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A spectroscopic investigation of the radon isotopes ' ' 'Rn was performed by means

of the reactions ' ' ' Pt(' O,4n) ~' Rn and ' Au{'~N, 5n) Rn with Q energies

between 85 and 110 MeV and '"N energies between 80 and 94 MeV. y-y coincidences,

pulsed beam yield functions, angular distributions, and pulsed beam isomeric decay rates

were measured. The yrast and near-yrast level structure was established to J —15k, and in

each of the three nuclei two isomers above the known J =8+ state were observed. The

systematic trends for the Z = 86 isotopes are compared with the behavior expected in a

single particle model, and increased collectivity is found with decreasing neutron number.

Analogies are made with the N = 86 system.

NUCLEAR REACTIONS ' ' pt ( 0,4n), E = 85 —110 MeV;
Au( N 5n) E 80 94 MeV Measured Iy(E t ) Iy( 0 ) p p( t )

Deduced level sequences, J, Tj~2, transition rates. Continuous and

pulsed beams, enriched targets, Ge(Li) detectors.

I. INTRODUCTION

Interest has in recent years been focused near the
X = 82 and Z = 82 shell closures, where states of
large angular momentum, formed by the alignment
of valence nucleons in high-j orbitals, have been

observed. In particular, the X=86 isotones' and

the Z = 86 isotopes, with four valence nucleons
in the f7/2 A9/2 and i~3/2 orbitals, have been fer-

tile ground in the spectroscopy of discrete y rays
from high spin states. Information concerning the
collectivity and deformation in such particle-
aligned states would be valuable, and it is especial-

ly in this respect that the systematic behavior of
the (even) Z = 86 isotopes is significant.

The isotopes s6 Rn~24 (Ref. 4), and s6 Rn~26
(Refs. 2 and 3) have already been investigated to
high spins, and work is in progress on the nucleus

s6 Rn~2s (Ref. 5), which has two valence neutrons in

addition to its four valence protons.
The present study is a detailed spectroscopic in-

vestigation of the nuclei ' ' Rn to excitation

energies of about 4 MeV and spins of about 15%.

Two isomers have been observed in each nucleus

above the previously known J =8+ levels. Earlier

work by Inamuraet al. ( Rn, in-beam gamma

ray studies), Ritchie (
' Rn, isotope-separated

gamma ray studies), and Backe et al. (
' ' 'Rn

gamma ray and conversion electron measurements)

had established the structure of these nuclei up to
excitation energies of about 2 MeV and spins of
about 8'. A recent report by Backe et al. extends

their work in Rn to high-lying levels.

Experimental techniques and data analysis for the

present work are described in Sec. II; the resulting

level schemes for ~Rn, Rn, and Rn are
presented in Secs. III, IV, and V, respectively. Sec-
tion VI discusses these results in light of the Z = 86
systematics, and the work is summarized in Sec.
VII.

II. EXPERIMENTS AND DATA ANALYSIS

The nuclei were produced by the
Pt(16O 4n)204, 206, 208Rn and the

Au(' N, 5n) Rn reactions. The Brookhaven
National Laboratory Tandem Van de Graaff facili-

ty provided beams of ' 0 from 85 —110 MeV and
' N from 80—94 MeV. Targets were backed with
thick (8—10 mg/cm ) layers of isotopically
separated Pb to stop the recoils and improve re-
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tention of spin alignment. The platinum targets
were 3—4 mg/cm in thickness. The ' Pt target
was enriched to 57%, the ' Pt target to 97%, and
the ' Pt target to 98%. The ' Au target was 6
mg/cm in thickness.

Gamma ray yields as a function of bombarding
energy were measured in order to assign transitions
to given isotopes, to determine the most favorable
bombarding energy for populating the higher-lying
states, and to aid in relative ordering of the transi-
tions. In the case of Rn, an excitation function
with a pulsed ' N beam made possible the ordering
of the delayed cascade deexciting the J =6+ state,
a point of disagreement between earlier investiga-
tors. The amounts of delayed feeding compared
to prompt feeding at each level were taken to indi-
cate proximity to the isomer.

