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The excited level structures of **>Tl and *Pb, above the 7+ and 29/2~ isomers, respectively, have been
studied. An isomer with I™ = 20* and Tj,, = 215(10) ps has been established in 2°*Tl, and the level scheme
extended from 7 = 10 to 20/ with the placement of fifteen new transitions. In 2®*Pb, the I™ = 37/27 state
is established to be metastable, with T, = 2.5(3) ns. Levels in both nuclei arise from intrinsic excitations,
with likely particle-hole character for the higher-lying states in 2*Pb. The 20" isomer in 2°*TI is most likely
associated with a whi ), ® v(ir3),, fs3) configuration, while the 37/2* state in ***Pb results from the excitation
of five neutrons. Calculations, using both an empirical approach and the OXBASH code, have been performed to

aid in the description of the excited level structure.

DOLI: 10.1103/PhysRevC.102.024329

I. INTRODUCTION

Isotopes of Tl (Z = 81), with a one-proton hole with
respect to magic Z = 82, and with neutron numbers ap-
proaching the shell closure at N = 126, exhibit evidence
of metastable states built on intrinsic excitations. Such
metastable states in the relatively neutron-rich isotopes
204-206T] [1-3] have been well studied through multinucleon
transfer reactions using 2°Pb beams or targets. In proton-
rich isotopes with A < 199, prompt structures are known and
there is no evidence of metastable states at high spin [4,5].
In contrast, there is comparatively limited information on
metastable states in Tl isotopes with A = 200 to 203 [6-8].
Isotopes of Pb (Z = 82) with A =~ 200 have been studied more
extensively and a number of isomers at low and intermediate
spin identified [9]. Since most of them were populated in
a-induced reactions, the available high-spin information is
limited.
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Information on isomeric states in the proximity of doubly-
magic nuclei leads to insights into the relative ordering and
precise spacing of single-neutron and proton energy levels,
as these long-lived levels are usually built on intrinsic modes
resulting from specific proton and/or neutron excitations. The
structure of high-spin, metastable states is typically dominated
by configurations involving high-j nucleons; in this case,
those occupying the vij3/, and mhyy/ subshells. Isomers at
high excitation and spin have multinucleon configurations.
In instances where the angular momentum available from
neutron- and proton-hole configurations is exhausted, excita-
tions across the Z = 82 and N = 126 shell gaps play a role in
generating even higher spins. The precise excitation energies
of isomers depend on the strength of residual interactions
between the valence nucleons involved. Therefore, establish-
ing such states provides this additional insight. Systematic
data on isomers across isotopic or isotonic chains allows for
discriminating tests of the validity of modern-day shell-model
calculations and of the various interactions used. While high-
spin isomers have recently been studied in some Hg, TI, and
Pb isotopes [9,10], there is limited information on some nuclei
in these isotopic chains which cannot be accessed readily
through heavy-ion induced fusion-evaporation reactions or
those which cannot be populated using inelastic excitation or
few-nucleon transfer reactions.

©2020 American Physical Society
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II. EXPERIMENT AND DATA ANALYSIS

The excited level structure of 2*>T1 was determined from
two experiments: one using the INGA spectrometer (Indian
National Gamma Array) [11], and the other with the Gam-
masphere array [12,13]. The experiment using INGA was
performed at the Inter-University Accelerator Centre (IUAC),
New Delhi, India. Excited levels in 2Tl were populated
through the '*®Pt("Li, 3n) fusion-evaporation reaction at inci-
dent energies of 31-36 MeV with the "Li beam obtained from
the Pelletron accelerator. The '°®Pt target was isotopically
enriched (R*92%) and had a thickness ~10 mg/cm?. The
INGA array, at the time of the experiment, consisted of 14
Compton-suppressed clover HPGe (high-purity germanium)
detectors and a planar HPGe one. The directional correlation
from oriented nuclei (DCO) method [14,15] was used to deter-
mine the multipole order of transitions observed in the INGA
experiment, since the feeding from the high-spin isomer was
almost insignificant (see below). Data obtained with the clover
detectors placed at 90°allowed for the deduction of the IPDCO
(integrated polarization from direction correlation) ratios [16]
instrumental in the assignment of either electric or magnetic
character to transitions of interest. The planar detector enabled
the efficient detection of low-energy (<100 keV) y rays. Two-
and higher-fold y-ray coincidence events were recorded in the
experiment with the INGA array.

The second experiment was performed at the Argonne
National Laboratory with a 1450-MeV 2*’Bi beam from the
ATLAS accelerator incident on a 50 mg/cm’? '""’Au tar-
get. The nuclei of interest were populated through multin-
ucleon transfer reactions. Gammasphere was composed of
100 Compton-suppressed HPGe detectors. Three- and higher-
fold coincidence events were recorded in this measurement.
While a coincidence time window of &1 us was employed in
both experiments, an additional beam pulsing, with a 200 us
on and 800 us off period, was utilized during part of the
Gammasphere experiment. This enabled a search for long-
lived isomers. Two- and higher-fold coincidence data were
collected in the 800 s beam-off period.

