns of Fig. 5 have much lower HF's which
range from 4.5 to 65.

A second fairly obvious feature is that the lowest negative
parity state of the states populated with high alpha decay
HF's lies ~340 keV above the lowest positive parity state,
while among the states populated with low HF's the differ-
ence is~320 keV. Both of these features of tR&Rn level
scheme may be understood in terms of the underlying con-
figurations.

223 )
5 Q55 32(-0.1,06)
]
5283 0.10 21
(3/2, 5/2, 7/2)——598.7 (7/2)———594.0 5287 0.13 17

7/2,9/2——542.0 5339 ~0.10 ~44

(712, Y2+) 514.4 5366 ~0.11 ~60

€

(7/2, 9/2)——490.8

5/2+ 4450 5/2——4468 >5434 23 6
J— ~5481 0.008 3200
2 so7 (7/2, 912 ——377.3 9/2+ 376.1 5502 0.8 42
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Shell Model: Jor2 12
219
86Rn133

FIG. 5. Schematic level scheme 8FRn showing spins, pari-
ties, and configurations. Where multiple spin assignments are given,
the underlined spin is most consistent with the reflection asymmet-

perimental values and the calculated values if the gammaéc model.
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The ?%Rn states populated by low HF’s in alpha decay
are clearly closely related to the 3/20.1, 0.6) *Ra
ground state configuration. As in the case of e 5/2"
band, the rotational structure of the=3/2" band is seri-
ously disrupted when compared with that4iRa. It has the

SN2 02 01) ' 2 spin sequence 1112 7/2*, 3/2", 5/2", 9/2*. Comparison
o>

of theK=3/2" band in?**Rn with that of its isotone?*'Ra,
shows a very similar disruption due in large part to mixing
with the K=1/2" band from the configuration
1/2(-0.1, 0.5, —2). This point will be made more com-
pletely in the next section with the comparison of all te
=3/2* bands in this region.

We note the presence of negative parity band®0 and
320 keV from the positive parity bandheads. These have the
appropriate spin-parity structure to be the parity doublets ex-
pected from reflection asymmetric orbitals. However, their
much larger energy differences are another indication that
the 21°Rn level structure is transitional.

0.06 0.08 0.0 012 0.4 016 0.18 Finally, it should be pointed out that the 9/3es at only
€ (and 84) 4.4 keV and the 11/2is the bandhead of the other group of
states populated with low HF’s. It is clear that as the neutron

FIG. 6. Parity mixed neutron orbitals calculated in an axially "umber decreases toward 126, these two sets of states are
symmetric but reflection asymmetrie4=0.08) folded Yukawa po- ~ g0ing over into thege, andiyy» shell model states, respec-
tential[14] plotted against quadrupole deformati@i. The orbitals  tively. On the basis of the above considerations, the configu-
are labeled by} and in parentheses by single particle matrix ele-rations 5/2(0.2, 0.2) andg, are listed under one set of
ments<§2>, <%>‘ and if Q=1/2, also(”conj|_j+|Rconj>- states in Flg 5 while 3/2{01, 06)"‘ 1/2(_01, 0.5,
—2) andiqq, are listed under the other.

A. Configurations in 2*Rn _ .
B. Systematics of the band structure of theK =5/2* bands

Figure 6 presents the octupole deformed Nilsson orbitals in 21%Rn and in neighboring isotopes, isotones,
calculated with an axially symmetric reflection asymmetric and isobars

folded Yukawa potentia[14]. The levels are labeled by In order to understand the band structure of ke

