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Excited states in210Ra and209Ra were populated using the184Ws30Si,xnd reaction at 148 MeV beam energy.
Fusion evaporation recoils were selected using the gas-filled spectrometer, SASSYER. Promptg rays were
detected using Compton-suppressed Ge detectors from the YRAST Ball array surrounding the target. Delayed
g rays, following isomeric decays, were detected at the focal plane of SASSYER with a smaller array of Ge
detectors. The decay energy and lifetime for the 8+sph9/2dn isomer of210Ra were determined; values for the
yrastBsE2;8+→6+d in 210Ra and neighboring nuclei are interpreted within the seniority scheme. This isomer
was also used to selectg-rays deexciting levels above the isomeric state in210Ra. In addition, transitions in
209Ra were identified for the first time. Two high-spin isomers are suggested to exist in this isotope.
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I. INTRODUCTION

Nuclei in theZ<82, Nø126 region are predicted to ex-
hibit competing structures of spherical and deformed oblate
and prolate structures. The light Pb isotopes have been stud-
ied extensively, and three coexisting structures have been
observed [1–9]. Similarly for nuclei with
Z,82s76Os,78Pt,and80Hgd, coexisting weakly deformed
oblate and moderately deformed prolate states have been ex-
perimentally established[10–13]. In the odd nuclei, notably
175Au [14] and 177,179Hg [15–17], spherical structures have
also been identified.

Similar structures are predicted for nuclei above theZ
=82 shell closure;84Po, 86Rn, and88Ra [18–21]. However,
nuclear structure studies for these heavier nuclei have been
much less conclusive. These nuclei are difficult to produce
and study due to fission competition and low production
cross sections. Yrast and near-yrast states of the even-even
Po and Rn isotopes have been extended down to neutron
numbers of 106[22] and 112 [23], respectively. Intruder
bands have been observed, but the excitation energies do not
correspond to a deformed structure. With the important ex-
ception of the 02

+−22
+ energy difference, the intruding band

exhibits characterestics closer to an anharmonic vibrator
rather than a rotor[23–26]. The heavier Ra isotopes are pre-
dicted to exhibit a deformed structure at higher neutron num-
bers than Po or Rn[21], but only limited structural informa-
tion is available for these isotopes. The semimagic214Ra[27]
and the near-magic212Ra [28] are well known, but for
A,212, excited states in many of these isotopes have not yet
been identified.

Near the magicN=126 shell closure, in-beam nuclear
structure experiments are also hindered by the large number
of isomers present. For example, in214Ra there are six
known isomers with lifetimes longer than 30 ns below
5 MeV [27]. Due to the magic neutron number, these iso-
mers are assigned as proton excitations. BelowN=126, only
the 8+sph9/2dn and 11−sph9/2^ pi13/2d isomers are thought to
persist to lower neutron numbers.

Schematic level schemes for206,208Ra and210Ra below the
8+sph9/2dn isomers have been suggested by Cockset al. [29],
although excitation energies and transitions were not explic-
itly shown. A half-life of 2.24ms was proposed for the yrast
8+ isomer in210Ra. The presence of this isomer allows210Ra
to be identified without previous knowledge of the structure.
In addition, the isomeric state provides a clean “tag” to ob-
serve higher-lying excited states in210Ra using the recoil
isomer decay tagging technique.

Excitation energies and decays in210Ra and 209Ra are
provided here for the first time. The main purpose of this
paper is to highlight the structure of210Ra, with a particular
emphasis on the 8+ isomeric decay. Systematics of these
sph9/2dn isomers in thetrans-Pb region forNø126 are pre-
sented, and are shown to be a good example of seniority near
closed shells.

II. EXPERIMENT

The experiment was performed at the Wright Nuclear
Structure Laboratory, utilizing a beam of30Si accelerated to
148 MeV. Light Ra isotopes were produced following bom-
bardment of two stacked isotopically pure targets of184W
(200 mg/cm2 each). Promptg transitions were detected in an
array of Ge detectors which surrounded the target.

At the time of this experiment, the Ge array was com-
prised of eight clover HPGe detectors, of 150% relative ef-
ficiency each, from the YRAST Ball array[30]. Four detec-
tors were placed at 90° to the beam axis, and four at the
backward angle of 140°, with an overall efficiency of,2.4%
at 1.3 MeV.

