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The single closed-neutron-shell, one proton-hole nucleus 2% Tl was populated in deep-inelastic collisions
of a 2%8ph beam with a 298Pb target. The yrast and near-yrast level scheme has been established up
to high excitation energy, comprising an octupole phonon state and a large number of core excited
states. Based on shell-model calculations, all observed single core excitations were established to arise

from the breaking of the N = 126 neutron core. While the shell-model calculations correctly predict the
ordering of these states, their energies are compressed at high spins. It is concluded that this compression
is an intrinsic feature of shell-model calculations using two-body matrix elements developed for the
description of two-body states, and that multiple core excitations need to be considered in order to
accurately calculate the energy spacings of the predominantly three-quasiparticle states.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The shell model is a universal approach for the description
of microscopic multi-particle systems, used successfully for such
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diverse structures as nuclei, electrons in an atom or metallic clus-
ters [1-3]. In the case of nuclei, the shell model works well in
explaining the structures based on valence nucleons in the vicinity
of doubly-magic nuclei. Far from the magic nuclei, where a large
number of valence nucleons are present, shell-model calculations
become computationally difficult, and other types of models, col-
lective models, are used more widely. In nuclei with a moderate
number of valence nucleons, the study of the interplay between
single-particle and collective structure is of high interest.

Excited states in doubly-magic nuclei are the result of break-
ing the neutron or proton core. The treatment of such states in
the shell model is more difficult as orbitals from several differ-
ent major shells and their interactions have to be considered. The
present work addresses the region around the heaviest known
doubly-magic nucleus; 298Pb. This nucleus has the peculiarity that
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its first excited state is a collective 3~ excitation, with a highly
mixed and complex wave function. The higher lying states have
much simpler wave functions, dominated by well defined particle-
hole configurations. Low energy states in nuclei with one single
valence particle/hole outside 2%8Pb are characterised by single-
particle structures, while higher energy states are the result of core
breaking. Therefore, they provide an ideal testing ground for how
collectivity arises from single-particle structures.

Deep-inelastic reactions involving a 2°8Pb target or beam are ef-
fective in populating nuclei in the vicinity of 2°3Pb. They were used
to study yrast and close to yrast states, for example, in 296Hg [4].
They are also ideally suited to study high-spin states [5]. In this
letter we report results on the singly magic 29Tly2¢ nucleus, ob-
tained from deep-inelastic reactions.

Nuclei were synthesised in the collisions of a 2°8Pb beam and
a 208pp target, using the ATLAS accelerator at Argonne National
Laboratory. Therefore, the nucleus of interest, 207Tl, was populated
both as a beam-like and as a target-like reaction product. The
beam had an energy of 1446 MeV, 20% above the Coulomb barrier,
and all reaction products were stopped in the 75 mg/cm?2-thick
target. The beam current was ~0.25 particle-nA on average, and
the experiment ran for ~7 days. The beam possessed a natural
frequency such that a pulse occurred once every 82.5 ns. Four
of every five pulses were deflected, leading to a beam-off pe-
riod of 412.5 ns. Consequently, the experiment was sensitive to
both prompt and isomeric decays, the latter having a half-life of
up to a microsecond. The y rays were detected with the Gam-
masphere array [6,7], consisting of 101 HPGe detectors and their
BGO anti-Compton shields. The Gammasphere array was energy
and efficiency calibrated using standard y-ray sources. Tantalum,
cadmium and copper absorbers were positioned in front of the de-
tectors in order to reduce the dominant Pb X-ray yields.

The pulse-processing trigger required three coincident y-rays
detected within 2 ps of each other. Further details on the exper-
imental conditions have been given in our previous conference
papers [8,9], and in Ref. [10].