Q((sz),(m)), and in the case oK=1/2 orbitals, a third —5/>* hands in?!%Rn, it is instructive to compare them with
quantum  number listed last in the parentheseshose of 22Ra[15], with the isotone?'Ra [16], with the
(T eon] —J +|Reon)- These are parity mixed orbitals so that isobar?!*Ra[17], and with the isotop&*’Rn[18]. This com-
each orbital gives rise to two bands with positive and negaparison is made in Fig. 7. AK=5/2* bandheads in Fig. 7
tive parity. In the most strongly octupole deformed nuclei,(two of which begin withJ”™=9/2" state$ are assigned an
the two bands lie fairly close in energy. energy of 0 keV to put them on the same footing for the
The ground state of the alpha decaying parent, 135 newcomparison. States of the same spin in Kre 5/2" bands
tron ?>°Ra, should have configuration 3/20.1, 0.6) at are connected by dashed lines. Only the bandhead ok the
quadrupole deformatior~0.12 according to Fig. 6. One =5/2" band is given and is connected by dotted lines. From
observeq15] a K=3/2" ground state rotational band and the left to right we go lower in mass number and towards the
~50 keV above the parity double€=3/2" band as pre- 126 neutron closed shell.
dicted in ?*Ra. On the other hand, the 133 neutr®fiRn Toward the left hand side of Fig. 7 we see quite regular
daughter of?*Ra should have a ground state configurationK =5/2" bands in**Ra and??'Ra which can be understood
5/2(0.2, 0.2) and a first excited state configurationin terms of the 5/2(0.2, 0.2) reflection asymmetric orbital of
3/2(—0.1, 0.6), the same as the ground statédRa. Fig. 6. As we decrease the mass number in the isotones
In the level scheméFig. 5 of 2'Rn we note that the %*Ra and?!*Rn, the level structure is severely compressed
ground state does have spin parity 5/However, the struc- as a result of the sharp drop in energy of the*9f2ate to
ture 5/2°, 9/2+, 7/2" all within 15 keV is very curious, and become the lowest state ift®Ra or very near the ground
is an indication of the transitional nature of tRERn levels.  state(4.46 keVj in 2'%Rn. At the same time the 5/2and
As we shall see, however, by a comparison with oter 7/2" states come much closer together. Finally?’dRn just
=5/2* bands in this region, the level structure is understandfour protons and five neutrons away from the double closed
able in terms of the overall systematics. It should also behell in 2°Pb, the 9/2 state has decisively become the
noted that very high alpha decay HF's are expected for thground state with a great deal @, shell model character as
5/2(0.2, 0.2) configuration since the parent has the configushown by its very fast alpha decay to g, ground state of
ration 3/2(~0.1, 0.6). These two configurations aj=e¢ 2130 (HF=<1.4) [1]. Meanwhile the 5/2 state has crossed
=0 go over into theyy, andi;;, shell model states, respec- over the 7/2 state. The trend in thi€ =5/2" band in Fig. 7
tively. They are therefore quite unrelated and expected to bis quite clear. We proceed from quite regular reflection
connected by high HF's in alpha decay. asymmetric bands to mixed reflection asymmetyig shell
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model states with increasing dominance of the shell modeleflection asymmetric character. fA’Rn the negative parity

character as we move toward the closed shell. band has unfortunately not been observed.
If we now look at the parity doublé=5/2" bandheads

i 22 22 ;

Ilg—bg/t;“ 3R? anio;Rié;hEy ars reasonablytrtl:lose tﬁ t”he|r C. Systematics of the band structure of theK=3/2* in 2'®Rn
N par ner(_ — ev. OWEVET, as th@g,, Shell and in neighboring isotopes, isotones, and isobars

model character increases tke=5/2" shoots up sharply in

energy to 291-343 keV irf'®Ra and ?!°Rn, respectively. The band structure of th€=3/2" bands in?'°*Rn is com-

While this energy is still considerably less than that expecteghared with the same set of nuclei with which it was com-
for the octupole vibration, it clearly indicates a lesseningpared in Sec. V B. in Fig. 8. All bandheads are assigned an

328.4 ?
3/2_ 320
52306 """ 52
300
/o4 249.6
504 2116 .
< 200F sl S~ FIG. 8. Comparison of se-
© Jpe 74T 1880 lected levels of theK=3/2"
< R isras bands of **Ra, **'Ra, #*Ra,
. 151.2; L, 146.3
> .~ S L app 427 a2 21%R%n, and 2Rn. States of the
oy 130.3 N - same spin and positive parity are
9/t——"— AN e ‘ .
ch: Y e S connected by dashed lines, those
— .. \\ /' ks . . .
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Shell Model: e LIPS
223 221 219 219 217
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energy of 0 keV for the comparison. States of the same spidecreasing. It is also interesting that just as the negative sim-
in the K=3/2" bands are connected by dashed lines whileplex states are lowered for the 3/Dand, the positive sim-
the 3/2° and 5/2 states of thé&K =3/2~ bands are connected plex states are lowered for the 3/parity doublet band. This
by dotted lines. The ordering of the nuclei in Fig. 8 is theis indicated in Fig. 8 by the reversal in order of the 3/&nd
same as that in Fig. 7. From the left we move in decreasing/2  states in®*Ra and **Ra and is expected since the
mass number toward the 126 neutron closed shell, with thearity doublet 1/2 band will have positive decoupling pa-
three Ra nuclei?®Ra, ?*'Ra, and?'Ra, followed by the rameters.
two Rn nuclei?®Rn and?'Rn.