The gamma-gamma coincidence events were
recorded on tape and analyzed in terms of the time
relationship between the coincident gamma rays.
Figure 1 shows y rays in prompt and delayed coin-
cidence with the 542.9- and 588.5-keV transitions in

Rn. The measurement was made with a 96 MeV
'60 beam. Panel (a) shows Ge(Li) pulses arriving
-15 nsec or more before the gates; events occurring
in prompt coincidence, that is, within —15 nsec of
the 542.9- or 588.5-keV gating transitions, are
displayed in panel (b). Note the presence of
"prompt" gamma rays in the "before" spectrum of
panel (a). This is due primarily to nonuniformities
in rise times for the various pulses, and to the nar-
rowness of the time interval required. Figure 1, to-

gether with related coincidence spectra, indicates
two parallel decay paths of comparable intensity
feeding the lowest two transitions. This phenom-
enon is not seen in the other radon isotopes studied.

A similar set of spectra for Rn, measured using
a ' 0 beam of 92.5 MeV, is shown in Fig. 2. The
gating transitions here, 559.1, S75.4, and 628.8 keV,
deexcite the three lowest-lying levels in Rn.
Panel (a) represents those y-rays preceding the gat-
ing transitions by -30 nsec or more, and in panel
(b) the four strongest lines are from the cascade
deexciting the previously known J"=8+ state.
Several strong lines in the before spectrum are also
weakly visible in panel (b): the 205.7-, 346.0-,
S51.2-, and 610.3-keV transitions. This indicates
their separation from the lowest-lying cascade is a
few tens of nonoseconds, while the remaining pre-
cursors feed a longer isomer.

In Fig. 3, a delayed coincidence spectrum is
displayed for the nucleus Rn. The measurement
was made with a 90 MeV ' 0 beam, pulsed at 1

psec intervals. The gating transition is 789.6 keV,
which, we find, must lie isolated by isomers both
above and below since panel (a) shows precursors in
abundance, panel (b) shows no y-ray peaks in
prompt, (within -30 nsec) coincidence, and panel
(c) shows the three lowest-lying transitions detected
later in time.

Decay rates were measured using pulsed ' 0
beams, typically 8 nsec F%HM, at the same beam
energies used in the coincidence runs. In addition
to their obvious use in obtaining transition rates, the
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FIG. 1. +Rn y-y delayed coincidence spectra, gated by a sum of the 543- and 588-keV transitions. Energies labeled
are in keV. See text for the discussion of individual panels.
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pulsed beam measurements provided further con-
straints in the assembly of the level schemes. Na-
turally, the decay curve for a transition directly
deexciting an isomer should show no prompt peak.
If the highest-lying transition observed in an isomer-
ic cascade had a prompt component, then a transi-
tion, unobserved due to its low energy or high con-
version coefficient, might exist, directly deexciting
the isomer. In' fact, the amount of prompt feeding
displayed by transitions might be used to establish
the relative ordering of y rays in a delayed cascade.

Examination of the decay curves for the 234.1-
and 581.7-keV transitions in Rn reveals a high ly-
ing isomer with a half-life of about 10 nsec [Fig. 4,
panel (a)]. This isomer has been observed only
weakly, and its location (E,„~4 MeV) is uncer-
tain. The 242.4 keV transition [panel (b)] directly
deexcites a longer and more distinctly observed iso-
mer of half-life T~&2

——33 + 3 nsec, and the 542.9
keV ground state transition [panel (c)] shows the
same lifetime with a substantial peak from prompt
sidefeeding. The nucleus Rn has an isomer at
4130 keV with T]~2 ——11 + 2 nsec, as manifested

by the 776.6 keV y ray in Fig 5, panel (a). Panel
(b) shows the decay of the T,&2

——65 + 5 nsec iso-
mer at E,„=2476 keV through a 551.2 keV transi-
tion. The lack of a prompt component in the time
spectrum suggests that this transition directly deex-
cites the isomer. In panel (c) the ground state tran-
sition (575.4 keV) is shown to contain the same 65
nsec half-life plus an additional T~&2 ——19 + 3 nsec

component from the E,„=1925 keV isomer, ob-
tainable when the decay curve is fitted using a two-
level decay program. A search for longer lifetimes

