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Isomer Spectroscopy in 216
90 Th126 and the Magicity of 218
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Excited states in 216Th were investigated via prompt and delayed g decays and the recoil-decay tagging
method. The decay schemes of the Ip � �81�, t1�2 � 128�8� ms, the Ip � �112�, t1�2 � 615�55� ns,
and the Ip � �141�, t1�2 $ 130 ns isomers were established. The configuration ph9�2f7�2 is assigned to
the Ip � �81� isomer, which implies that the h9�2 and f7�2 states are nearly degenerate. This is ascribed
to increased binding of the f7�2 orbital by its coupling to a low-lying Ip � �32� state at Ex � 1687 keV.
The role of octupole and pairing correlations for a Z � 92 shell closure prediction is discussed on the
basis of shell model calculations.
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The shell stabilization of the superheavy elements is
determined by the single particle structure, normally taken
from mean field predictions [1]. The comparison to ex-
perimental data is masked by the existence of correlations,
which are not treated in standard mean field calcula-
tions. In contrast, the spherical shell model contains all
correlations in the effective interaction, as deduced from
nucleon-nucleon potentials by G-matrix many-body the-
ory [2,3]. The propagation of the single particle energies
from a well-studied magic nucleus, such as 208Pb, into
the open shell is limited by the model space even in the
largest available shell model codes. We have chosen the
region beyond 208Pb, the heaviest and best known doubly
magic shell closure for an experimental study of these
complementary approaches.

Recent systematic mean field calculations for super-
heavy elements [1] predict a substantial shell gap for Z �
92, N � 126 (218U), i.e., between the proton h9�2 and f7�2

single particle orbitals. This is at variance with an ex-
trapolation of single quasiparticle energies from the lighter
N � 126 isotones known up to 215Ac [4]. However, the
positions of the f7�2 and i13�2 orbitals can be highly dis-
torted by octupole correlations which are not considered in
the standard mean field approach. For example, in 208Pb
[5,6] an additional 130- and 264-keV binding was found
for the corresponding g9�2 and j15�2 orbitals, respectively.
The study of single particle energies and octupole correla-
tions in 216Th, the two-hole nucleus in the predicted proton
subshell closure, could shed light on these controversial
predictions, and provides a stringent test of the predictive
power of mean field calculations at high Z. With the devel-
opment of large scale shell model codes nearly untruncated
calculations have become possible for 216Th, which will
probe the realistic interactions derived for the best known
shell model core 208Pb [2,7].
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Detailed g-ray spectroscopy of 216Th is hampered by
low production cross sections ��40 mb� due to fission
competition and the existence of a t1�2 � 180 ms high-
spin isomer detected by its �3% a-decay branch [8]. In
the present study the powerful technique of recoil-decay
tagging (RDT) [9,10] was used to isolate the 216Th chan-
nel by exploiting the characteristic properties of the ground
state a decay of 216Th.

Excited states in 216Th were populated in two separate
experiments performed at the Accelerator Laboratory of
the University of Jyväskylä. In the first experiment, a self-
supporting 0.5 mg�cm2-thick natural Hf target was bom-
barded with a 185 MeV 40Ar beam producing 216Th via
the fusion-evaporation reaction 180Hf�40Ar, 4n�216Th. In
the second, similar experiment the 172Yb�48Ca, 4n�216Th
reaction was performed with a 0.97 mg�cm2-thick self-
supporting target enriched to 94.9% in 172Yb and a beam
energy of 217 MeV. Data were collected for 50 h.

In the second experiment g-ray data were measured
at both the target and focal plane positions. Prompt g

rays, emitted at the target position, were detected in the
JURO-SPHERE II array [11] which consisted of 26
Compton-suppressed Ge detectors. At the focal plane five
Compton-suppressed Ge detectors were used to measure
delayed g rays emitted from the deexcitation of isomeric
states. The total photopeak efficiencies of the arrays were
�1.7% and �0.7% at 1.3 MeV, respectively.