At the extreme left of Fig. 8, th&=23/2" band of ?*Ra VI. CONCLUSIONS
has a reasonably regular rotational structure, although there

is evidence that the states of negative simplex quantum nun‘]ﬂpha decay of2Ra together with the coincident gamma

: . :
ber (i.e., 3/2°, 7/2%, and 11/2) are lowered with respect to rays. The level scheme resulting from the synthesis of previ-

; it i +
B v e e e o e 008 QAL Up IMOUGh e 3828 keV leve, nolr s
hy b he bandhead. | yS h b’ dheddR levels and transitions are concerned, is confirmed. Above
as become the bandhead. It remains the bandheatRa. ;g energy some changes in the level structure and addi-

i~ 21
Howctavelré 'g K taltr;&egéll tzh Stiizhaf tcometth\t/)vn gu thg tional transitions are required.
way o 16.6 keV. In"kn the state 1S he bandhea Quite different spins and parities are required for many

and becomes even more decisively sctfRn. _levels previously assigned. In addition, many new spin-parity

The fact that the negative simplex states move down "Essignments have been proposed

. _ + *

energy in theK=3/2" bands results from two eff_ects.+The Using reflection asymmetric Nilsson orbitals the alpha de-
first is the — Coriolis coupIm_g Ef the K=3/2",  caying ground state of?®Ra is known to have configuration
3/2(=0.1, 0.6) band with thek=1/2", 1/2(=0.1, 0.5, 3,501, 0.6). It decays to excited statesAiRn with low
—2) band. Figure 6 indicates for 133 neutron nuclei atrg ang the same configuration. The ground stat&'éRn
e~0.10 the first excited configuration s_hould_ be 3/125nd a few higher energy states populated with much higher
(=01, 0.6). However, the hole configuration 1/2 s iy alpha decay are shown to have configuration
(=0.1, 0.5, —2) should occur nearby probably higher in 5,502 0.2). However, the band structures of bdth
energy. With a large negative decoupling parameter it will_ 3/5* 304 5/2 bands are very anomalous. In order to sort
push down the negative simplex states. out the band structures, the systematics of the bands arising

The second effect on the systematics is the approach t4;o the configurations 5/2(0.2, 0.2) and 3/20.1, 0.6) is
ward spherical symmetry and thig;, shell model state. i died in22%Ra. 2'Ra. 2'Ra. 2'Rn. and 2YRn. In this
These two effects reinforce each other. For example, as Wgay it is possible to understand the anomalies in the band
approach spherical symmetry the energy difference betweey,ctres and to interpret tie=5/2* bands as intermediate

the 1/2 and 3/2 band decreases, the Coriolis coupling COfeyeen the 5/2(0.2, 0.2) reflection asymmetric configura-
stant increases and the negative de_couplmg parameter of the .| -4 thegq/, shell model configuration. In a similar way
K=1/2 band becomes more negative. All of these effectso i« — 3/5* ‘hands are interpreted as intermediate between

cause the negative simplex states to move down in energ¥a mixed 3/2¢0.1, 0.6)+1/2(—0.1, 0.5, —2) reflection
until the normal band structure is Qestrqyed and the 111/2 asymmetric configurations and thg,, shell model configu-
state becomes the bandhead and finallyithg shell model ration.

state. These effects are obvious in Fig. 8.

At the same time th&=3/2" parity doublet partner in- One of us(R.K.S) wishes to thank the National Science
creases in energy from 50 keV ¥ Ra to 320 keV in’®Ra  Foundation for support under Contract No. PHY92-07336
and ?*°Rn. In fact, the energy splitting in th€=5/2= and  with Florida State University, and for the hospitality of the
K =3/2" parity doublet bands is remarkably similar?®Ra  CSNSM and the IPN at the Universitie Paris-Sud, Campus
and ?®Rn. This suggests that the octupole collectivity is Orsay.

The level structure of®Rn has been studied using the
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