(T&~2 & 0.05 sec) using mechanical and electrostatic
beam choppers was made for this nucleus. No such
long lived isomers were observed. Figure 6 shows
decay curves for Rn, including a high-lying (E,„= 4 MeV) isomer with T&&2

——20 + 2 nsec ob-
served through the 322.2-, 577.0-, and 768.1-keV
transitions in panel (a) and the E,„=2617 keV iso-
mer with a half-life of T~~2 ——17 + 3 nsec, obtained
by fitting the 789.6-keV decay curve with a two-
level program, fixing the upper isomer at T&&2

——20
nsec. In panel (c) the decay curve for the sum of
the 325.7- and 778.3-keV transitions is shown. The
T&&2 ——473 + 11 nsec half-life for this E„=1827
keV isomer is obtained from a two-isomer fit which
also gives a composite 22 nsec feeding time.

Angular distribution measurements for Rn
and Rn were performed at ' 0 bombarding ener-
gies of 9S and 92 MeV, respectively. Rn was
studied using the ' Au(' N, 5n) reaction with a ' N
beam of 88 MeV, and the ' Pt(' 0,4n) reaction at
95 MeV, using the contaminant reaction from the

Pt" target, which was approximately 40%
Pt. This provided confirmation for the observed

values and information on spectrum peaks ob-
scured in one reaction or the other. Tables I—III
present angular distribution and intensity informa-
tion for the more prominent transitions in Rn,
2o6Rn, and 2osRn, respectively. Uncertainties in the
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FIG. 4. Isomer decay curves for ~Rn. See text for fitted half-life values.
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FIG. 5. Isomer decay curves for Rn. See text for fitted half-life values.

transition energies range from 0.1 to 0.3 keV.
Gamma-ray intensities are shown corrected for
conversion' and expressed as a percentage of the
ground state transition intensity. Where electric as
well as magnetic character is possible, both intensi-
ties are shown. Intensities are taken from the Ao
coefficient of the Legendre polynomial fitted to the
angular distribution unless the line is weak or con-
taminated by other gamma rays, in which case the

coincidence intensity is used. Owing to the abun-

dance of isomers in these nuclei, spin alignment is

generally severely attenuated. In particular, the a4
—:A4/Ao terms of the fitted Legendre polynomials
are frequently small or uncertain. Therefore, when

consistent with zero (one standard deviation or
less) those values have been omitted from the
tables. It should be noted that throughout these
isotopes unusually high negative a2 =—A2/Ao
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FIG. 6. Isomer decay curves for ' 'Rn. See text for fitted half-life values.
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TABLE I. Gamma rays in Rn from the reaction of 95 MeV ' 0 with ' Pt:
conversion-corrected intensities and Legendre polynomial angular distribution coefficients.

Uncertainties are in parentheses. Only the more intense lines are listed.

Iy (%)

113.7
135.9
186.3
234. 1

242.4
260.2
298.9
542.9
581.7
588.5
641.3
674.8
708.6

20'
29
19

19/40"
24/SOb

30
51'
100
20'
95'
37
57
12

0.18(10)
0.26(14)
0.31(,15)
0.00(5)
0.22(11)
0.07(5)
0.16(3)
0.15(1)
0.11(7)
0.10(1)
0.11(3)
0.04(4)
0.25(5)

'Weak or contaminated line. Intensity estimated from coincidence yields.

Conversion corrected yield for an E1/M 1 character where either is possible.

values were observed, raising the question of a pos-
sible systematic error in our measurement.

III. ~Rn LEVELS

The Rn level scheme is shown in Fig. 7. In-

tensities are indicated by the width of the transi-

tion arrows and correspond to the values in the
tables. The cascade deexciting the J =8+ level at

excitation energy E,„=2105 keV is in agreement
with the work of Backe et al. However, a parallel
branch deexciting a lower-lying J =8+ state (E,„= 2033 keV) is also present. Both branches are fed
from a J =9 state at 2219 keV excitation. The
parity is determined by the assignment of an E1
character to the 113.7 keV dipole transition, since

TABLE II. Gamma rays in ~n: conversion corrected intensities and Legendre polynomial coefficients. Uncertain-20~

ties are in parentheses. Only the more intense lines are listed.