Complementary information obtained from the two ex-
periments was crucial in establishing the level scheme of
2027T1. A number of histograms of different types were created
to aid in establishing the level ordering, the half-lives of
isomers, and the multipole order and character of transitions.
Two- and three-dimensional symmetric energy histograms,
asymmetric ones for DCO and IPDCO analysis, and one
with the planar versus all clover detectors, were created using
the data from the INGA experiment. The Gammasphere data
were utilized to create three-dimensional symmetric energy
histograms to inspect coincidence relationships between y
rays in the prompt time range (£50 ns with respect to when
the beam was incident on the target) and in the delayed
regime (450 to +650 ns). In the case of y rays detected
during the 800 us beam-off period, coincidence histograms
with a prompt time condition between those photons in a
given event (£50 ns with respect to each other) were re-
quired. Additionally, energy-gated two-dimensional energy
versus time difference histograms were also created for the
determination of half-lives within the coincidence window

[17-19]. The symmetric energy histograms were analyzed
using the RADWARE suite of programs [20].

III. RESULTS
A. 2?7

The N = 121 isotones 2°>T1 and 2**Pb had been previously
studied using 2™Pb(d, o) 2*T1 [21], 2®Tl(n, 2n) 2°*T1 [22],
and 202Hg(oz, 3n) 23Pb [9] reactions. Experimental informa-
tion on 2°2T] was limited to states up to the I” = 9F level
at E, = 2340 keV. In the present work, the decay scheme
of 2°>TI has been considerably extended with the inclusion
of fifteen new transitions up to the I = 20% level at E, =
4148 keV. Furthermore, a new isomer with I = 20" and
Ti/2 = 215(10) s has been identified.

The 7% states in doubly-odd TI isotopes of the A ~
190-200 region have isomeric character. Such a state with
Tio = 591(3) ps had been previously identified in 20271, the
half-life is confirmed in the present work. The 12~ states in
202,204.206T] had been first established using 2*+200208ph(d, o)
reactions [21] and had been located at E, = 2.15, 2.31, and
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FIG. 1. Partial decay scheme of 2Tl established from the
present work. The transitions above the 101 level are all newly
identified. The isomer with /™ = 20" is newly determined from
the present work while the one with I™ = 7% had been established
previously [22].
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TABLE 1. Energies and intensities of y rays, and excitation energies and spin-parities of initial and final states in 2°*T1. Transition energies
are accurate to within 0.5 keV. Statistical uncertainities on y-ray intensities and DCO ratios are listed. DCO and IPDCO ratios are from the
INGA data and relative intensities are from the delayed regime in the Gammasphere experiment. Typical values of DCO ratios in a gate
on a stretched dipole transition were found to be ~1.0 and 2.0 for known stretched dipole and quadrupole y rays, respectively. Multipolarity
assignments from the present work are included. “#” indicates multipolarity assignment from intensity balance considerations listed in Table II.

“x” indicates multipolarity assignment based on DCO and IPDCO ratios.

E, (keV) E; (keV) — E; (keV) Ir =17 I, DCO IPDCO Multipolarity
(17 3057 — 3041 150 — 140

(54) 3110 — 3057 - 1500

77.0 2045 — 1968 1+ — 10@

134.2 2179 — 2045 12- — 11+ 139(6) 1.15(6) El*
149.2 1099 — 950 6t — 7+ 5(1)

166.7 3041 — 2873 140 - 130 8(1) M1*
175.6 3232 — 3057 (157,167) — 15 34(4) M1*
183.6 3057 — 2873 150 = 130 38(4) E2*
211.6 1552 — 1340 9+ 5 g+ 50(3) 0.95(5) M1
240.6 1340 — 1099 8+ — 6+ 15(2) 1.76(16)

253.0 3485 — 3232 (167,17°) — (15-,167) 64(4) E2*
285.8 4148 — 3862 (20%) = (177) 102(9) E3*
375.0 3485 — 3110 16,177) — 13(3)

376.5 3862 — 3485 (17°) — (167, 17°) 97(7) M1*
389.5 1340 — 950 8+ — 7+ 114(5) —0.062(4)

416.0 1968 — 1552 109 — 9+ 9(1)

429.0 3485 — 3057 (167, 177) — 150 12(3)

492.7 2045 — 1552 11+ — 9+ 134(6) 1.66(6) 0.045(6) E2*
601.8 1552 — 950 9+ — 7+ 48(4) 1.87(13)

628.4 1968 — 1340 109 — 8+ 49(4) 1.65(10)

629.0 3862 — 3232 (177) — (157, 167) 17(3)

694.3 2873 — 2179 130 = 12— 80(8) 1.20(7)

806.2 3862 — 3057 (177) — 15 54(7)

861.7 3041 — 2179 140 = 12— 100(9) 1.73(11)

2.61 MeV, respectively. With subsequent, high-resolution y-
ray measurements, the excitation energies of these levels
in 204209T| were determined to be 2319 and 2643 keV, re-
spectively, and their isomeric character was established with
Ti» = 2.6 s and 3.74 min, respectively. However, a similar
level has not been identified in 2°T1 [6,23,24]. In 2°*>T1, a 12~
state is identified at E, = 2179 keV from the present work, a
value within the uncertainty reported from the earlier (d, o)
measurement. The situation is similar to that encountered in
29T, where the deviation is 230 keV. The half-life of this
level is less than 2 ns, based on the lack of discernible centroid
shift in time spectra between y rays feeding and deexciting it,
when compared to such spectra for prompt transitions with
similar energies.

