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First Exploration of Monopole-Driven Shell Evolution above the N =126 Shell Closure:
New Millisecond Isomers in 21°TI and 2'°TIl
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Isomer spectroscopy of heavy neutron-rich nuclei beyond the N = 126 closed shell has been performed
for the first time at the Radioactive Isotope Beam Factory of the RIKEN Nishina Center. New millisecond
isomers have been identified at low excitation energies, 985.3(19) keV in 21*T1 and 874(5) keV in 2!°T1. The
measured half-lives of 1.34(5) ms in 2*T1 and 3.0(3) ms in 2!5T1 suggest spins and parities 11/2~ with the
single proton-hole configuration z/;, /, as leading component. They are populated via E1 transitions by the
decay of higher-lying isomeric states with proposed spin and parity 17/2%, interpreted as arising from a
single 754, proton hole coupled to the 8" seniority isomer in the A+1Ph cores. The lowering of the 11/2~
states is ascribed to an increase of the zh;,/, proton effective single-particle energy as the second vgy,
orbital is filled by neutrons, owing to a significant reduction of the proton-neutron monopole interaction
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between the zh,;/, and vgy, orbitals. The new ms isomers provide the first experimental observation of

shell evolution in the almost unexplored N > 126 nuclear region below doubly magic 2°*Pb.

DOI: 10.1103/PhysRevLett.133.072501

The study of nuclei far from the valley of stability, so-
called exotic or rare nuclei, is crucial to understand the
evolution of the shell-model orbitals at extreme numbers of
protons (Z) and neutrons (N) [1-6]. The resulting structural
properties in rare nuclei [7—12] are determinant to advance
our knowledge of the reaction and decay rates in key
astrophysical events [13-15], in particular, the nucleo-
synthesis processes producing elements heavier than iron
[16,17]. In this regard, systematic studies of nuclear states
described by single-particle excitations provide invaluable
insight on the evolution of shell structure near closed shells.
This is a key aspect to better predict structural phenomena
in yet unexplored nucleosynthetic nuclei [10,18].

Hitherto, the heaviest spherical closed shells known are
Z =82 and N = 126, constituting doubly magic 35°Pb .
To what extent the heaviest shell gaps hold away from 2°Pb
and what their impact is on the timescales and final
abundances of the rapid neutron-capture (r) process [19]
still remains a conundrum. The weak interaction rates in
this region are particularly crucial since they regulate the
nucleosynthesis of the actinides via the abundance stock-
piles at the third r-process waiting point [16,19-25]. They
strongly depend on the ordering and energies of single
proton and neutron orbitals near the Fermi surface, the most
relevant of which have large total angular momentum j (see
Fig. 2 of Ref. [26], p. 1529). In many theoretical frame-
works [27-29], the f# decay of N ~ 126 nuclei is dominated
by high-energy parity-changing first-forbidden (ff) transi-
tions that prevail over the allowed Gamow-Teller (GT)
decays (UOhg/z il 71'0]’111/2) and (Z/Oill/z d ﬂ0i13/2), result-
ing in substantially enhanced rates. Since the contributions
of ff and GT transitions are affected by changing single-
particle energies (SPEs), shell evolution around 2%*Pb,
specially of the high-j orbitals driving GT strength,
becomes of general interest in both nuclear structure and
nuclear astrophysics.

In the present Letter, we report on the development of
spin isomerism in the single proton-hole 70k, , states of
23715, and 2'°Tly34, with six and eight neutron particles
above N = 126. These are the first millisecond isomers
reported in the N > 126 region below 2*Pb, and might
prelude the development of astromers that impact on the
final elemental abundances of heavy nuclei in the r process
[30]. The new J* = (11/27) levels have energies about
300 keV lower than the ones predicted by shell-model
calculations [31]. The energy decrease is ascribed to an
upward trend of the z0h,, , proton effective SPE (ESPE) as
the v1gy, shell is filled by neutrons. This effect is driven by
the monopole interaction, which is the lowest order

component of the residual nucleon—nucleon interaction
[26]. The results thus provide the first experimental
observation of shell evolution in a high-j orbital beyond
208ph, a key structural feature to help improving the global
nuclear models used in r-process simulations [29,32,33].
These, at present, show strong discrepancies towards the
N = 126 waiting point and beyond, and need stringent
constraints to provide higher-quality calculated p-decay
inputs getting far away from stability.