88 MeV 'N+' Au

1~ (%) a2 a4 I~ (%%uo)

95 MeV "0+"Pt
a2 a4

109.8
161.3
205.7
248.9
346.0
427.9
525.5
527.8
551.2
559.1

575.4
596.9
610.3
628.8
776.6

4
120
32
5/10"
46
6
4/Sb

16/18
16
98
100
9
16
93
13

—0.20(13)
0.11(7)

—0.06(5)
—0.26(6)
—0.08(2)

0.32(7)
—0.56(40)
—0.55(4)

0.00(3)
0.13(1)
0.13(2)
0.04(3)
0.34(10)
0.11(3)
0.22(3)

0.17(8)

0.64(61)

0.25(6)

—0.45(46)

13
90'
31
4/8
55
32
6/7
18/20
30
104
100
20
26
97
15

—0.11(37)
0.06(2)

—0.38(11)
—0.52{9)-

0.01(3)
—0.02(3)
—0.13(30)
—0.50(6)

0.03(6)
0.16(2)
0.15(1)
0.16(S)
0.21(10)
0.12(1)
0.18(18)

—0.48(32)
0.40(16)

—0.40(40)

0.31(22)

0.16{7)

—0.48(16)
0.29(28)

'Weak or contaminated line. Intensity estimated from coincidence yields.
Conversion corrected yield for an E1/M 1 character where either is possible.
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TABLE III. Intense gamma rays in Rn from the reaction of 92 MeV ' 0 with ' Pt:
conversion corrected intensities and Legendre polynomial angular distribution coefficients.
Uncertainties are in parentheses.

I~ (%)

156.1
225.6
258.3
322.2
325.2
389.1
411.9
490.9
535.6
544.8
553.0
577.0
635.5
636.7
766.1"
768.1

778.3
789.6

8/35'
5

13/25'
10/15'

93
7/9
18

14/16'
21
9
9

19/21'
100
46
16
19
89
38

—0.19(9)
0.01(12)

—0.43(3)
—0.46(8)

0.03(3)
—0.30(20)

0.02(4)
—0.12(4)
—0.14(7)
—0.02(10)
—0.03(8)
—0.53(7)

0.09(1)
0.14(6)
0.31(4)
0.18(3)
0.02(2)
0.09(3)

0.08(2)

0.05(4)

'Conversion corrected yield for an E1/M 1 character where either is possible.
"Not placed in level scheme.

the conversion coefficient for magnetic character
would be o,„„]——9.7, making the total intensity
greater than that of the 2+ ~0+ transition.

The 9 level is fed by a 242.4 keV dipole transi-

tion for which a magnetic character is suggested,
solely on the basis of its lifetime (T»z ——33 + 3
nsec). The decay curve of the 242.2-keV gamma
ray [see Fig. 4(b)] shows no prompt feeding. As
discussed in the previous section, this makes an

unobserved, low-energy transition less likely as the
cause of the isomerism, and the J = 10 state at E,„
= 2461 keV is thus assigned negative parity. Above
the isomer, the strongest gamma rays are the 708.6-
135.9 keV cascade, deexciting a J = 13 state at E~
= 3306 keV. This level is in turn fed by several
weak transitions, observable only in coincidence
spectra. Spins are suggested purely on the basis of
crossovers and consistency arguments.

The 581.7-234.1 keV cascade (relative ordering
unknown) feeding the J =9 state shows evidence
of a half-life on the order of 10 nsec. The location
of this isomer is not established, so the lifetime is
enclosed in parentheses. One possibility is the E,„
= 4096 keV level, which is deexcited by a low ener-

gy (112 keV) transition.

IV. 2~Rn LEVELS

Figure 8 shows the level scheme obtained for
Rn. The notations and symbols are as in the pre-

vious figure. The indicated intensities are taken
from the ' N + ' Au angular distribution measure-
ment. The cascade deexciting the T~~2

——19+ 3
nsec isomer is in agreement with previous investiga-

tors, except in ordering, which agrees with that
of Ritchie.