The level scheme for 2°2Tl determined from the present
work 1is illustrated in Fig. 1, and detailed numerical data
are presented in Table I. The y rays assigned to 2Tl are
clearly evident in the data from the INGA experiment in single
coincidence gates on the 134-, 694-, and 862-keV transitions
(Fig. 2). Double-gated coincidence spectra, in the delayed
regime, from the Gammasphere experiment, are presented in
Figs. 3 and 4. In Fig. 3, gates are placed on the 390-, 493-,
602-, and 628-keV transitions which had been previously es-
tablished. Double coincidence gates on the 493-keV transition
with the newly identified 134-, 694-, and 862-keV y rays
are displayed in Fig. 4. The 286-keV y ray, which is barely

visible in the prompt data of Fig. 2, is most prominent in the
delayed spectra, thereby affirming its character as an isomeric
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FIG. 2. Sample coincidence spectra obtained from the INGA
experiment with gates on the 134-, 694-, and 862-keV transitions
in 22T1. Newly identified y rays are marked with asterisks, while
contaminant ones are presented with hash marks.
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FIG. 3. Double-gated coincidence spectra with y rays detected
in the delayed regime during the Gammasphere experiment. Gates
are placed on previously established transitions in 2°*TI. Newly
identified y rays are marked with asterisks.

transition at high spin. The coincidence spectra in Fig. 5, along
with others, allow for the clear identification and placement
of all transitions, including those which are closely spaced in
energy (e.g., the 628-629 keV and 375-376 keV doublets).
The presence of a 77-keV transition is inferred from the
data in the planar HPGe detector, when recorded in coin-
cidence with y rays observed in the clover HPGe detectors
during the INGA experiment (Fig. 6). Since target and evapo-
ration residue (Pt and TI, respectively) x rays lie in the 6585
keV range, y rays in this same region may not be easily
visible. Based on the intensity flow, it was first determined
that a previously unobserved low-energy y ray possibly feeds
the 10" level at E, = 1968 keV, a state primarily deexcited
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FIG. 4. Same as Fig. 3, with gates on the previously identified
493-keV y ray and newly established ones in 2>Tl. Transitions
identified in the present work are indicated by asterisks.
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FIG. 5. Same as Fig. 3, with gates on newly identified high-spin
transitions in 2°2T1. Transitions identified in the present work are
given with asterisks.

by the 628-keV transition. Since the 493-keV y ray deexcites
the 117 state, which lies above the 107" level, it would not
be in coincidence with a y ray feeding this state. However,
the 628-keV transition is expected to be in strong coincidence
with such a low-energy y ray. Figure 6 illustrates coincidence
spectra observed in the planar HPGe counter with gates placed
on y rays in the clover HPGe detectors. It is evident that Pt and
Tl K x rays dominate the total projection spectrum [Fig. 6(a)]
in the 65-85 keV region. In order to subtract contributions
from the target (Pt) x rays, a normalized subtraction was
performed of the spectrum of Pt x rays visible in the total
projection spectrum from the gates on the 493- and 628-keV
transitions [Figs. 6(b) and 6(c)]. Consequently, there is little
or no evidence for Pt x rays in Figs. 6(b) and 6(c). However,
as expected, Tl x rays remain visible. It is noteworthy that a
clear peak is now visible at 77 keV in Fig. 6(c), in contrast
to Fig. 6(b). This stark difference allows the assignment of
the observed 77-keV y ray in Fig. 6(c) to the deexcitation
of the I™ = 117, E, = 2045-keV level. It may be noted that
this state is also independently established from the decay
of the strong, 493-keV transition. It is relevant to mention
here that, following the normalized subtraction of Pt x rays,
the 212-keV y ray is clearly seen to be coincident with the
493-keV line, but not with the 628-keV transition, consistent
with the proposed decay scheme. The observed intensity of
the 77-keV y ray is consistent with an M1 rather than an E'1
character, with theoretical total conversion coefficients of 3.37
and 0.18, respectively [25]. This assignment is in agreement as
well with the unambiguous evidence of an electric quadrupole
character for the 493-keV transition from DCO and IPDCO
ratios [Figs. 7(a) and 7(b)]. The gating transition for obtaining
the DCO ratios in Fig. 7(a) had dipole nature; values of
~1 and 2 correspond to dipole and quadrupole character,
respectively.

From the INGA experiment, IPDCO ratios could be ob-
tained for the 390- and 493-keV y rays. The magnetic charac-
ter of the 390-keV transition is confirmed, while an electric

024329-4



METASTABLE STATES FROM MULTINUCLEON ...