The data were sorted into three-dimensional histograms of co-
incident y-ray energies, or yyy cubes, with different time condi-
tions. A combination of prompt and delayed cubes were created. In
207T], we found no evidence of delayed transitions in the present
range of sensitivity, therefore all results presented here are from
the prompt y-ray data. In addition, the data were sorted in two-
dimensional yy matrices for angular correlation and angular dis-
tribution studies. The angular distribution matrices were produced
with y rays from individual angles on one axis, with all angles on
the other one.

According to the 2011 Nuclear Data Sheets evaluations [11], the
highest state with a confirmed spin in 2%7Tl is a 11/2~ level, which
is interpreted as the single-hole y'rh;l]/z state. Several transitions

observed in a 135Xe + 298ph deep-inelastic reaction had been iden-
tified as populating this state. Among these, one with an energy
of 2464.9 keV was interpreted as a stretched-E3 transition de-
exciting the 17/2% state [12]. The low-energy structure of 297Tl,
with closed N = 126 neutron-shell and one proton-hole outside
the Z = 82 magic number, is dominated by single proton-hole
states. The ground-state has a nsl’;z configuration, followed by ex-

cited states of ﬂd;/]z. nhl’f/z, and nds’/lz character. The 11/27 state
is isomeric with a half-life of 1.33 s [13]. All the y rays observed
in the present work populate this long-lived excitation, directly or
indirectly.

In the deep-inelastic collision process, the partner nucleus of
207T] is 209Bj, with a well known yrast level scheme [14]. By select-
ing low-lying transitions in 29%Bi, we observe both 209Bi and 207TI

transitions in coincidence with these, as illustrated in Fig. 1a. Some
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Fig. 1. (Colour online.) (a) y-ray transitions in coincidence with the 1608.5-keV
transition from 2%°Bi. Gamma lines from reaction partners 07Tl and 20?Bi are visi-
ble. (b) Spectrum obtained by gating on the 2464.9-keV transition from 2°7TI. The
transitions labelled in red are assigned to 207TI, while those labelled in blue and
italics are from 29°Bi. The transitions labelled with bold are from 298Pb. The insets
show the first and second core-breaking transitions in 2°7TI.
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Fig. 2. (a) Angular distribution of the 2464.9-keV E3 transition, obtained from un-
gated spectra. (b) Comparison of angular distributions of known E2 and E3 tran-
sitions from 298Pb, gated on the 2614.5-keV transition. Panels (c) and (d) are the
angular correlations obtained for the 264.8-keV M1 + E2 and 302.2-keV E1 tran-
sitions, respectively, gated on the 2464.9-keV E3 transition. L = 1,2 lines are the
theoretical angular correlation patterns for the transitions; L is the angular mo-
mentum of the stretched y ray.

of these were previously identified by Rejmund et al. [11,12]. By
gating on the high-energy 2464.9-keV y-ray transition, we iden-
tify a large number of transitions belonging to 207Tl (see Fig. 1b).
Double coincidence gates on these were used to build the level
scheme of 297Tl. As deep-inelastic reactions are known to populate
predominantly yrast and close to yrast states, we expect that the
spins increase with excitation energy. Spins and parities were as-
signed based on decay patterns as well as angular correlation [15]
and angular distribution analyses of the y rays. The 2464.9-keV
line is the strongest transition, and the only one clearly visible
in the total projection of the yyy coincidence cube. The angu-
lar distribution analysis clearly demonstrates its octupole character,
as shown in Fig. 2. The a; and a4 coefficients are very similar to
those of E3 transitions in other nuclei [10,16]. Additional exam-
ples of angular correlation and distribution measurements are also
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Table 1

y-ray transitions associated with 07Tl observed in the present experiment; y-ray
energies, relative intensities from the current work as well as from literature
[11,12], a3 and a4 coefficients from angular correlations, as well as the deduced
character of the transitions are given. The angular correlations are with respect to
the 2464.9-keV E3 transition. The transitions marked with a **’ are from states with
excitation energy over 7 MeV and they are not placed in the level scheme. Many of
the transitions with Ex > 7 MeV are expected to be from core-breaking states.