The J =8+ isomer is fed by a 596.9—610.3 keV
cascade of quadrupole transitions and by a
205.7—346.0 keV cascade of dipole transitions,
which is crossed over by a 551.2 keV transition
from the isomeric ( T~&z ——65+ 5 nsec), J = 0, E,„
= 2476 keV level. Again, the lack of a prompt
component in the decay curve of the 551.2 keV line

[Fig. 5(b)] suggests that the isomerism is not caused

by an unobserved low energy transition, and conse-
quently indicates that the transition is M2 in nature.
The J = 9 level at E,„=2271 keV can be assigned
negative parity since, when viewed in coincidence
with feeding y rays, such as the 527.8 and 776.6
keV lines, the 205.7 and 346.0 keV transitions
should have equal total intensities. This is only
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FIG. 8. Level scheme for Rn. Notation as in Fig.
7. Ordering of 110-777- and 249-528-keV sequences is
tentative.

FIG. 7. Level scheme for Rn. Energies are in keV.
Intensities (corrected for conversion) greater than 0.1 of
the 2+ ~0+ intensity are indicated by proport'ionately
broadened transition arrows. The measured half-lives of
the isomeric states (in nsec) are indicated above the corre-
sponding levels. Uncertain assignments of J or isomer
locations are enclosed in parentheses. Tentatively esta-
blished level positions are indicated by dotted lines.

tain. The T&~z ——11+2 nsec isomer apparently is
located at E,„=4130 keV, although the possibility
that it lies higher cannot be definitely excluded.

V 2osRn LEVELSachieved when the conversion coeAicient for an M 1

transition, a = 2, is applied to the observed 205.7
keV gamma ray intensity.

The J"=10 isomer is fed by a 109.8 keV y ray
in coincidence with a pair of dipole transitions
which are crossed over by a 776.6 ke'-~ quadrupole
transition. The relative ordering of these levels is

tentative, but there are some indications of low in-

tensity parallel branches feeding from the supposed
E,„=2834 keV state into the E„=2586- and
2476-keV levels. An E1 rather than an M 1 char-
acter is suggested for the 109.8-keV y ray by its ob-
served intensity.

The J =13'+' level at 3362 keV excitation is fed
by a 768.0-keV y ray and a 525.5-keV dipole transi-
tion. A line of 242-keV is observed in coincidence
with the 525.5-keV transition, and the proposed se-

quence is shown in the figure. Again, relative or-
dering of the 242- and 525.5-keV y rays is uncer-

The level scheme proposed for Rn is shown in
Fig. 9. The notations and symbols are as in the pre-
vious two figures. The lower lying levels corre-
spond. to those observed by Ritchie and Backe
et al. , although the E2 transition of 86—89 keV ob-
served by them was not seen in this study due to its
high conversion coefficient. The J =8+ isomer at
E,„=1827 keV was Ineasured to have a half-life of
T&&2 ——473 + 11 nsec. A recent report by Backe
et al. extends their earlier work in this nucleus to
higher excitation. This is in general agreement with
the present work up to the J = 13 level at 3774
keV in excitation. In their scheme, the J = 13
level is fed through a pair of parallel low-energy
transitions by a cascade of 89-, 156-, 333-, and 636-
keV transition. The present work saw no evidence
of coincidence, prompt or delayed, between that

SPECTROSCOPY OF ' Rn AND THE SYSTEMATIC. . .
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cascade and the 790-keV y ray, and instead places
the 636- and 333-keV lines parallel to the observed
transitions between E,„=1827 and 3774 keV, as
indicated in Fig. 9.

While the angular distribution measurements for
the 789.6- and 490.9-keV transitions showed a 2 p 0
and a2 & 0, respectively, no useful value was ob-

tained for the 298.7 keV transition. The assignment

of an M 2 character to the 789.6-keV transition

feeding the J =8+ isomer was therefore aided by
the conversion electron measurements of Refs. 7
and 9. The E,„=2318- and 2617-keV levels thus

become J =9 and J =10, respectively. The
half-life of the J =10 level was measured to be

T»2 ——17 + 3 nsec. Feeding the isomer are several

y-ray cascades, A cascade of three dipole transi-

tions (all M 1 according to Ref. 9), 322.2, 577.0,
and 258.3 keV is bridged in part by an 899.3-keV
crossover transition. A cascade of 389.1 keV (di-

pole) and 768. 1 keV (E2) transitions also feeds

from the J =13 level at E,„=3774keV into the

J =10 isomer.
Above the E„=3774 keV level gamma rays of

156.1 and 237.0 keV were observed. All transitions

above the J =10 level which were intense enough

for decay rate studies displayed a' component of
T,/z

——
'

20 + 2 nsec half-life [see Fig. 6(a)]. The po-
sition of the isomer is uncertain, but must lie at or
above E,„=3774 keV. It has been tentatively
placed at the uppermost observed level and enclosed
in parentheses in the figure.