The recoiling fusion-evaporation residues were sepa-
rated in flight magnetically from the background of pri-
mary beam and fission fragments by the gas-filled recoil
separator RITU [12]. The separated ions were then stopped
in a 16-strip position-sensitive Si detector situated at the
focal plane of RITU. The subsequent position- and time-
correlated a decays, characteristic of the implanted recoils,
were also measured in the Si detector. To distinguish both
© 2001 The American Physical Society 072501-1
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a-decay events from scattered particles and fusion prod-
ucts from scattered beam events a multiwire proportional
gas counter was positioned 110 mm upstream of the Si
detector.

Data were recorded with the condition that the focal
plane Si detector fired starting coincidence time windows
of (a) 1 ms, corrected for the recoil time of flight, during
which prompt g rays at the target position were recorded,
and (b) 32 ms during which delayed g rays emitted at the
focal plane were recorded. All events were labeled by
a continuous time stamp with a precision of 1 ms. This
allowed temporal correlations between recoil and a events
to be determined during data analysis.

An a-particle energy of 7.919(6) MeV was obtained
for the ground state a decay of 216Th from Na �
52 308�312� decays. The ground state half-life of 216Th
was determined to be t1�2 � 25.4�8� ms using the method
described in Ref. [13]. These results are consistent with
previously measured values summarized in Ref. [14]:
Ea � 7.921�8� MeV and t1�2 � 28�2�.

For the known isomeric state in 216Th, Ea �
9.915�15� MeV and t1�2 � 128�8� ms were obtained
�Na � 750�. These values also compare favorably to the
previously measured values of Ea � 9.933�15� MeV and
t1�2 � 140�5� ms [14]. This places the isomeric state at an
excitation energy of 2.032(15) MeV with the assumption
that the isomeric state a decays directly to the ground
state of the daughter.

In the subsequent data analysis, position-correlated re-
coil 216Th a events observed within a maximum time in-
terval of 250 ms were selected. In Figs. 1(a) and 1(b)
we present g-ray transitions observed, in coincidence with
216Th a particles position correlated with recoils, at the
target and focal plane positions, respectively. The time
difference between recoil implantation and the detection
of individual g rays at the focal plane greatly facilitated
the placement of delayed g rays in the level scheme. Re-
stricting the time difference between the recoil implanta-
tion and the detection of a delayed g ray to ,3.65 ms
enhances the 150-, 466-, 517-, 607-, and 883-keV transi-
tions; see Fig. 1(c). In contrast, requiring that the delayed
g ray was observed after 3.65 ms of the recoil implantation
isolates the 126-, 200-, 209-, and 1478-keV transitions; see
Fig. 1(d). Individual g gates set in a recoil gated a tagged
delayed g-g matrix suggest that the 126-, 200-, 209-, and
1478-keV transitions are mutually coincident. The sum of
these individual gates is shown in Fig. 1(e).

Efficiency corrected intensities for the 126-, 200-, 209-,
and 1478-keV cascade transitions show a deficiency for
the 200-keV g ray, which amounts to only 70�14�% of the
average 126- and 209-keV intensity (see Table I). This can
be consistently explained by electron conversion only by
assigning multipolarity E1 for the 209- and 126-keV lines,
and E2 for the 200-keV line. On the basis of N � 126
systematics shown in Fig. 2 the 1478-keV line is identified
with the �21� ! 01 transition. In contrast to the delayed
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FIG. 1. 216Th g-ray energy spectra obtained using the RDT
correlation technique with a 250 ms search time. Ge singles
spectra observed at (a) the target position, and (b) the RITU
focal plane. Delayed Ge singles spectra obtained with recoil-
implantation g-ray time differences (c) less than 3.65 ms, and
(d) greater than the 3.65 ms. (e) Coincidence spectrum obtained
from a sum of gates, indicated with an asterisk, on a delayed
gg matrix. Transition energies are labeled in keV. Th x rays
are labeled with an “#.”

g-ray spectrum of Fig. 1(b) there is little evidence of a
200-keV line in the prompt spectrum of Fig. 1(a). The
200-keV transition is therefore placed above the 126-
and 209-keV transitions. The 126-keV transition is placed
above the 209-keV line from similar intensity arguments
based on the prompt g-ray spectrum. The weak 335-keV
line observed in Figs. 1(a), 1(b), and 1(d) is interpreted as
a stretched E2 transition decaying in parallel to the 126-
and 209-keV transitions.