PHYSICAL REVIEW C 102, 024329 (2020)

200 (a) Total projection
150
100

50

Counts (x 103)

400
300
200
100

Counts

150
100} -

501
0
I I I L I

P IS s s s s
60 70 80 90 100 110 120 130
Energy (keV)

(c) Gate: 628 keV 134

Sipeapnf)

200 210

FIG. 6. Spectra from the planar HPGe detector in the INGA
experiment illustrating the newly identified 77-keV transition in
2027T1, Details are provided in the text.

nature is inferred for the 493-keV y ray [Fig. 7(a)]. The
DCO ratios obtained from the INGA experiment [Fig. 7(b)]
confirm the previously assigned multipole orders for the 212-,
241-,390-, 602-, and 628-keV y rays. The 602-keV transition
had been previously assigned M1 + E2 character. From the
present work, a DCO ratio of 1.87(13) has been determined
with a gate on a dipole transition, indicating quadrupole
character for the 602-keV y ray. Consequently, since the
602-keV y ray deexcites to the 77 state at 950 keV, the spin
of the 1552-keV level is reassigned to I™ = 9%, different from
the previous 8 assignment. The multipole orders assigned
to the above transitions based on DCO ratios [Fig. 7(a)]
are 212 (dipole), 241 (quadrupole), 390 (dipole), and 628
(quadrupole), with the IPDCO ratio for the 390-keV y ray
indicating magnetic character [Fig. 7(b)]. Out of the newly
identified transitions, the multipole order of the following
ones could be ascertained: 134 (dipole), 694 (dipole), and 862
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(quadrupole) keV. More details on DCO and IPDCO ratios
for 2921, obtained from the INGA experiment, may be found
in Table I. Though the lack of statistics prevented the un-
ambiguous determination of DCO ratios for other transitions,
intensity balance considerations were used for the assignment
of multipolarity to several y rays using data collected in the
800 us beam-off period with Gammasphere, as practically all
the feeding was found to originate from the 77, = 215(10) us
isomer at E, = 4148 keV. The multipolarities determined for
various transitions in this manner are listed in Table II. A
few notable examples are the 134-keV y ray, feeding the
117 level, for which an E1 character is deduced that leads
to the 127 assignment for the E, = 2179 keV level. The
E1 assignment for the 134-keV transition follows from the
balance of intensity feeding and deexciting the 2179-keV
level (Table II). The intensity feeding into this level through
the 694- and 862-keV y rays with most likely M1 and E2
character, respectively, is balanced with that deexciting via
the 134-keV transition. Given the relatively high energy of
the 694- and 862-keV y rays, the total intensity of these
transitions inferred from the respective y -ray intensities is not
very sensitive to the choice of multipolarity since the con-
version coefficients for all reasonably probable multipolarities
are small. On the other hand, the total intensity of the 134-keV
transition inferred from the y-ray intensity would be quite
different for the possible E1, M1, and E2 multipolarities.
Clearly, only E'1 multipolarity for the 134-keV transition is
allowed from intensity balance considerations (Table II) and
others are excluded. Similar arguments allow for both M1
and E2 multipolarities for the 167-keV y ray (Table II). The
M1 assignment is preferred since E2 multipolarity would
lead to I™ = 15~ for the 3041-keV level, and a consequent,
unphysical M3 character for the 862-keV transition deexciting
this level. For the case of the isomeric, 286-keV transition, an
E3 multipolarity is deduced leading to a I™ = 20 assignment
for the isomer at E, = 4148 keV. The half-life of this state has
been deduced by fitting the time distribution of the intensities
of different y rays in the 800 us beam-off period (Fig. 8).
A value of Tj,, = 215(10) ps is inferred from the weighted
average of half-lives obtained by fitting the time distribu-
tions of the 134-, 176-, 253-, 286-, 376-, 390-, and 493-keV

y rays.
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FIG. 7. DCO and IPDCO ratios for selected transitions in 2> T1 as obtained from the INGA experiment; see text for details.
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TABLE II. Multipolarity assignments for transitions in 2°*TI based on intensity balance arguments. The total intensities feeding and
deexciting a given level populated in the delayed regime from the decay of the 77, = 215(10) us isomer, populated in the Gammasphere
experiment, have been considered. Theoretical conversion coefficients [25] have been used. For relatively high-energy transitions (=600 keV),
the choice of multipolarity does not significantly affect the value of the total intensity of the relevant transition. In the case of lower-energy,
weak transitions, the choice of multipolarity does not significantly alter the sum of intensities either. The procedure has been used to assign
multipolarity to transitions with relatively low energy (100-300 keV) which may have significant conversion coefficients. Gating transitions
appropriate for the determination of the intensity balance for each level have been used. The multipolarities (and corresponding intensities)
indicated in boldface are the ones established from the data. Level and y -ray energies, relative intensities, multipolarities, theoretical conversion
coefficients, total intensities, and sums of feeding and deexciting intensities are listed. Sum*: I (feeding). Sum®: I, (deexciting).