As mentioned previously, fusion reaction studies above
Pb are hindered by the large fission cross section. Therefore,
to select fusion events, reaction recoils were separated in the
Small Angle Separator System at Yale for Evaporation Resi-
dues (SASSYER, Ref.[31]). The gas-filleds<1 Torr Hed
spectrometer was set to a magnetic rigidity of 1.8 T m to
select fusion recoils withA<210. The transmission effi-
ciency of SASSYER is<15% in this mass region. Contami-
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nants from fission and unreacted beam particles were swept
into a beam dump box located at the first dipole. To contain
the gas, a thins50 mg/cm2d C foil was placed,1 m up-
stream from the target chamber. The 148 MeV30Si beam lost
,1 MeV in this C foil before target bombardment.

Following separation, recoils were implanted into a 30-
element Si solar cell array. Each solar cell covered an area of
1 cm2; the entire array was 10 cm wide by 3 cm high. The
solar cell array provided position, energy, and relative time
information for the detection of the fusion recoils. An event
in any one of the solar cell elements prompted data readout
of all detectors used in this setup.

For this experiment, the recoil flight time through
SASSYER was,715 ns; the clover signals were therefore
delayed by 1.6ms to ensure that the signal arrived after a
recoil event. Individual times(relative to a recoil implanta-
tion) for each clover were recorded and used for event-by-
event Doppler correction. Prompt-g-recoil coincidences were
then selected using clover times and recoil energies corre-
sponding to fusion-evaporation events. Overall, 5.03106 re-
coils were detected in 105 h. Of these events, 2.33106

recoil-gprompt and 0.93106 recoil-g prompt
n snù2d coinci-

dences were collected.
Five additional HPGe detectors(of 25% relative effi-

ciency each) were placed around the focal plane chamber,
directed toward the solar cell array. Two detectors were
placed at<90°, two at 45°, and one at 225° relative to the
front of the solar cell array. These HPGe detectors were used
to observe delayedg decays depopulating isomeric states
within 6 ms following a recoil implantation. With the 05.0
3106 recoils, 8.73104 recoil-gdelayed and 0.73104 recoil-
g delayed

n snù2d coincidences were collected.

III. RESULTS

Delayed transitions occurring within 6ms following a re-
coil implantation are shown in Fig. 1(a). This spectrum is
dominated by the 577, 601–603 doublet, 750, and 774 keV
transitions. The inset shows the spectrum in a small energy
range to highlight the doublet nature of the,600 keV tran-
sitions.

The time difference between recoil and delayedg events
was used to measure decay half-lives of the transitions. The
strongest transitions(577, 601–603, 750, 774 keV) exhibit a
half-life of 2.1s1d ms, determined by a weighted least-
squares fit to the intensity of each transition as a function of
time. These transitions are suggested to arise from the decay
of the 8+sph9/2dn isomer in210Ra. The decay curve is shown
in Fig. 2. This measurement is in excellent agreement with
the 2.24ms half-life reported by Cockset al. [29].

Numerous weaker transitions were also observed in the
isomer detectors. Due to the low intensity and large back-
ground from the210Ra decays, half-lives for many of these
transitions could not be determined in the current work.
Table I lists the observedg-ray energies and associated in-
tensities for the delayed transitions. Intensities shown have
been approximately corrected for relative efficiency. This
was accomplished by placing a152Eu source near the center
of the solar cell array, and making the gross assumption that

the radiation emitted from the 30 cm2 solar cell array is simi-
lar to a point source. Low-energyg rays were significantly
attenuated by the walls of the focal plane chamber, and the
intensities in Table I should be viewed as lower limits.

Coincidences between the focal plane Ge detectors were
very weak for the strongest transitions, and unavailable for
the weaker. For the proposed210Ra g rays, weak coinci-
dences were used to build the level scheme below the isomer
shown in Fig. 3. The low-energy transition at 96 keV was
observed in coincidence with the210Ra transitions, and is
suggested to be the decay from the 8+ isomer to the 6+ yrast
state. An example of the available statistics is shown in Fig.
1(b), where transitions coincident with the 577 keV decay
energy are displayed.

Prompt g transitions in coincidence with recoils im-
planted in the solar cell array are shown in Fig. 4(a). These

FIG. 1. (a) Delayedg transitions observed within 6ms follow-
ing a recoil implantation in the solar cell array. The inset shows an
expanded region, demonstrating the doublet nature of the
601–603 keVg rays.(b) Coincidences with the 577 keV transition
assigned to210Ra. Coincidences with 96, 603, and 774 keVg rays
are observed.