The cascade including the 332.6- and 636.7-keV
gamma rays feeding the J"=8+ isomer presents a
double problem, since both lines are contaminated.
The 636.7-keV line slightly overlaps that of the
635.5-keV ground state transition, and the 332.6-
keV line coincides with a target transition produced
in Coulomb excitation. Nevertheless, due to the
long lifetime of the J =8+ isomer, one can obtain
very good separation of the two -636-keV com-
ponents. No coincidence is observed between the
636.7 keV and 789.6 keV y rays, and a 411.8-keV
transition is observed in coincidence with both the
636.7 and 577.0 keV transitions, indicating a possi-
ble link to the J =11 level. The 332.6-keV coin-
cidence intensity is substantially less than that of the
total contaminated —333-keV line and is shown,
with various connecting transitions, in the level

scheme.

VI. DISCUSSION
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FIG. 9. Level scheme for 'Rn. Notation as in Fig. 7.

In the shell model, the high-j orbitals available to
the four valence protons of the Z = 86 isotopes are
A 9/p f7/g and i

~ 3/p The neutron configurations of
the three nuclei studied here are four, six, and eight
neutron holes relative to the closed N = 126 shell,
their applicable high-j orbitals being 2fz/z

' and

i~3/2 Accordingly, a great many similarities to
the corresponding polonium nuclei (two valence
protons), may be expected. In Fig. 10, a systematic
overview of the even radon isotopes to about 4 MeV
in excitation is presented, from Rn with eight
neutron holes, to the X = 126 nucleus, ' Rn.
Indeed, many features of the polonium isotopes
202,204,206Po (Ref. 11) recur here: J~=8+ isomers
with lifetimes increasing and excitation energy de-
creasing as one approaches the closed neutron shell,
a set of neutron hole J =9 levels at 2200—2300
keV of excitation energy (also observed in
200,202,204Pb, where they are very long-lived isomers),
and shorter isomers at higher energies with spins of
about 15%.

One diA'erence between the radon and polonium
nuclei is the greater involvement of single particle
degrees of freedom in the structure of the polonium
levels, as indicated by the small ratio of the 8+
~ 6+ transition energy compared to the 2+ ~0+
transition energy. In addition, the B(Z2) value for
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FIG. 10. Systematic behavior of Z = 86 isotopes ~' ' ' ' ' Rn. Uncertainties indicated by parentheses and dotted
levels. Energies are in keV.

the 8+ ~6+ transitions in the radon isotopes in
creases rapidly with decreasing neutron number, as
discussed in Ref. 8. Using the lower J =8+ state
observed in Rn and lifetimes measured in this
work, we obtain B(E2}values of p 100, 127, and
14 e fm for Rn, and Rn, respectively, com-
pared with 11 e fm for Rn. Undoubtedly, the
lower limit for Rn could be raised substantially in

an experiment sensitive to shorter lifetimes.

These J =8+ isomers are predominantly h9/
proton states; however, with decreasing. neutron
number and increasing collectivity, admixtures of
other components must be expected, as indicated

by the manifestation of secondary J =8+ and 6+
states in Rn. In fact, the work of Ritchie shows
a secondary J =6+ state in Rn and possibly in

Rn at E,„.= 1825 and 1819 keV, respectively
The secondary J =6+ state in Rn is at 1806
keV. Configurations of f7/p protons are logical
candidates for these states, which vary little in ex-

citation energy, while the energies of h9/p states

vary rapidly with neutron number. Such behavior
(constant f7/g level energies, while h9/Q level ener-

gies vary) has been observed in the region of the
X = 82 closed shell for valence neutrons. ' In both
regions, going towards more prolate or less oblate
ground state configurations raises the energy of the

h9/q states relative to f7/q states.