Spectroscopic studies of heavy N > 126 nuclei have
been carried out for the first time at the RIBF facility,
RIKEN Nishina Center. The cyclotron acceleration com-
plex delivered a stable 2*®U beam at an energy of
345 MeV /nucleon. The beam intensity was the highest
reached so far in a fragmentation facility, 70 pnA. The most
exotic N > 126 nuclei in the isotopic chains of ,;Ir to ¢,Po
were produced in fragmentation reactions of 2**U colliding
to a Be target 5-mm thick.

Separation and identification of heavy nuclei are known
to be a challenge in fragmentation facilities [34]. At
RIKEN, unambiguous information on the mass-to-charge
ratio A/Q was obtained using thin degraders at the dis-
persive focal planes of the BigRIPS spectrometer [35].
Identification in atomic number Z was achieved using a
novel telescope array consisting of four tilted Si detectors
which provided accurate energy losses for the transmitted
heavy fragments. The Si telescope was placed at the exit of
the ZeroDegree spectrometer [36].

A total of about 4000 ions of 2'*T1 and 1000 ions of
25T1 were implanted in the active stopper WAS3ABi
[37]. It consisted of a compact stack of four 1-mm thick
Double-Sided Si Strip Detectors (DSSSD), each with
32 x 32 pixels. The implantation setup was completed
by BRIKEN [38,39], a hybrid detection array consisting
of 140 *He proportional counters and two segmented
clover-type HPGe detectors. Because of severe damage
of one of the two HPGe detectors in the experiment, only
one of them was used for analysis, providing an absolute
y-ray efficiency of ~1% at 1408 keV. More details of the
setup are provided in Ref. [39].

Implanted nuclei, f particles, and conversion electrons—
henceforth called Meitner-Ellis electrons or MEEs [40]—
were discriminated by the energy deposited in WAS3ABi.
The active stopper also recorded the time, DSSSD and
(X, Y) strip position for each of these events. The energy
and time of y rays were registered by the HPGe clover
detector. This information was recorded on an event basis
by independent data acquisition systems in order to re-
construct off-line the radioactive decay(s) of the implanted
residues using correlations in position and time [39,41,42].
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FIG. 1.

(a) and (b) MEE energy spectra of 21*T1 and 2!Tl, respectively. (c) and (d) Singles isomeric y spectra of 2!*T1 and 2!°Tl,

respectively (black). For comparison, the background spectra of correlations between ions and preceding y rays are also shown (red).
(e) and (f) y-ray spectra in prompt-time coincidence with the MEEs at the left of the blue dotted lines in panels (a) and (b), respectively.
(g) and (h) Spectra of y rays preceding the decay of the MEEs at the left of the blue dotted lines in panels (a) and (b), respectively. Inset
panels in (a)—(d) show time distributions of MEEs and preceding y rays [marked in italics in panels (c) and (d)]. Unbinned maximum
likelihood fits to an exponential function plus a constant background are indicated in yellow.

Isomeric states were investigated in a broad dynamic
time range exploiting two procedures. The first consists in
building the time differences between implanted ions and
subsequent y rays [41-44]. The shortest time differences
are limited by the prompt flash produced by the implanta-
tion [43], of approximately 200 ns. The second procedure
exploits the production of MEEs in the internal decay of the
isomer. In such cases, additional conditions on the discrete
MEEs energies and (X, Y) strip distance between implanted
ions and MEEs are applied. The shortest time difference for
ion—MEE correlations is fixed off-line to 500 ps to avoid
the dead time caused by the electronic processing of
implantation events.

Figures 1(a) and 1(b) show energy spectra of MEEs
correlated with ions of 23Tl and 2!3TI. The spatial corre-
lations are restricted to the same DSSSD and pixel of
implantation in WAS3ABi. Maximum ion—MEE time
differences of up to 40 ms are applied. Figures 1(c) and
1(d) show y rays detected up to 6 ms after implantations of
2I3T1 and 2'5TI, respectively. For the two nuclei, we find
three y rays in 2-ps prompt-time delayed coincidence with
the MEE peaks, see Figs. 1(e) and 1(f). The y transitions at
379.3(8) keV in 2'*T1 and 598.3(10) keV in 2'°TI are found
to decay up to 5 ms before the MEE [see Figs. 1(g) and
1(h)]. The time distributions of the MEEs and the preceding
y rays, shown in the inset panels of Figs. 1(a)-1(d), reveal
the existence of two isomeric states in each nucleus.
Unbinned maximum likelihood fits including probability
density functions of the isomer exponential decay and a
constant background related to random correlations return

half-lives of #;,, = 1.34(5) ms and 1,/, = 4.3(4) ps for
213T1, and #; ), = 3.0(3) msand 1,, < 210 ns for ?'°T1. The
present half-life of the 379.3(8)-keV y peak agrees within 1
standard deviation with the reported value of 7/, =
4.1(5) ps [45], thus benchmarking the identification and
correlation procedures used at RIBF.