Ey (keV) Iy Iy [11,12] ap as ol

115.7 11(3)

124.8 14(3)

129.3 3(2)

196.5 23(3) —0.11(5) 0.05(6) M1

213.6 24(3) —0.21(4) —0.02(6) M1 + E2

264.8 100(10) 58(7) —0.07(2) 0.03(3) M1+ E2

302.2 40(4) 40(6) —0.17(4) —0.00(5) E1

342.0 42(3) 26(5) —0.04(3) —0.05(4) M1

352.0 23(5) 0.03(4) —0.09(6) E2

395.9* 21(3)

398.7* 12(3)

422.5* 5(3)

479.3 59(6) 100(10) 0.26(4) 0.07(5) M1+ E2

511.6 28(3) 30(5)

594.9* 10(3)

599.5* 7(4)

604.6 51(5) 53(7) 0.09(4) 0.02(5) E2
1108.6 31(3) 19(5) —0.09(6) —0.01(10) M1/E1
1746.8* 5(2)

2193.4* 4(2)
2464.9

shown on the same figure. The y-ray intensities as well as the
results of the angular correlation analysis are given in Table 1.
Intensity balance analysis shows that the 264.8 keV y ray has
mixed M1 + E2 character, in agreement with the angular correla-
tion/distribution results. The experimentally deduced level scheme
is presented in Fig. 3. This level scheme is considered to be reli-
able up to a 6985-keV excitation energy and spin 35/2. The parity
of this state is tentatively assigned to be positive, due to com-
parisons with shell-model calculations. Several higher-lying y rays
were also observed, but their position in the level scheme is uncer-
tain and they are not shown in Fig. 3. The high-energy transitions
breaking the core, the 2464.9-keV E3 as well as the second core
breaking 1746.8- and 2193.4-keV y rays are seen in the inset of
Fig. 1b.

In order to a have better understanding of the structure of 297Tl,
shell-model calculations have been performed. Two different sets
of interactions and model spaces were considered. The OXBASH
code [17] was employed. The single-particle/hole energies rela-
tive to 203Pb were taken from experimental values. Calculations
were performed for 208Pb and for the four neighbouring single-
particle/hole nuclei 207Tl, 209Bj, 207209ph, The details of the two
shell-model calculations are as follows:

(1) KHH7B interaction: The model space considered consisted of
the proton orbitals ds;z, h11/2, d3/2, s1/2 below Z =82 and the
ho/2, f72, i13/2 ones above it, and the neutron orbitals i13/2, p3/2,
f5/2, p1/2 below N =126 and gg/z, i]]/z, j]5/2 above. The cross
shell two-body interaction matrix elements (TBMEs) are based on
the H7B G-matrix [18], while the neutron-proton TBMEs are based
on the Kuo-Herling interaction [19] as modified in [20]. These cal-
culations describe accurately valence particle excitations (when no
core-breaking is needed). They were used extensively on nuclei be-
low Z = 82 along the N =126 line [21-24], as well as for both in
the N > 126 [25] and N < 126 [5,24] regions.

(2) KHM3Y interaction: The model space consisted of the proton
orbitals 87/2, d5/2, h11/2, d3/2, $1/2 below Z =82 and h9/2, f7/2,
i13/2, f5/2, P3/2, P12 above it, and the neutron orbitals i13/2, p3/2,
fs72, P1/2, hej2, f7/2 below N =126 and gos2, i11/2, j15/2, 87/2,
ds;2, ds3/z, s1/2 above. The additional orbitals, compared to the
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25/~ 312~ 5426 5416
27127 o9/~ 5402 5408
25/t 5100
23/t — 4936
23/2+ 4644
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172 —— 4172
15/2+ 4163
152= 3749
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et 0 1/2+ 0
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Fig. 3. Comparison between the experimental and the KHH7B shell-model level
schemes of 207TI. See the text for details.