The delayed g rays of 150, 883, and 607 keV have been
placed on top of the Ip � �81� isomer following the N �
126 systematics in Fig. 2. The 607-keV line has been
found to decay with t1�2 � 615�55� ns, which is ascribed
to a Ip � �112� E3 isomer. For the 150–883-keV cascade
only a limit of t1�2 $ 130 ns can be deduced, due to its low
intensity. It is based on the assumption that the intensity

TABLE I. g-ray transitions associated with the 81 isomer in
216Th observed at the focal plane: g-ray energies Eg , efficiency
corrected relative intensities Ig , efficiency and electron conver-
sion corrected relative intensities, and most probable transition
multipolarities sL.

Eg Ig Ig�1 1 aTOT�
(keV) �%� E1 E2 M1 sL

1478 74(14) 74(14) 74(14) 74(14) E2
209 100(16) 106(17) 157(25) 344(55) E1
126 100(12) 119(13) 305(37) 721(87) E1
200 70(7) 77(8) 117(12) 263(26) E2
072501-2
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FIG. 2. Level scheme for 216Th, deduced from the delayed
g rays observed in the present work, compared with other
N � 126 isotones. Excitation and ground state binding ener-
gies relative to 208Pb are given in keV.

reduction relative to the 607-keV line to 7�2�% is due to
decay losses in flight only.

Additional g rays, which could not be placed in the level
scheme due to poor coincidence statistics, were observed
delayed in the focal plane: 466 and 517 keV, and prompt
at the target: 466, 517, and 665 keV.

In Fig. 3 and Table II the experimental level scheme
of 216Th and the deduced g-ray transition strengths are
compared to results of two shell model approaches.
First, an empirical shell model (ESM) calculation for
pure configurations was performed with single particle
energies, residual interaction, and effective E2 and E3
operators taken from the 208Pb neighbors 209Bi and 210Po.
Second, a shell model calculation was performed in the
p�h9�2, f7�2, i13�2, p3�2, f5�2, p1�2� model space beyond
Z � 82, using the realistic Kuo-Herling [2] interaction
as modified by Brown and Warburton [7] (KHBW), and
using a proton polarization charge of dep � 1.0e.

From the N � 126 systematics (Fig. 2) two 81 states
with stretched configurations h2

9�2 and h9�2f7�2 are ex-
pected at near degeneracy below a h9�2i13�2, Ip � 112

isomer. The Ip � 112 isomer is expected to decay via
an enhanced E3 to the h9�2f7�2 81 level since the branch
to the h2

9�2 81 state is extremely weak due to its spin-flip
character (see Table II). The decay half-life of the g

rays below the Ip � �81� isomer were determined to be
t1�2�81:g� � 90�70� ms in the short observation interval
of 32 ms. Therefore we conclude that the a-decay branch
[t1�2 � 128�8� ms] originates from the same isomer as
the unobserved highly converted 81 ! 61 E2 transition
of Eg � 19�15� keV. The g-branching ratio is 9513

25%,
which is to be compared to the value of 97% estimated
in previous work [8]. Because of the nonobservation of
the weak E3 branch and of the highly converted M1 and
072501-3
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FIG. 3. Experimental level scheme for 216Th compared with
empirical (ESM) and full shell model calculations (KHBW).

E2 transitions connecting the two 81 states to each other
and to the 61 state at 2013 keV, the relative positions of
the 81 states cannot be inferred firmly from the present
data. The experimental limit 0.043e2 fm4 # B�E2; 81 !

61� # 0.77e2 fm4 favors an h9�2f7�2 assignment to the
observed isomer yielding small B�E2� values (Table II) in
both models. An h2

9�2 assignment would greatly exceed the
experimental upper limit. Placing the h2

9�2 state below the
61 state would form an yrast trap and imply a long-lived
a decay estimated to be t1�2 . 1.2 ms from the partial
half-life of the observed a branch. Such a long-lived a

decay is not observed [14], and we suggest that the two
configurations have swapped positions.