FIG. 2. Decay curve for the deexcitation of the proposed 8+

isomer in210Ra. The summed intensity for the 577, 601, 603, 750,
and 774 keV transitions is shown as a function of time following a
recoil implantation in the solar cell array. Using a weighted least-
squares fit, a half-life of 2.1s1dms is suggested. The solid line shows
a 2.1ms decay half-life.
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areg rays detected at the target position using the Ge clover
array, which have the proper flight time and recoil energy for
fusion-evaporation events. A large number of transitions
were observed, and may be assigned to Ra and Fr isotopes

based on coincidences with x rays. Due to the limited struc-
tural information in this region, specific nuclides could not
be identified from theg-ray decay data alone.

Transitions of 210Ra may be selected from the prompt
spectrum by requiring prompt and delayedg coincidences
with a recoil implantation. Promptg transitions in coinci-
dence with the210Ra delayedg rays(577, 601–603, 750, and
774 keV) are shown in Fig. 4(b). Transitions in the prompt
spectrum are assigned as decays from higher-spin states
feeding the 8+ isomer at 2.05 MeV.

Recoil-gatedg-g coincidences between the promptg rays
were then used to extend the proposed level scheme of210Ra
to ,16" and 4.3 MeV excitation energy. The resulting level
scheme is shown in Fig. 3. Spin and parities are suggested by
comparison to the neighboring nuclides and relativeg-ray
intensities between the two rings of the clover array. Quad-
rupole transitions will be favored in the backward ring
s140°d, while dipole transitions will be favored in the side
ring s90°d. Intensities were too weak to perform gated inten-
sity comparisons[such as Directional Correlation Orienta-
tion (DCO) ratios]. Table II lists promptg-ray energies and
intensities assigned to210Ra.

In addition, the 42
+→2+,41

+→2+, and 2+→0+ transitions
of 210Ra were observed in the promptg-ray spectrum. The
6+→42

+ and 6+→41
+ were only weakly evident in the prompt

g-g coincidences with low-lying210Ra transitions. This sug-
gests that the 4+ (and less so the 6+) states have an alternate
feeding pattern, bypassing the 8+ isomeric state. Unfortu-
nately, recoil-g-g statistics are too poor to clearly determine
the deexcitation pathway crossing the isomer.

Weak transitions bypassing the 8+ isomer have also been
observed in theN=122 isotones208Rn and206Po. In 208Rn,
the low-lying 4+ states have fragmented feeding patterns
from multiple higher-lying 6+ states which have only been
observed inb decay[32].

TABLE I. g-ray energies and relative intensities observed in the
isomer detectors within 6ms of a recoil event. Also shown are
multipolarities and intensities including internal conversion contri-
butions[32] for transitions assigned to210Ra and209Ra. The isomer
detectors are sensitive to half-lives within the microsecond range.

EgskeVd Assigned to Ig
a Multipolarity and I tot

b

85.3(5) 5.8(7)

88.6(5) 5.9(7)

95.7(5) 210Ra 9(1) E2;108s13d
126(1) 2.7(6)

370.8(5) 209Ra 3.1(7) M1;4s1d
395.6(5) 5.0(8)

452.0(5) 3.4(8)

482.4(5) 10(1)

562.4(5) 5(1)

577.1(5) 210Ra 100(5) E2;100s5d
601.2(5) 210Ra 59(7) E2;59s7d
603.5(6) 210Ra 157(9) E2;157s9d
628.7(9) 2.8(6)

643.6(5) 209Ra 26(2) E2;26s2d
749.7(5) 210Ra 59(3) E2;59s3d
765.3(5) 209Ra 16(2) E2;16s2d
773.7(5) 210Ra 102(5) E2;101s5d
801.2(5) 9(1)

825(1) 2.3(4)

842.6(6) 9(1)

aRelative to 577 keV transition.
bIntensity with internal conversion corrections[36], relative to
577 keV transition.

FIG. 3. Tentative level scheme for210Ra. States below the 8+

isomer were detected in a small Ge array surrounding the Si solar
cell detectors at the focal plane of SASSYER, while states above
the isomer were detected in a clover Ge array surrounding the target
chamber.

FIG. 4. (a) Promptg transitions measured using the clover array
at the target position. Isotopes of209,210Ra and Fr may be assigned.
Below 150 keV the spectrum is attenuated33 to show the intense
x rays on a similar scale as theg transitions.(b) Promptg transi-
tions in coincidence with delayedg decays assigned to210Ra de-
tected within 6 ms following a recoil implantation. Transitions
above thems isomer in210Ra are observed. As in part(a), the x-ray
portion of the spectrum is attenuated(32).
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Promptg rays not assigned to210Ra are suggested to pre-
dominantly arise from the odd-A Ra neighbor,209Ra. Weaker
transitions, coincident with 86 keVKa x rays, are assigned to
Fr, with 209Fr or 210Fr being the most likely candidates. Tran-
sitions suggested to arise from Fr are very weak in this data
set.