KHH7B calculations, are shown in bold. The cross-shell, two-body
matrix elements are based on the M3Y interaction [26], while the
neutron-proton interactions are based on the Kuo-Herling interac-
tion [19] as modified in Ref. [20]. Such calculations gave a good
description of both valence particle excitations around 2%8Pb [20]
and of single- and double-octupole states in 2%8pPb [27].

In the present calculations core excitations across the 298Pb
double-shell closure were allowed. The calculations were done
with truncation to one-particle one-hole (1p1h) excitations for
protons and neutrons. Mixing between t = 0 valence and core-
excited configurations was blocked, as experimental binding en-
ergies and single-particle/hole excitation energies (SPE/SHE) were
used as model input data and, therefore, do not need further corre-
lations. First, we compared the calculations with experimental data
in the case of the core 298Pb nucleus. There is good agreement
between shell-model and experiment in the case of core excited
states, as shown in Fig. 4. The real difference between the two
calculations is on the 3~ octupole state. The KHH7B Hamiltonian
considerably overestimates its energy, while the KHM3Y calcula-
tion slightly underestimates it. This state is collective in nature,
therefore its wave function is complex containing a large number
of core excitations. The difference between the two calculations re-
garding the octupole state is well understood. It is related to the
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Fig. 4. Energy differences between experimental and shell-model excitation energies
in 2%8Pb and 207TI. The sketch in the inset shows the effect on t =1 states of mixing
with t =0 and t = 2 states. See the text for a detailed discussion.

Table 2
Configurations of states in 207Tl, from the KHH7B shell-model calculations. Only the
main components, with weight >20%, are given.

Ex (exp) Ex (the) Jr Configuration Partition
keV keV %

0 0 1/2+ TS 100
351 351 3/2+ wdy) 100
1348 1348 11/2° whil, 100
1682 1682 5/2+ wds) 100
3813 4277 17/2% whil,vp; 8o 63
4293 4378 19/2% whi),vp; 8o 59
4418 4430 21/2F TSy HViTyn 807 71
4683 4644 23/2F TSy HViTy 5807 81
4896 4936 23/2F wdy vis), 8o 39
zrhl’ll/zvfs’/;gg/z 30
5026 5122 25/2F whil v fs 8 79
5524 5402 29/2 Ty Vits)a80p 94
5328 5408 27/2 iy vits)a 802 93
5876 5635 33/2- iy Vvit), 802 95
6985 6768 35/2F i pvitsdisy 94
(6985) 6685 35/2~ whi Vit it 94

number of orbitals considered, and especially to the Aj= Al=3
pairs, as explained in detail in [16].

Next, we compared the shell-model calculations with the exper-
imental excitation energies in the case of 207Tl (see Fig. 4). Again,
there is a good agreement in the case of the core excited states.
Similarly to 208Pb, the energy of the 17/2% state with 7rh1_11/2 cou-
pled to the collective 3~ octupole phonon is overestimated by the
KHH7B shell model and underestimated by the KHM3Y one [16].
The KHH7B shell-model level scheme is shown next to the ex-
perimental one in Fig. 3. There is a direct correspondence for all
experimental levels and the branching ratios are reasonably re-
produced as well [10]. The most intense experimental transitions
correspond with those predicted by theory, with the exception of
the transition populating the 23/2?r and 23/2;r states. The leading
configurations are given in Table 2. All states can be understood
as the result of the breaking of the N = 126 neutron core. With
the exception of the yrast 21/2% and 23/2% states, all other core-
excited states are built on the high spin proton orbital hy1 5.

A closer inspection of Fig. 4 points to a systematic effect for
states in 07Tl with spins above 29/2h. The difference between ex-
perimental and theoretical excitation energies increases with spin.
In other words, the calculated levels are compressed at high-spin
(see Fig. 3). This observation holds for both shell-model calcu-
lations. Here, a qualitative explanation of this behaviour is pre-
sented.