E, (keV) E, (keV) L, Multipolarity o, Liotal Sum* Sum®
1552 416* 9(1) M1 0.1622 10(2) 148(6)
493* 134(6) E2 0.0291 138(6)
212* 50(3) E1l 0.0658 53(3) 73(4)
M1 1.0220 101(6) 150(7)
E2 0.3347 67(4) 83(4)
602* 48(4) E2 0.0182 49(4)
2179 694* 80(8) M1 0.0422 83(8) 184(12)
862* 100(9) E2 0.0085 101(9)
134% 139(6) E1l 0.2070 168(8) 168(8)
M1 3.7300 657(17) 657(26)
E2 1.7900 387(10) 387(15)
2873 167 8(1) E1l 0.1190 9(1)
M1 1.9960 24(2)
E2 0.7768 15(1)
184* 38(4) El 0.0934 42(4)
M1 1.5200 97(10)
E2 0.5470 60(6) 84(6)
694* 80(8) M1 0.0422 83(8) 83(8)
3057 176* 34(4) El 0.1044 38(4) 123(9)
M1 1.7220 93(11) 178(14)
E2 0.6420 56(6) 141(10)
375* 13(3) El 0.0171 13(3)
M1 0.2130 16(3)
E2 0.0583 14(3)
429* 12(3) E1l 0.0128 12(3)
M1 0.1494 14(3)
E2 0.0412 13(3)
806* 54(7) El 0.0036 55(7)
M1 0.0286 56(7)
E2 0.0098 55(7)
694* 80(8) M1 0.0422 83(8) 184(12)
862# 100(9) E2 0.0085 101(9)
3232 253 64(4) El 0.0429 67(4) 85(6)
M1 0.6260 104(6) 122(7)
E2 0.1870 76(5) 94(6)
629* 17(3) El 0.0058 17(3)
M1 0.0543 18(4)
E2 0.0165 17(4)
176* 34(4) M1 1.7220 93(11) 93(11)
3862 376* 97(7) El 0.0171 98(7) 171(11)
M1 0.2130 117(9) 190(12)
E2 0.0583 102(8) 175(11)
629* 17(3) El 0.0057 17(3)
M1 0.0543 18(4)
E2 0.0165 17(4)
806* 54(7) El 0.0036 55(7)
M1 0.0286 56(7)
E2 0.0098 55(7)
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TABLE II. (Continued.)

E, (keV) E, (keV) iy Multipolarity a frotal Sum* Sum*
694* 80(8) M1 0.0422 83(8) 184(12)
862* 100(9) E2 0.0085 101(9)
4148 286* 102(9) E1 0.0320 106(9) 106(9)
M1 0.4470 148(13) 148(13)
E2 0.1280 116(10) 116(10)
M2 1.7320 280(25) 280(25)
E3 0.7240 177(16) 177(16)
694% 80(8) M1 0.0422 83(8) 184(12)
862# 100(9) E2 0.0085 101(9)
B. 23pp that are evident in TI isotopes with A < 201 [4-6,8]. Rather,

In 28Pb, states up to the I™ =37/2% level at E, =
5026 keV had been previously established [9]. From the
present work, isomeric character was inferred for this /™ =
37/27 state, and in addition, the level scheme was extended
up to E, = 6701 keV (Fig. 9 and Table III). Representative
double-gated coincidence spectra are displayed in Fig. 10.
The half-life of the I” = 37/2% level has been deduced using
the centroid-shift method [26]. The time difference between
the 568- and 1529-keV y rays located below and above this
state is histogrammed and compared with that of two prompt
transitions with similar energies. A value of 71, = 2.5(3) ns
is inferred (Fig. 11). With a gate on a quadrupole transition,
a DCO ratio of 0.86(8) was obtained for the 1529-keV y
ray. This is suggestive of its quadrupole character leading
to an I = 41/2 assignment for the 6554-keV level. For the
1056-keV transition, dipole character is tentatively indicated,
however, a firm conclusion is not possible, based on the
available information.

IV. DISCUSSION

A. Isomeric states and configurations in 22Tl

The doubly-odd isotope 2*T1 (Z = 81, N = 121) appears
to be nearly spherical as it does not exhibit the weakly
collective, oblate structures arising from the occupation of
the hg/, proton orbital (from across the Z = 82 shell gap)

6.0 - = Expt. -15.5
~ | 134 — Fit | 493
=
L -5.0
é’ 55 Ty = 215(10) ps
S 5ol E —14.5
—4.0
450 | | | | | | |
0 200 400 600 0O 200 400 600

Time (ps)

FIG. 8. Time distribution of coincidence counts for the 134-
and 493-keV y rays in 2*Tl from the Gammasphere experiment.
All high-spin transitions are fed by the I” = 20" isomer for which
Ti/» = 215(10) ps is deduced.

the 2°2T1 excited states appear to be associated with intrinsic
excitations. Metastable 7T states are observed in doubly-odd
Tl isotopes ranging from the proton-rich (A =~ 190) to the
neutron-rich (A = 206) region. Their half-lives have been
measured to range from nanoseconds to hours [27-32]. In
addition, magnetic moments have been measured for most of
these states, and these support a (Jrsf/l2 ® vil’;/z) assignment.
Furthermore, the energy systematics of these 7% isomers, in
terms of a gradual progression from lower to higher excitation
energy with increasing mass number [27-32], also supports
the presence of the 73, neutron in their configuration, as the
neutron Fermi level moves higher in energy with mass number
A, and farther away from the i3/, orbital (Fig. 12).

Weakly collective, oblate-deformed, negative-parity struc-
tures built on 7~ or 8~ bandheads have been established in

| 9431
(41/2%) ' '
ol9 sy 09
(39/2) b 6081
1529
1056
(37/2%) 5026
568 2.5(3) ns
(33/2%) ‘ 4457
Gy P 547 76‘8 4055
(33/27) i 3910
(31/27) v 369
1106
%1 240
29/2- | 204
480(7) ms

203
82Pb 121

FIG. 9. Partial decay scheme of **Pb above the 480-ms isomer.
Transitions above the 37/2" level, for which isomeric character
is established from the present work, are newly identified. The
isomeric, 29/27 level had been previously established [9].
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TABLE III. Energies and intensities of y rays, and excitation energies and spin-parities of initial and final states in **Pb. Transition
energies are accurate to within 0.5 keV. Typical values of DCO ratios in a gate on a stretched quadrupole transition were found to be ~ (0.5 and
1.0 for known stretched dipole and quadrupole y rays, respectively. Statistical uncertainties on y-ray intensities and DCO ratios are included.