For a 10 h period, the beam energy was increased to

153 MeV, and theg-ray intensities were compared to those
observed at 148 MeV. While transitions assigned to210Ra
become weaker, those assigned to209Ra ands209,210dFr be-
come more prominent, confirming our assignment. All data
shown in this paper are derived from the much longer
s105 hd 148 MeV beam period.

No structural information is available for the odd-A Ra

TABLE II. Prompt g-ray energies and relative intensities detected in the clover array. Transition intensi-
ties corrected for internal conversion when the multipolarity is known are also shown. Due to the low
statistics in the coincidence spectra, transition intensities are measured from recoil-gatedg-ray singles. As
peaks may have contributions from other sources, intensities listed here are upper limits. The value of “x” in
209Ra is<900 keV.

EgskeVd ExskeVd Ji →Jf Ig
a Multipolarity and I tot

b

210Ra:

169.5(7) 3261 s12+→12+d 7(1) M1;32s3d
217.5(5) 2266 s9+→8+d 55(2) M1;150s5d
231.6(5) Not placed ,54s2d
306.7(5) 2573 s10+→9+d ,116s4d M1; ,192s6d
358.5(5) 4255 s16+→14+d 24(2) E2;26s2d
397.7(5) Not placed 29(2)

518.2(5) 3091 s12+→10+d 100(4) E2;100s4d
524.2(7) 2573 s10+→8+d E2

601.2(5) 1204 4+→2+ 32(6) E2;32s6d
603.5(6) 604 2+→0+ 105(6) E2;104s6d
635.5(5) 3897 s14+→12+d 59(2) E2;59s2d
687.9(5) 3261 s12+→10+d 64(3) E2;63s3d
705(1) Not placed 15(2)

773.7(5) 1378 4+→2+ 39(2) E2;38s2d
843.7(5) Not placed 33(2)

209Ra:

229.1(5) s1570+xd s 27
2

+→ 25
2

+d 8(2) sM1d
(306) s1876+xd s 29

2
+→ 27

2
+d sM1d

335.6(5) 1342+x s 25
2

+→ 21
2

+d 10(1) E2;11s1d
370.8(5) 1015 s 11

2
−→ 9

2
−d 18(1) M1; 19(1)

437.2(5) 1005+x s 21
2

+→ 17
2

+d 66(2) E2;67s2d
568.5(5) x s 17

2
+→ 13

2
+d 192(6) E2;191s6d

643.6(5) 644 s 9
2

−→ 5
2

−d 76(3) E2;75s3d
765.3(5) 1409 s 13

2
−→ 9

2
−d 31(2) E2;31s2d

835.3(5) Not placed 64(3)

Fr:

201.9(5) 4(1)

203.9(5) 11(2)

257.1(5) 25(2)

544.6(5) 21(2)

605(1) 43(3)

714.4(5) 20(2)

792.5(5) 15(1)

817.2(5) 19(2)

905.2(5) 6(1)

aRelative to 518 keV transition.
bIntensity with internal conversion corrections[36], relative to 518 keV transition.
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isotopes belowN=126, with the exception of levels below a
long-lived isomer in213Ra125 [33]. However, comparisons
can be made to odd-A Po and Rn nuclides. These nuclei
typically have low-spin negative-parity ground states
sn2f5/2,n3p3/2,n3p1/2d and a long-lived 13/2+sn1i13/2d iso-
mer near 1 MeV excitation energy. Heavy-ion fusion-
evaporation reactions will predominantly populate the
higher-spin 13/2+ isomer band, which is presumed to be
built on n1i13/2^ sp1h9/2d2 excitations.

g rays observed in the prompt-g-recoil spectrum in coin-
cidence with 88 keV RaKa x rays, and not in coincidence
with 210Ra decays, are assigned to209Ra. Using recoil-gated
g-g coincidences, two separate structures are observed.
These are suggested to be states built on the negative-parity
ground state and the 13/2+ isomeric state. The proposed
level scheme for209Ra is shown on the far right of Fig. 5,
while transition energies and intensities are shown in Table
II. Spins and parities are suggested from comparisons to the
N=121 isotones(also shown in Fig. 5) and relative intensi-
ties in the clover array rings, as was done for210Ra.

Transitions assigned to the209Ra ground state band were
also observed in the isomer detectors. While the excitation
energy for the 13/2+ isomer is not known, it is expected to
lie below the 11/2− and 13/2− states. Therefore, a second
isomer feeding the higher-lying negative-parity states is pro-
posed.