In Fig. 2, the isomeric level schemes of 2!*T1 and 2Tl
are compared to shell-model calculations (henceforth called
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FIG. 2. Tsomeric decay schemes of 2'*TI and 2'*Tl compared

with shell-model calculations SM1 [31]. 11/2~ states and E3
transitions are indicated in blue, while isomeric half-lives are
shown in red. Arrow widths are proportional to transition
intensities.
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FIG. 3. (a) Experimental levels of odd-mass TI isotopes with N > 126 (filled squares) compared to shell-model calculations (lines).

States with leading single proton-hole configurations are shown in purple colors, while levels arising from proton-core couplings are
marked in blue tones. (b) Same as (a) for the even-A Pb isotones. (c) Measured B(E2;17/2% — 13/27) values for TI (filled squares)
compared to shell-model calculations. For 213T1 (N = 132), the range of B(E2) strengths for a transition of 20-80 keV is drawn. For
2I5T] (N = 134), the arrow indicates the lower limit obtained from the isomeric lifetime measured in this Letter. Experimental
B(E2;8" — 61) strengths for the Pb isotones (empty squares) are also shown. (d) Same as (c) for B(E3;11/2~ — 5/2") strengths. In

all panels, SM1 calculations are indicated in dashed lines, SM2 in solid lines, and SM3 in dotted lines. Experimental data for

and 210-21pp are taken from Refs. [44,45,52,53,55].

SM1) using the code KSHELL [46]. The valence space
consists of the proton orbitals 0g/5, 1ds/, 1d3/, 2512,
Ohy1/, below Z = 82 and the neutron orbitals 0iy; /5, 1gg/2,
197/2, 2d5/2, 2d3/2, 351/2, Oj15/2 above N = 126. The two-
body matrix elements are based on the Kuo-Herling [47,48]
and VMU + LS [49,50] interactions as described in
Refs. [31,51]. The single neutron and proton hole energies
are taken from the experimental spectra of 2Pb and 2°'Tl,
respectively. The transition probabilities are calculated
using empirical effective charges of e, = 0.8 for neutrons
and e, = 1.8 for protons [31]. For the most exotic 2'°T1, we
allow at most two neutrons exciting from the vlgy,
Wiy, and 10j;s,, orbitals to the vlgyn, v2ds),
v2ds),, and 135y, ones. No excitations across the 2**Pb
core are considered.

The experimental excitation spectra of the two nuclei are
proposed based on the spectroscopic information of Fig. 1,
y-ray intensity balance, and comparison with SM1 calcu-
lations. They reveal alike structures, with a (17/27) iso-
meric state decaying through the (13/2%) — (11/27) —
(5/2%) = (3/2*%) = (1/2%) cascade. In the lighter 2°°TI,
the analogous (17/2") long-lived level was previously
attributed to the coupling of a 75/, proton hole with the
seniority v = 2, (8") isomer in 2!%Pb [52,53]. Similarly, the
leading component of the (17/2") states in !3T1 and 23Tl
corresponds to the nsl‘/lz ® v(gy2)y: configuration. The
isomeric nature of the newly observed states, hence,
provides experimental evidence of good preservation
of seniority in proton-hole-core coupled states well beyond
208Pb.

Looking at Fig. 2, the (17/2%) levels decay via low-
energy E2 transitions to the (13/2") states, with pre-
dominant configuration 71'51_/12 ® v(go/2)s+ - The absence of
Ka x rays in Figs. 1(c)-1(d) indicates that the energies of
the 17/2% — 13/2* transitions in >'*T1 and 2!T1 are more
likely below the binding energy of the Tl K electron,

207-21 lTl

85.5 keV. In 29°Tl, the (13/2%) state decays to the (9/27)
level, with main zs7), ® v(go/2);+ configuration, by a
stretched E2 transition [52,53]. For the more exotic 2!°Tl
and 21Tl, the (13/2%) state no longer follows the seniority
sequence but populates the J” = (11/27) level, mainly
described by an unpaired proton hole in the zh;,/, orbital,
via an E1 decay. The (11/27) state, which becomes
isomeric, populates the yrast (5/2%) level arising from
the ﬂsl‘/lz ® v(gy2)5+ coupling. The calculated conversion

coefficients [54] of the corresponding E3 transitions at
243.4(15) keV in 2°Tl [a,, = 1.48(2)] and 135(5) keV in
2571 [a,, = 28(7)] explain the pronounced Meitner-Ellis
peaks in Figs. 1(a) and 1(b). The decay finally feeds the
J™ = (3/27) level, mainly described by a proton erg/lz hole
excitation, and the J* = (1/2") ground state, with leading
configuration nsl_/lz.