E, (keV) E; (keV) — E; (keV) L I, DCO
402.6 4457 — 4055 (33/2%) — (31/27) 412) 0.62(4)
544.2 6625 — 6081 — (39/2) 14(1)
546.7 4457 — 3910 (33/2+) — (33/27) 40(2)
568.1 5026 — 4457 (37/2%) — (33/2%) 100(3)
619.4 6701 — 6081 — (39/2) 32(2)
740.5 3690 — 2949 (31/27) — 29/2- 26(1) 0.64(6)
767.8 4457 — 3690 (33/2%) — (31/27) 20(1)
961.0 3910 — 2949 (33/27) — 29/2- 29(2) 1.05(9)
1055.7 6081 — 5026 (39/2) — (37/2%) 26(1)
1105.6 4055 — 2949 (31/27) — 29/2- 33(2)
1528.7 6554 — 5026 (41/2) — (37/2%) 29(2) 0.86(8)

doubly-odd, A < 200 isotopes [5,6]. These states have an un-
derlying (why/» ® vi 1_3'/2) configuration. As the nuclear shape
becomes nearly spherical for A > 202 isotopes of TI, the
excitation to the hg/, orbital across the Z = 82 gap becomes
energetically more expensive. In contrast, excitations involv-
ing the hy1/, orbital below Z = 82 are favored, in particular
the (y'rhl_ll/2 ® vil_;/z) configuration resulting in a 127 state.
Such a 127 level is established to be isomeric with Ti,, =
2.6(2) ps and 3.74(3) min in 2%*TI and 2°TI, respectively
[1,3]. In the present work, the 127 state is newly established;
however, it is not of isomeric character. Possible reasons for
this absence of isomerism will be discussed hereafter. The 12~
states in 20%204209T] had been previously populated in (d, )

250+ PR ‘ - ]
i 84 3 o o3 (a) sum-568 .
200 = = a
© I o B n
3 3 338 = n

[

w i i
120 2 382 (c) sum-1056
¥ Slo
90 < |®@
| (1
60
30
0
1 1 1 1 1 1 1
200 400 600 800 1000 1200 1400
Energy (keV)

FIG. 10. Double-gated coincidence spectra displaying transi-
tions in 2®*Pb. Summed gates, including y rays above the 29/2~
isomer and below the 568-keV transition are used. Some of the newly
identified y rays visible in the spectra, though clearly associated with
203pp (206, 296, 365, 580, 1152, and 1460 keV), could not be placed
in the level scheme, most likely due to the presence of multiple
low-energy y rays which could not be observed in the present work.
Contaminant transitions are indicated with hash marks.

reactions using Pb targets, and the angular momentum of
excited states in these isotopes had been determined through
angular distribution measurements of the outgoing « particles.
The associated excitation energies in 2°2:204209T] had been
determined to be 2.15, 2.31, and 2.61 MeV, respectively
[21]. Due to the inherent, significantly larger uncertainties
in particle spectroscopy (in this case, a few tens of keV) in
comparison to the precision that can be achieved in y-ray
measurements with HPGe detectors (a fraction of a keV),
the excitation energies of these 12~ states were not precisely
determined in the earlier studies. Subsequent y-ray measure-
ments have established the 12~ states in 2**T1 and 2%°T1 to be
located at 2319 and 2643 keV, respectively [1,3]. In the latter
case, the 127 energy had been underestimated by ~30 keV
in the (d, @) measurement. For 2°?Tl, a similar difference is
evident: 2.15 MeV from the (d, o) study versus 2179 keV
from the present work. Additionally, it may be noted that the
140-keV difference in the excitation energies of the 12 states
in 22T and >**T1 derived from experiment matches quite well
with the 178-keV difference in the one-neutron, 713, energies
obtained from an average of the energies in the corresponding

T T T T T T T T ] 350
600} . .
(a) 2%Pb |, (b) 21Pb ], prompt |3,
5001 : | — Delayed
r=372" r=192" | 120
2 T =250 s | Typ33G) s | 200
= : :
2 3001 : :
o
8 150
100 i 50
0 ) “ [ | u | ﬂ i 0
40 20 0 20 4040 -20 0 20 40
Time (ns)

FIG. 11. Half-life of the I™ = 37/2% state in 2*Pb determined
using the centroid-shift method. For comparison, the half-life of
the I™ = 19/2% state in *°!Pb, also populated in this experiment, is
illustrated; the extracted value of 3.3(3) ns from the present work is
consistent with the previously reported one: 3.2(6) ns [40].
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FIG. 12. Comparison of excitation energies of key levels, most
of which have isomeric character, in Tl and Pb isotopes. Different
energy scales are used for the two panels of the figure in order to
account for the contribution of the 4, proton in the TI case.