Similar to Ra, very little information is available for the
light Fr isotopes. Virtually no level schemes exist for these
nuclides withN,124. The strongest transitions assigned to
Fr are shown in Table II.

IV. DISCUSSION

A. 210Ra

The Po, Rn, and Ra isotopes withN,126 are approxi-
mately spherical in their ground states. For the even-even
nuclei, the lowest energy yrast 0+,2+,4+,6+, and 8+ states are
attributed to coupling between a pair of protons in the 1h9/2
orbital. The energy difference between the 8+ and 6+ levels is
quite small, resulting in long lifetimes for the 8+→6+ tran-
sitions.

The proposed half-life of 2.1s1d ms for the 8+ isomer of
210Ra agrees well with expectations. Half-lives for these iso-
mers are observed to decrease along an isotopic chain with
decreasing neutron number, and increase along an isotonic
chain with increasing proton number. This would suggest a
half-life of 500 ns, t1/2,11 ms for 210Ra by comparison to
neighboring212Ra [34] and 208Rn [35]. The measured half-
life of 2.1s1d ms fits well within this window.

The 8+ isomer of210Ra is suggested to decay by a single
96 keV g ray. The amount of electron conversion can be
estimated from the intensity balance of the single 96 keVg
ray feeding the 6+ state, and the twog rays deexciting it
(577, 750 keV). This suggests a conversion coefficient of
19(2), which compares favorably with anE2 transition
(acalc=11.8 [36]) rather than E1sacalc=0.12d, E3sacalc
=320d, M1sacalc=3.7d, or M2sacalc=62.6d. Note that the
96 keV g-ray observed intensity may be somewhat less than
the true value, as low-energy transitions will be attenuated by
the walls of the focal plane chamber and the efficiency is
uncertain(see Results section).

Using the theoretical conversion coefficient for a pureE2
decay and the measured 2.1s1dms half-life, the transition
probability BsE2;8+→6+d value is 0.035s2d W.u.
f2.6s2de2 fm4g. This BsE2;8+→6+d value is much less than
the known values for the isotones208Rn [0.187s7d W.u. [35]]
and206Po [2.49s17d W.u. [37]]. The drop inBsE2d values as
the ph9/2 orbital is filled is observed not only in theN
=122 isotones, but forN=124 andN=126 as well. For com-
parison, excitation energies, decay transitions, half-lives, and
transition probabilities[BsE2d values] are shown in Table III
for the known 8+ isomers in theZ.82, Nø126 region.

Typical behavior forBsE2d values would suggest anin-
crease, not a decrease, as the shell is filled and the proton
number moves away from magicity. However, the apparently
anomalous behavior of theBsE2;8+→6+d values can be eas-
ily and elegantly explained using the seniority coupling
scheme.

Seniority snd may be simply described as the smallest
number of unpaired particles(or holes) needed to couple to a
given state of spinJ. The concept is generally useful for
near-spherical nuclei where states are dominated by a single
configuration of the typeu jnJl. In the trans-Pb region with
Nø126, low-energy states for the Po, Rn, and Ra nuclei are
dominated byp1h9/2

n excitations. In the seniority scheme, the
2+, 4+, 6+, and 8+ states may arise from the coupling of two
valence protonssn=2d in the p1h9/2 orbital. This is shown
schematically on the left side of Fig. 6.

In collective nuclei higher yrast transitions are similar in
character to the 21

+→01
+ transition, as all are phonon or rota-

tional angular momentum changing transitions. TheBsE2d
values therefore scale with each other; theBsE2;41

+→21
+d is

typically ,1.5 times larger than theBsE2;21
+→01

+d value
[38]. In the seniority regime, seniority conservingJ→J−2
transitions are fundamentally different from seniority chang-
ing transitions. This difference leads to contrasting behaviors
for BsE2d values as a function of nucleon number.

The even-tensor, one-body transition matrix element be-
tween two states of changing senioritysDn=2d is given by
[39]

FIG. 5. Tentative level scheme for209Ra with the known level
schemes for isotones205Po [47] and 207Rn [48]. The 13/2+ states
are isomeric; 205Po t1/2=645s20d ms [47], 207Rn t1/2=181s18dms
[47], while for 209Ra the half-life is not known.
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k jnnJiOp
eveni jnn − 2,J8l = F sn − n + 2ds2j + 3 −n − nd