The excited states of odd-A Tl nuclei with two to eight
neutrons above N = 126, reported in this Letter and
previous works [53,55], are shown by colored solid squares
in Fig. 3(a). The unexpected fall of the (11/27) state from
1369 keV in 2°°Tl to 985 keV in 23T and 874 keV in 21Tl
provides the first stringent proof of shell evolution in the
Z < 82, N > 126 quadrant beyond 2%Pb. The SM1 cal-
culations, shown as a dashed magenta line, predict com-
parable excitation energies along the v1gy, orbital, failing
to reproduce the lowering of the z0h,; /, proton-hole state
in exotic Tl isotopes at increasing N.

To argue the crucial role of the monopole interaction in
reproducing the downward trend of the J* = (11/27)
states, we first consider a constant shift of 300 keV in
the 70h;,/, orbital SPE used in calculation SMI. The
resulting 11/2" energy in 2'3T1 agrees with experiment, but
the calculation fails for 2072°TI predicting energies
~300 keV lower. Yet one should note the ESPE is given
by the addition of SPE and n - V,,, where n is the particle
occupancy and V,, is the monopole interaction. While the
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TABLE 1. Experimental excitation energies (in keV) of the
11/27 states in odd-mass Tl isotopes compared to the shell-
model calculations SM1 [31] and SM2, which use reduced
(v1gyy2, wOhyy /) matrix elements. New experimental informa-
tion is indicated in bold. Previous data are taken from
Refs. [55,56].

Nucleus 201 2097 211 2137] 2157]
ElY,  1348.18(16)  1369(10) 985.3(19) 874(5)
BN 1349 1331 1306 1273 1251
ESM2 1349 1230 1103 961 802

11/27

spherical doubly magic SPE is constant, the ESPE changes
as a function of n owing to V,,. In the Tl isotopes, the
reduction of J” = (11/27) excitation energies occurs as
neutrons are added to the v1gy/, orbital. Hence, a weak-
ening of the proton-neutron monopole interaction between
the 70h,,/, and vlgy, orbitals is more likely driving the
observed lowering. To test the aforesaid hypothesis, we
reduce the corresponding monopole matrix elements in
SM1 by 60%. This quantity is chosen to reproduce the
energy of the J* = (11/27) level in 2'3T1. We apply the
truncation used in SM1 for 23Tl to calculate excitation
energies and electromagnetic properties in all Tl nuclei.
The theoretical results using the modified -effective
Hamiltonian and truncated model space are labeled as
SM2 in Table I and shown in solid lines in Fig. 3. The new
SM2 calculations do not only reproduce well the energy
decrease of the (11/27) levels, but the whole low energy
spectra of 29-215T] and 2!9-21%Pb, as evinced in Figs. 3(a)
and 3(b). Further, the lowering of the (11/27) states by the
monopole effect can be interpreted in the Nilsson mean-
field model by a small increase in deformation which drives
an approach of the 725, [400] and z0h, /, [505] orbitals.

Because of the particle-core mechanism [57,58], the
energies of the (5/2%) and (13/27) states in odd-A TI
nuclei are similar to those of the seniority (2*) and (6™)
levels in the A*!Pb isotones, see Figs. 3(a) and 3(b). The
same situation is expected for the B(E2,17/2" — 13/27)
values, which should presumably follow the parabolic
seniority behavior reported for the (87) — (61) transitions
in Pb [44]. Figure 3(c) shows by filled squares the
experimental B(E2) strengths for TI nuclei, where the
reported 71, = 0.58(8)-ps y ray at 144 keV in *!'T1 [45] is
considered to deexcite the (17/2%) isomer. The analogous
B(E2) values in the AT'Pb cores are also indicated by
empty squares. The Tl nuclei show a breaking of symmetry
around the middle of the vlgy,, orbital, a behavior
predicted for both TI and Pb isotopes by SM2 (solid lines).
This is in line with previous calculations using the Kuo-
Herling and other realistic two-body interactions [44]. The
dissimilarity between the experimental transition strengths
of 21T and 2'?Pb (N = 130) is also significant, of about 1