N = 121 *'Hg and **Pb, and N = 123 isotones ***Hg and
205pp, respectively [9,33]. The increase in the 12~ energy
from 22Tl to 2°°T1 may be understood in terms of the neutron
Fermi level moving farther away from the i3/, orbital, a
situation similar to that invoked in the case of the 77 state. The
absence of isomeric character for the 12~ level in 2°>TI may
then be attributed to the available 134-keV E'1 decay path.
In comparison, the lowest multipolarity for the transitions
deexciting the 12~ isomers in 2*T1 and 2°°TI are £3 and M4
ones, respectively, leading to the observed isomerism.

In 2%2TI, the following four-nucleon configurations may
be expected to exhibit isomeric character: nh,’ll/z ®v

(i;f/z, p;/lz), nh;ll/z v (i;f/z, f;/;), and nh;ll/z ® ui;f/z, and
these would lead to 187", 20T, and 22~ states, respectively. In
2047, the 18" and 22~ states are established as isomers and
decay by M2 or E3 transitions; however, the 20* level deex-
cites through a 305-keV E2 y ray and, therefore, does not ex-
hibit isomerism [1]. To gain further insight, it is useful to con-
sider two-neutron states in neighboring even-A Pb isotopes,
where the above mentioned orbitals are involved through the
V(iss» P1jp) and (i), f53) configurations leading to 7~
and 9~ states [34,35]. These have been established to be
of isomeric character, with the exception of the 9~ level in
206ph [36]. The energy separation between these levels in
202.204pp s small (<80 keV), with the 7~ state lying above
the 9~ one [34,35]. The comparison can be extended by
including four-neutron states in 2°Pb and **Pb, arising from
the v(il_33/2, pl_/lz) and v(il_33/2, fs_/;) configurations, leading to
the 17~ and 19~ levels, respectively [34,35]. In 2°2Pb, the 17~
level lies just below the 19~ state (though the precise value
of the energy difference is not known), while in 2**Pb, it is
lower in energy by 434 keV. It is, therefore, expected that the
four-nucleon, 18" and 207 states in 2°Tl would be close in
excitation energy. It is evident, from the results obtained in
the present work, that the 187 level must be located slightly
higher in energy than the 207 state, and that, therefore, the
only available decay path proceeds to the 17 level via an E3

transition of 286 keV. This situation in turn leads to the long-
lived, 215(10) us isomer. Based on the considerations listed
above, the nhl’ll/z ® v(il’f/z, fS’/é) configuration is assigned to

the 20 isomer in 2%°TI. It is expected that both the 18* and
227 levels lie above the isomer; however, their decay could
not be observed in the present data due to the long-lived nature
of the 20 state itself. No transition decaying to the 17 level
from a possible 18 state was observed.

B. Empirical and shell-model calculations

As already alluded to above, the newly observed excited
states in 2°*TI result from intrinsic excitations. In order to
understand their nature, particularly that of the isomeric states,
two approaches have been employed. First, empirical calcu-
lations were carried out using single-nucleon energies from
neighboring nuclei, and residual interactions for different
configurations derived from established isomers in the region.
Second, shell-model calculations were also performed. A
description of both approaches is presented below.

For the empirical calculations, one-proton energies were
derived from an average of the respective values in neighbor-
ing Tl isotopes; i.e., 2°' Tl and 2 TI. These values are as fol-
lows: 0 keV (s1/2), 305 keV (7wd3)2), and 1467 keV (whyy2).
The viy3/, energy for 2027T] has been adopted as the average of
the respective energies in the N = 121 isotones, 2*'Hg (766
keV) and 2**Pb (825 keV). For the calculation of energies
for higher-lying, four-nucleon levels located above the 12~
state in 292Tl, the wh; 2 energy has been added to those
energies of appropriate three-neutron states (mostly isomeric
ones) in Pb isotones with residual interactions incorporated
as described below. The magnitude of the residual interac-
tions for specific configurations was obtained by inspecting
isomeric configurations in 2**TI and its isotone, **’Pb. Since
the residual interactions are specific to a given configuration,
these values were directly adopted for 2°>Tl. The values
of these interactions obtained using this procedure are as
follows: 7+ (131 keV): msy ), ® vijy,; 127 (=121 keV):
whily, @ viry; 187 (=271 keV): whiy ® v(ifs,, pijh)s
20" (=395 keV): whiy)y ® v(isy,, f57): 227 (=389 keV):
nhl’ll/z ® vil’33/2. The empirical energies in Fig. 13 have
been obtained using the above mentioned procedure. Simi-
lar calculations for *®Pb yielded the following results: (a)
25/27 state [v(i3,, pip)]: (Exdea = 3008 keV compared
0 (Ex)exp = 2923.4 4 x keV; (b) 29/27 state [v(if5,, f5)]:
(Ey)car = 3002 keV compared to (Ey )ey, = 2949.2 keV. Such
a calculation could not be performed for the I = 37/27 state
in 2%Pb on account of the limited experimental information.