2s2j + 3 − 2nd G1/2

3 k jnnJiOp
eveni jnn − 2,J8l, s1d

wheren is the number of particles in the orbit with spinj ,
andn is the seniority. In Fig. 6sad, the square of the matrix
element is plotted as a function of shell filling forj =9/2
particles. The square of the matrix element amplitude shows
the usual trend forBsE2;2+→0+d transition probabilities.
The BsE2d value varies asfs1− fd where f is the fractional

filling of the shell f40g, reaching a maximum at midshell.
For even-tensor, one-body seniority conservingsDn=0d

transitions, the matrix element is given by[39]

k jnnJiOp
eveni jnnJ8l = S s2j + 1 − 2nd

s2j + 1 − 2ndDk jnnJiOp
eveni jnnJ8l.

s2d

The amplitude of this matrix elementdecreasesas a shell is
filled, crossing zero at midshell. The square of this amplitude
for j =9/2 nucleons is also plotted in Fig. 6sad, where a para-
bolic shape opposite to that of the seniority nonconserving
transitions is observed. This shape representsBsE2;J→J
−2d transitions forJÞ2, varying ass1−2fd2 f40g and mini-
mizing at midshell.

Figures 6(b) and 6(c) show a comparison between calcu-
lated transition probabilities using the simple seniority
scheme described above with experimental data forph9/2

n

excitations in the Po, Rn, and Ra isotones ofN=126 andN
=122. As theh9/2 orbital is filled, theBsE2;8+→6+d values
decrease toward midj shell. WhileBsE2d values for theN
=122 isotones are not exactly reproduced by the calculation,
the general trend is the same. The broader consequences of
this simple interpretation are discussed in a separate publica-
tion [41].

Since the low-energy structure of210Ra is dominated by
ph9/2

n excitations as shown above, level energies are expected
to be similar to neighboring nuclei. Excitation energy com-
parisons for the isotopes and isotones of210Ra are shown in
Fig. 7. The proposed level scheme for210Ra agrees well with
smooth changes along both the proton and neutron axes. The
maximally aligned h9/2n=2 8+ excitation energy and 8+

→6+ energy difference increase as neutrons are removed
from the Z=88 isotopes and as protons are added to theN
=122 isotones.

All three N=122 isotones shown in Fig. 7 have two com-
peting 4+ levels at similar excitation energies. Shown in Fig.
8 are the low-spin levels of the Po, Rn, and RaN=122 iso-
tones with relative transition probabilities for decays from
the sp1h9/2d6+

n state to the 4+ levels. The transition strength
from the 6+ proton excitation to the 4+ levels in206Po,208Rn,

TABLE III. Systematics of the 8+ isomers in the210Ra region. Energy levels, deexcitationg rays,
half-lives, and transition probabilities are shown for the 8+→6+ transitions. Data are taken from Refs.
[27,34–42] and this experiment.

Ex8
+skeVd 8+→6+EgskeVd t1/2 BsE2dsW.u.d

N=126 210Po 1557 83.54(8) 98.9s25dns 1.10(5)
212Rn 1694 54.2(2) 910s30dns 0.115(6)
214Ra 1865 45.5(5) 67s3dms 0.00136(17)

N=124 208Po 1528 4.02(3) 350s20dns 6.4(5)
210Rn 1665 ,50 644s40dns .1.57s15d
212Ra 1958 63.3(5) 10.9s4dms 0.0079(8)

N=122 206Po 1573 12.5(1) 222s10dns 2.49(17)
208Rn 1828 89.9(1) 487s12dns 0.187(7)
210Ra 2049 95.7(5) 2.1s1dms 0.035(2)

FIG. 6. On the left, a schematic diagram for excitation energies
and seniority for twoj =9/2 particles is shown. On the right are
experimental and calculated[from Eqs.(1) and (2)] BsE2d values.
(a) CalculatedBsE2;2+→0+d values are shown as squares, while
BsE2;J→J−2,JÞ2d values are circles.(b) Calculated (open
circles) and experimental(filled circles [27,34,42]) BsE2;8+→6+d
values for theN=126 isotones.(c) Calculated(open circles) and
experimental(filled circles [35,37], and this work) BsE2;8+→6+d
values for theN=122 isotones. The calculated transition probabili-
ties are normalized to the experimental values of Po. While theN
=122BsE2d values are not explicitly reproduced by the calculation,
the trend suggests good seniority four neutrons away from magicity.
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and210Ra isotones suggests that the 42
+ is comprised of simi-

lar character(presumably predominantlyp1h9/2
n ), while the

41
+ is not.