Mixing between states with different numbers of core excita-
tions (t =0,1,2...) modifies their relative energies. In order to
estimate how much the inclusion of additional excitations affects
a state, the single-particle states were examined in the four nuclei
around 2%Ppb, The mixing of t = 0 (no core excitations) and the
t =1 (core excitations) states, pushed down the energies of the
t = 0 states by ~250 keV. The energy change is correlated with
the number of excitations induced, and it is smaller at lower spins.
At the same time, the energies of t =1 states in the spin region of
interest, I > 11/2h, are not affected since there are no such t =0
states to mix with (see inset of Fig. 4). In the case of the ground
state in 207Tl, the energy change was 281 keV.

Inclusion of t = 2 states in the calculations will push the t =1
states down in energy. The energy shift of the t =1 states will
be correlated with the number of available t = 2 states with given
spin-parity. The number of high-spin states is lower than the low-
to-medium spin states. Consequently, the high-spin t =1 states
will be pushed down less by this mixing with t = 2 states. There-
fore, the compression of the high-spin states in the t =1 shell-
model calculations can be understood; the t = 2 excitations have a
spin-parity distribution, and comparatively few of them will have
high, I > 15A, spin. The effect of mixing on the t =1 core-excited
states is sketched in the inset of Fig. 4. While mixing with t =2
states might be able to solve the problem of the compression of
high-spin states, it would not result in correct excitation energies.
Mixing with t = 2 states will affect the energies of the single-
particle states as well, including the ground state. As these spins
can be produced with relatively low energy by lifting an I =0
pair above the gap, the effect is larger than on the t =1 levels.
So, in reality, including at least t = 3 states is needed in order to
get the correct excitation energies. However, due to computational
limitations, calculations with three (or five) particle-hole excita-
tions cannot be performed for 297TL. It should be noted that, in the
present case, where the single-particle energies are taken from ex-
periment, mixing of states with different ¢ values will result in the
wrong computed mass.

A similar discrepancy between experiment and theory when
only one core excitation was considered was previously noted in
the 190Sn region [28]. In order to achieve a good description of the
excitation energies of core-excited states in 98Cd, several, t =5,
particle-hole excitations across the closed Z = N =50 shell had to
be accounted for. At lower masses, such calculations can be car-
ried out due to the lower number of available orbitals within the
shells. Around '%°Sn, only a single orbital, the gg/> one, needs to
be considered below Z = N =50, with g7/2, ds/2, and hq1/, states
above the shell gaps. On the other hand, around 298Pb, there are
a large number of orbitals both below and above the proton and
neutron shell gaps to be taken into account.

Due to computational challenges (large number of orbitals from
four major shells have to be considered), the shell-model frame-
work with realistic interactions is rarely used to study core-excited
states around 28Pb [27,29]. The majority of the works involved ef-
fective residual interactions, which were derived from experiment.
In this case, the octupole state is treated as an independent exci-
tation [30]. These calculations have high predictive power [31,32],
however, they provide less insight into the microscopic structure
of the excitations.
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In conclusion, 29Tl 56 was populated in a 298Pb + 298Pb deep-
inelastic reaction. A large number of excited yrast and near-yrast
states were identified on the top of the 11/27, nh;f/z isomeric
state. The level scheme is unambiguously identified up to spin
35/2 at 6984 keV. The 17/2% state is of collective octupole char-
acter, while the other levels are understood to be associated with
core excitations across the N = 126 neutron shell gap. The order-
ing of these three-particle states is reproduced well by shell-model
calculations. However, these calculations give a compressed en-
ergy spectrum at high spin. This spin dependent description of
core-excited states is intrinsic to the nature of shell-model cal-
culations with two-body matrix elements. This suggests that the
structure of the predominantly three-particle states is more com-
plex and multiple-core excitations need to be considered to re-
move the high-spin compression. In the future, the extension of
the calculations to core-excited states using different modern ef-
fective interactions [33] could shed more light on the role of the
interactions as well as that of the single-particle model space.
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