Shell model calculations using the KHH7B [37] effective
interaction have been performed for 2°TI. This interaction
was originally developed for proton orbitals ds/», hi1/2, d3)2,
and S1/2 below the Z = 82 gap, and the hg/z, f7/2, and i13/2
ones above it, and for neutron orbitals i13/2, p3/2, f5/2, and p1 2
below the N = 126 gap, and the go,», i11,2, ji5,2 states above
it. In our calculations, we have not allowed proton excitations
across the Z = 82 shell and neutron ones across the N = 126
one. Thus, the active orbitals in our shell model calculations
for protons are ds;», hi1/2, d3/2, and sy 2, and for neutrons are
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FIG. 13. Excitation energies of selected states in 2Tl from
experiment, empirical and shell-model (theory) calculations. Details
are provided in the text.

i13/2, P32, f572, and py,». The shell-model code OXBASH [38]
was used for the diagonalization of the matrices of interest.
A comparison of the empirical and shell-model calcu-
lations with the experimental data (Fig. 13) leads to the
following conclusions. The empirical calculations exhibit, as
expected, good agreement with the experimental data, and
also serve to validate the proposed configuration assignments.
The two- and four-nucleon energies from empirical calcula-
tions agree to within 80 and 160 keV, respectively, with the
data. The deviations between the values from shell-model
calculations and experiment are, however, much larger: 266
and 429 keV for two-nucleon, and 664 keV for four-nucleon

states. Both empirical and shell-model calculations predict a
lower excitation energy for the 20" state in comparison to the
187 level, as observed in the experiment.

C. New isomer in ***Pb

The new isomer, with Tj, = 2.5(3) ns and I™ = 37/2%,
in 23Pb is associated with a five-neutron excitation since the
highest spin that can be realized from three neutrons is only
33/2h (vi]_33/2). The configuration for this 37/2% isomer is
assigned as v(il’f/z, fs’/%, pl’/lz) with a possible admixture from
the v(il’33/2, pg/lz, pl’/lz) excitation. The former configuration
may have a greater contribution based on the observation, in
203pb, of three-neutron isomers with I = 25/2~ and 29/2~
from the excitation of two ij3/, neutrons, and a p;,, and fs/»
neutron, respectively. The isomeric character of the 37/2%
state is most likely due to the configuration hindrance involved
in the transition from a level with a purely five-neutron
character to one of predominant three-neutron nature.

D. Transition probabilities

The partial half-lives for y-ray decays from isomers in
the N = 121 isotones 29Tl and 2®*Pb, and the N = 123 24T
and 2%°Pb ones, and their comparison with Weisskopf single-
particle estimates, are presented in Table IV. It is evident
that, for E2 and E3 multipolarities, the transition rates from
experiment are almost within an order of magnitude of the
single-particle estimates, as expected for deexcitation from
states with intrinsic character. The transition rates for M2
decays in 2%*T1 and 2%Pb are, however, hindered by about
three orders of magnitude. This feature extends to other M2
decays in this region and will be addressed in a subsequent
publication [39].

V. SUMMARY

The high-spin level structure of 2Tl has been studied
using the INGA and Gammasphere arrays. The decay scheme
of 22Tl has been extended from I = 10* to I™ = 20" with
the identification of a new T/, = 215(10) us isomer, origi-
nating from a four-nucleon excitation. Fifteen new transitions
have been added to the level scheme. The half-life of the

TABLE IV. Decays of isomeric states in selected TI and Pb isotopes and comparison with Weisskopf estimates. Isomers which are newly
identified from the present work are indicated with an asterisk (x). The others were previously established [1,9,22].

Isotope I7 Tij (s) E, (keV) Mult. (EX) Tl’;z (s) TIV/V2 (s) B(EX) W.u.
| 7+ 591 x 10~ 460 E3 6.6 x 107 1.1 x 107 0.17
20+ 2.15 x 107*x 286 E3 3.7 x 107 3.1 x 1073 8.38
203pp 37/2F 2.5 x 107%% 568 E2 2.6 x 1077 1.3 x 10710 0.05
2041 7+ 6.2 x 1073 690 E3 6.4 x 107 6.4 x 107° 0.10
18+ 42 x 1077 754 M2 1.2 x 107° 3.7 x 107° 3.08 x 1073
1036 E3 6.9 x 1077 3.7 x 1077 0.54
205pp 33/2F 6.3 x 1078 97 E2 1.3 x 107° 9.0 x 1077 0.69
1252 E3 5.8 x 1077 9.8 x 1078 0.17
1536 M2 1.3 x 1077 1.1 x 10710 0.85 x 1073
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I =37/2% state in ?®*Pb is determined to be 2.5(3) ns.
While coincidence data from both experiments were useful in
establishing the level scheme of 2°>T1, complementary aspects
could be addressed using the two separate sets of data. The
one from the INGA experiment contained information on low-
energy y rays, and also on DCO and IPDCO ratios for spin-
parity assignments. The Gammasphere data were particularly
useful for the determination of the half-lives of isomers and
the inspection of threefold coincidence events. The newly
identified isomers in 2°>TI and 2**Pb are assigned four- and
five-nucleon J'rhl_ll/2 ® v(i1_32/2, fs_/;) and v(il_33/2, fs_/;, pl_/lz)
configurations, respectively. In the case of the latter, an admix-
ture with an v(il’f/z, pg/lz, pl’/lz) excitation is probable. Excited
levels in both nuclei originate from intrinsic excitations, and
are well described by empirical calculations. Shell-model
calculations, using the OXBASH code and the KHH7B interac-
tion, are found to systematically underestimate the excitation
energies obtained from experiment.
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