Also shown in Fig. 8 are the 41
+ and 42

+ states of204Pb. In
the neighboring206Pb124 isotope, the low-lying 4+ states are
primarily comprised ofsnf5/2d−1snp3/2d−1 and snf5/2d−2 con-
figurations[45,46]. These same shell model orbitals would
also be expected to comprise the low-lying 4+ states in
204Pb122. Due to the low energy of the neutron excitation in
204Pb, one of the two low-energy 4+ states in theZ.82
isotones may be suggested as having a similar origin. The
very similar energies of the 41

+ levels across theN=122 iso-
tones with the weak branching from the 6+ state suggests that
the 41

+ states may be largely attributed to neutron excitations.
Neighboring nuclei of210Ra also exhibit secondary 8+

states lying near the yrast 8+ level. This second state is sug-
gested to have a predominantlyph9/2^ ph7/2 configuration,
with weak decays to the 8+sph9/2dn yrast states due to the
spin-flip nature of the transition. Decays from the yrast 10+

level, suggested as predominantlysph9/2dn ^ 2+, are not ob-
served to feed the 82

+ level in the neighboring nuclei. If a
smooth trend for the 82

+ excitation energies is assumed, the

82
+→81

+ transition would be<100 keV in 210Ra. Due to the
intense Ra x rays,g-ray transitionsø104 keV are impossible
to suggest with confidence. Furthermore, due to the high
proton number of88Ra, low-energy transitions are highly
converted. It is possible that the slightly lower intensity of
the 9+→8+ as compared to the 10+→9+ transition is due to
unobserved branching to the 82

+.
Clear evidence for additional isomeric states, such as the

11− sph9/2^ pi13/2d or 9− snf5/2^ ni13/2d, was not observed in
210Ra. Numerous weak isomeric transitions were observed,
but could not be assigned unambiguously to210Ra. In addi-
tion, this experiment was only sensitive to half-lives less
than,5 ns or in the range of a few hundred nanoseconds to
tens of microseconds. Decays with half-lives outside of these
ranges would not have been observed.

Several transitions assigned to210Ra could not be placed
in the level scheme; these transitions may feed isomeric
states. For example, the 398 keV transition was easily ob-
served in the prompt recoil-g-g coincidences, but was not
present in the recoil-isomer gatedg spectrum. This would
suggest that the 398 keV transition does not follow a decay
path to the 8+ isomer, possibly feeding a separate isomer.

The excitation energies for the 11− isomers remain rela-
tively constant across proton and neutron numbers at
,2.6 MeV. The isomer decays predominantly to the yrast
10+ state, with weak branching to the yrast(isomeric) 8+

levels. If a similar excitation energy is assumed in210Ra, this
would suggest that the 11− level lies only,2.5 keV above
the 10+ state. None of the deexcitations below the 10+ level,
the 307 keVs10+→9+d, 217 keVs9+→8+d, nor the 524 keV
s10+→8+d were observed in the isomer detectors. Therefore,
either(i) the 11− level is not isomeric in210Ra, but due to the
low energy and high conversion expected for the 11−→10+

transition this decay was not identified in this experiment, or
(ii ) the 11− level is isomeric in 210Ra, but this experiment
was not sensitive to the decay energy and/or lifetime.

A 9− snf5/2^ ni13/2d neutron excitation is isomeric in
206Po, but not208Rn, so it is not known if this state would be
long lived in 210Ra. In the isotone206Po, this level decays
predominantly to the 82

+ level, with weaker branching to the
8+ yrast state. The small energy differences62 keVd between

FIG. 8. Evolution of 4+ neutron excitations alongN=122. Ar-
rows show transition probabilities from 6+sph9/2dn excitations to the
4+ levels. The relative strength of the decay is shown by the arrow
width. The 41

+ state in the Po, Rn, and Ra isotones shown is sug-
gested as a neutron excitation due to the weak 6+→41

+ branching
and similar excitation energy with semimagic204Pb. Data are from
Refs.[35,37,43,44] and this work.

FIG. 7. Comparisons between even-even isotopes and isotones
of 210Ra with Z.82 andN,126. The level scheme for210Ra is
derived from this experiment, while the neighboring isotones and
isotopes are from Refs.[27,34,37].
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the 9− and 82
+ states may be the cause of the long lifetime.

However, in the Rn isotone, the 9− state is not isomeric,
decaying only to the yrast 8+ level in 208Rn. TheJ=9 level at
2266 keV in210Ra is suggested to have positive parity based
on intensity arguments. The 10+ level at 2573 keV decays
largely by an intense transition of 307 keV to theJ=9 level
at 2266 keV. As both the 518sIg,100d and 688sIg,63d
transitions feed the 10+ state, decays out of the state must
have an approximately equal intensity. For this, both the
10+→9 and the 9→8+ must haveM1 multipolarity, as the
conversion contribution withE1 is too small for the intensity
balance.