Both in the N = 82 region near the closed proton
shell and in the Z = 82 region near the closed neu-

tron shell, valence nucleons form (h9/Q i]3/i)]]
states, often with substantial lifetimes. " It is to be
expected that as the energy of the f7/i levels be-

comes competitive with that of the h9/p levels,

(f7/p l]3/p} should also become yrast. The series

of J =10 levels observed in ' ' Rn may be
of this nature. The region of these levels is shown

enlarged in Fig. 11. If the J = 10 isomer in Rn
were consistent with the adjacent nuclei, then it too
would have negative parity. Since no M 2 transition

is observed deexciting the J = 10 state in Rn, an

upper limit of 10% can be put on its observable in-



2146 D. HORN, C. BAKTASH, AND C. J. LISTER 24

26l 7

33 s IP-- 65ns 2476

—22 I9
227l

— 23I 8

8+- 2p33

8+ — I925

I827

204
R 206 R 208

Rn

FIG. 11. Enlarged region of J = 8 to J = 10 sys-
tematics for ' 'Rn. Energies are in keV.

(A9/i i]3/2) levels of J = 1 1 and 17 are des-
troyed by the removal of core neutrons. Apparent-
ly the higher energy cost of the h 9/i orbitals raises
the yrast. line to an energy where both valence pro-
ton f7/2 and neutron hole configurations can com-
pete successfully. Such systematic raising of
J =8+, 11,17 levels is also observed for
lV = 86 nuclei as protons are removed. ' The ap-
parent symmetry in the efFect for both proton and
neutron systems suggests that the phenomenon is
not due to some specific aspect of the proton-
neutron (or proton-neutron hole) interaction, but
rather should be viewed as a more general proper-
ty, possibly linked to deformation, affecting orbitals
of particular quantum numbers irrespective of
whether they be occupied by protons or neutrons.

VII. SUMMARY

tensity, yielding an upper limit on its B(M 2) value
of 17 (ei)'i/2Mc)2fm~ compared with B(M2) values
of 4 and 6 (eA/2Mci)~fm for Rn and Rn,
respectively. We observe, then, that the M 1 transi-
tions are retarded by some five orders of magnitude
relative to single particle rates, while the M 2 transi-
tions, which are probably valence proton transitions,
are only slightly retarded. An M 1 transition from
a (J =10 ) spin-aligned valence proton configura-
tion to a (J~=9 ) neutron hole configuration would
indeed be expected to be strongly retarded. The
242.4-keV y-ray deexciting the J = 10 level in
~Rn would be an M 1 transition, with a reduced

transition rate of 3.3 )& 10 (eA/2Mc) compared
to rates of 1.6 )& 10 and 1.5 &( 10 (equi/2Mc)
in Rn and Rn, respectively, which go from a
spin-aligned valence proton configuration to the
neutron hole configuration of the J =9 states.

Levels above the J = 10 states (Fig. 10) are some-
what difficult to interpret. The series of isomers at
E,„4MeV- and J 15 are certainly suggestive
of the behavior observed for the corresponding po-
lonium nuclei, but until the positions of the isomers
and the spins of the levels are more definitely deter-
mined, further specification is of limited value.

It is apparent that the yrast level patterns of the
N = 126 closed shell isotones' with their

A detailed spectroscopic investigation of the neu-
tron deficient radon isotopes Rn, Rn, and

Rn has been performed. The nuclei exhibit signs
of increasing collectivity with decreasing neutron
number both in the level patterns of their low-lying
states and in their measured transition rates. While
A 9/2 corifigurations still appear to dominate the
low-lying level structure, some evidence for- an in-
creased contribution from the f7/2 orbitals is ob-
served, both in the formation of secondary J =6+
and 8+ states in Rn, and in the appearance of
J~= 10 isomers. Despite the increase in B(M 1)
for Rn over the other isotopes, no appreciable
collective influence was observed in the decay of the
J = 10 isomers. Systematic behavior for these
Z = 86 isotopes was discussed in analogy with simi-
lar trends in N = 86 isotones.
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