order of magnitude. With our new data, we can further test
the underlying residual interaction to understand the
observed distortion from seniority in the TI isotopes. To
this aim, we have performed more realistic shell-model
calculations in a larger model space (henceforth called
SM3), including the five proton orbits below Z = 82 and
the 70hg/, 71f7,,, and #0i;3,, orbitals above, and the
v1gy/y, 10012, and 10j5/, orbitals above N = 126. The
calculations include one proton excitation across the Z =
82 shell gap, allowing for the Aj = 2 proton-core excita-
tion zsy),(hi)2f7/2) ® (vg5,) in the TI isotopes. This
results in a general enhancement of the quadrupole col-
lectivity, evinced by the dotted lines in Fig. 3(c). With SM3,
the agreement between measured and calculated B(E2)
strengths improves significantly for the Tl isotopes.
However, the experimental trend followed by the Pb nuclei
is not reproduced, supporting the importance of neutron
excitations across the N =126 shell gap in Z =82
nuclei [44].

The B(E3;11/27 — 5/2") strengths derived in the
present work for 2!°T1 and 2!3T1 are shown by filled squares
in Fig. 3(d). Comparison with calculations SM2 (solid line)
and SM3 (dashed line) reveals discrepancies of about 1
order of magnitude between experiment and theory.
According to SM2, the E3 transitions are mediated by
admixtures of zd5}, with the dominant zs7}, ® 2" con-
figuration in the J* =5/2] states, resulting in sizable
single-particle zh/, — nds;, E3 strength. These admix-
tures, which amount to 5% in 2'*T1 and 8% in 2!°Tl, explain
the increasing trend of the calculated B(E3), but not the
excess of the experimental values. The missing strength
might come from admixtures of the zhj} /, excitation with
the ﬂ'ds_/lz ® 3~ octupole coupling in the 11/27 states. The
3~ collective octupole phonon in 2%Pb [59] has been pre-
viously found to enhance the E3 rates between single-
particle-like levels in neighboring nuclei [60-62]. The
B(E3) values reported here, in between the shell-model
estimates and B(E3) = 33.8(6) W.u. for the 3~ phonon
[63], support this assumption.

The SM3 calculations, which allow for one proton-core
excitation to the z0hy,», 71f7,,, and 70i;3, orbitals above
Z = 82, predict slightly enhanced B(E3) strengths than
SM2. Though far from supplying a full treatment of the
particle-octupole coupling effect in a shell-model frame-
work, SM3 provides indications of what can be expected in
a thorough computation of excitations across the shell gaps.
Together with the B(E2) results discussed before, our
Letter evinces the importance of breaking the 2°*Pb core
to understand the electromagnetic properties of Z < 82,
N > 126 nuclei.

In summary, first spectroscopy of the rarest N > 126 Tl
nuclei has been performed at RIKEN in a pioneering
experiment. Excited isomeric structures with J” =
(17/2%) and (11/27) were populated in 2'*T1 and 2'TI,
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providing spectral information not accessible in any other
nuclear facility. The development of spin isomerism in the
single proton-hole 70h;;/, states has been observed for
the first time and attributed to a significant reduction of the
monopole (v1gq/», 70hy; ;) matrix elements, strongly sup-
porting the crucial role of the monopole interaction [64] in
shifting the 70k, ESPE below 2%Pb. The observed
phenomenon resembles the reduction of the proton
70f7/2 — n0f'5/, spin-orbit splitting by effect of the strong
monopole interaction near "®Ni [8], which is boosted by the
filling of the first v0gy/, neutron shell [11,65,66]. In
parallel, the conservation of seniority has been proven
through the excitation energy and B(E2) of the (17/27)
isomers, which are interpreted as the coupling of a zs, ),
proton hole to the (8") seniority isomers in the A*!'Pb
isotones. Such a study becomes unique in that no other
isotopic chain provides a testing ground to investigate the
impact of the particle-core mechanism [57] on the B(E2)
seniority cancellation rule across a complete j orbital. The
new results represent a first step to understanding how the
high-;j orbitals evolve away from doubly magic **®Pb, of
special importance to model the f decay towards the
actinides in the r process and pave the way to search for
astromers beyond N = 126, which can potentially influ-
ence the final abundance distribution of the heaviest
elements.
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