B. 209Ra

While this experiment focused on determining excitations
in even-even210Ra, significant data were collected on209Ra
as well.

Transitions feeding the proposed 13/2+ isomer and the
low-lying negative-parity states of209Ra are observed in the
prompt g spectrum. Figure 5 shows the proposed level
scheme for209Ra, with known level schemes from205Po [47]
and207Rn [48]. All three isotones show remarkable similari-
ties.

The low-lying 644, 765, and 371 kev transitions are also
observed in the focal planeg detectors. This suggests that
these states are being partially fed from a high-lying isomer,
possibly the 19/2−fsph9/2d8+

n
^ nf5/2g which is observed in

neighboring odd-A Po and Rn isotopes. While short-lived
isomeric states have not been measured in the isotone207Rn,
in 209Rn the 19/2− decays by a low-energyM1 transition to
a 17/2− level which then decays by another low-energyM1
to a 15/2− level which then branches to the 13/2− and 11/2−

levels. If a similar decay path is assumed in209Ra, the high
conversion probability and poor detection capability for the
low-energy transitions may explain why they are not ob-
served.

The excitation energy and half-life of the 13/2+ isomer
are not known. In the Po and Rn isotopes withN&126, this
isomer decays by a singleM2 transition to the 9/2− first
excited state. For lower neutron numbers, the excitation en-
ergy of the 13/2+ level decreases, increasing the isomer life-
times. At still lower neutron numbers(N=119 for Po), the
13/2+ state lies below the 9/2− state, increasing the isomer
lifetimes significantly as the transition to the 5/2− ground
state hasM4 multipolarity.

In 209Ra, the 13/2+ isomer is expected to lie,250 keV
above the 9/2− first excited state. For the Po and Rn iso-
tones, the excitation energy of the 13/2+ level changes little;
for N=123 the isomer lies at 1175 and 1174 keV, respec-
tively, for Po and Rn, while forN=121 the isomer lies at 880
and 899 keV. A similar excitation energy is expected for
209Ra121.

Along an isotone chain, half-lives for the 13/2+ isomer
are three to four times shorter in Rn than Po. A similar trend

is expected in Ra; an upper limit of 181ms, the 13/2+ isomer
half-life in 207Rn [49], may therefore be suggested for the
isomeric decay in209Ra. If the isomer half-life decreases by
a factor of 3–4 relative to207Rn, a half-life near 50ms is
expected. This experiment was designed to study isomers
with half-lives of a few microseconds, and would thus be
largely insensitive to the long lifetime of the 13/2+ isomer in
209Ra.

V. CONCLUSIONS

In conclusion, we have measured prompt and delayed
g-ray spectra in thetrans-Pb region withA<210. Level
schemes for both210Ra and209Ra have been constructed.

An 8+ isomer in210Ra, presumablyph9/2
n in character, has

been observed, and the half-life measured. The presence of
this isomer allowed210Ra transitions to be selected from the
promptg-ray spectrum.

The 8+ isomeric decay in210Ra was compared to neigh-
boring nuclei and interpreted in terms of the seniority
scheme. A more extensive discussion of seniority systematics
near closed shells will be published elsewhere[41]. Here we
note only that the bowl-shaped behavior as a function of
shell filling for Dn=0 yrast BsE2d values in the seniority
regime contrasts with the expected cap-shaped trend for se-
niority changingsDn=2d yrast BsE2d values and with the
observed behavior of collective nuclei. As valence protons
and neutrons are added beyond doubly magic nuclei, the se-
niority regime gives way to collective behavior and the pat-
tern of BsE2d values shown in Fig. 6(a) should transform to
the usual cap-shaped trend. This contrasting behavior be-
tween seniority-dominated and collective regimes provides a
new signature[41] of near-closed-shell, single-j configura-
tions in exotic nuclei where the locations of magic numbers
and the evolution of underlying shell structure are key issues
of current and future concern.

Two isomers were also suggested in209Ra; a short-lived
s,msd high-spin isomer which feeds into the low-lying
negative-parity states, and a longer-lived(approximately tens
of microseconds) 13/2+sni13/2d−1 state.

Very little is known about the light Ra isotopes with
N,126. This work extends the systematics toN=121, but
studies of lower neutron numbers are necessary to address
the issue of shape coexistence. Further studies of the even-
even Ra isotopes, particularly206RasN=118d and 204RasN
=116d where the ground state deformation is predicted to
change[21], will be essential for this understanding.
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