The lowering of the f7�2 state can be explained by the
strong L � 3 vibrational coupling to the close-lying i13�2
orbit as manifest in the dramatically decreasing position
of the 32 state from 2.615 MeV in 208Pb to 1.687 MeV in
216Th (Fig. 2). This behavior was predicted in an earlier
analysis of the nj15�2 ! ng9�2 E3 transitions in the N �
127 isotones [15]. An estimate in the spirit of a similar
calculation for the 208Pb neighbors [6] yields shifts of
2772 and 2527 keV for the f7�2 and i13�2 states, respec-
tively. This will close the h9�2-f7�2 shell gap. Unfortu-
nately, the enhanced E3 ground state transition from the
072501-3
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TABLE II. Experimental vs theoretical g-ray transition strengths for yrast isomers in 216Th.
Configurations are labeled relative to 218

92 U126 with seniority y as subscript.

EXP Leading ESM KHBW
Ip
i Ip

f sL (Wu)a Configurations (Wu) (Wu)

�81� �61� E2 0.0017183
211 h23

1 f ! h22
2 0.00013 0.050

h22
2 ! h22

2 1.08 0.088
�112� �81� E3 21(2) h23

1 i ! h23
1 f 13.8 10.2

h23
1 i ! h22

2 0.137 0.586
�141� �121� E2 ,0.245 h23

3 f ! h23
3 f 2.38 0.424

aWeisskopf units BW �E2� � 76.99e2 fm4 and BW �E3� � 1414.06e2 fm6.
1687-keV state could not be observed at the present detec-
tion limits, due to the E1 competition.

It is obvious that the shell model calculation (KHBW)
cannot account for the L � 3 correlations determining the
position of the 32 state and E3 transition strength (Fig. 3
and Table II). Except for this deficiency, which is due to
the omission of excitations of the Z � 82, N � 126 core,
the agreement obtained for levels and transition strengths
is remarkable. Especially the ground state binding ener-
gies listed in Figs. 2 and 3 and the trend of the 21 energies
and high-spin states is perfectly reproduced throughout the
sequence of N � 126 isotones [16]. In support of the ex-
perimental conclusions the predictions for the Z � 91 94,
N � 126 isotones do not show any sign of a shell gap at
Z � 92.

At first sight the results from the empirical (ESM) and
the large scale (KHBW) shell model calculation shown in
Fig. 3 seem to agree well with each other and experiment.
However, a closer inspection of wave functions and tran-
sition strengths also reveals substantial differences.

(i) The retardation of the �h9�2f7�2�81 ! �h2
9�2�61 E2

strength in both models is due to the f7�2 ! h9�2 spin-flip
E2 matrix element.

(ii) The small B�E2� within the seniority y � 2 �h9�2�n

multiplet in the full calculation is due to the reduced oc-
cupation of the h9�2 orbital with only 4–6 particles, while
the rest is scattered in pairs to the f7�2 and i13�2 orbitals.
This produces a typical retarded midshell B�E2� [4] in con-
trast to the well-established seniority schemes in intruder
high-spin orbitals such as pg9�2 in N � 50, pnh11�2 in
Z � 50, and N � 82 and ni13�2 in Z � 82 semimagic
nuclei. The ESM assumes a pure �h9�2�8 wave function
and neglecting pairing yields a much larger B�E2�.

(iii) The KHBW calculation predicts the �h9�2�n, 81

state to be an yrast trap in contrast to experimental evi-
dence as discussed above, while the ESM clearly places
the �h9�2f7�2�81 to be yrast.

In summary, the isomer spectroscopy of 216Th has
revealed a number of isomers with simple shell model
configurations and a low-lying Ip � �32� state. A large
scale shell model calculation and an empirical shell model
analysis of the experimental data give evidence for strong
pairing and/or L � 3 correlations. This counteracts the
existence of a Z � 92 shell gap as predicted in mean field
calculations and calls for the need to include these cor-
relations in the mean field approach. From the N � 126
systematics of even nuclei (Fig. 2) it is inferred that the
21 and 32 states swap positions in 218U. Accordingly the
ground state of 217Pa may be expected to be an f7�2 state.
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