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Abstract
The low-lying electromagnetic dipole strength of the odd-proton nuclide 2*>T1
has been investigated up to the neutron separation energy exploiting the method
of nuclear resonance fluorescence. In total, 61 levels of 205T] have been identi-
fied. The measured strength distribution of 2*>TI is discussed and compared to
those of even—even and even—odd mass nuclei in the same mass region as well as
to calculations that have been performed within the quasi-particle phonon model.
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1. Introduction

The low-lying electromagnetic dipole strength of atomic nuclei and the structure of dipole-
excited states below the neutron-separation energy have drawn considerable attention in
nuclear physics in the past decades. They can be categorized into two groups exhibiting either
electric or magnetic radiation character. Examples for nuclear structures carrying significant
low-lying electric dipole strength are quadrupole—octupole-coupled two-phonon state, typi-
cally occurring at excitation energies below 5 MeV [1-3], and the pygmy dipole resonance
(PDR) [4]. The PDR is an accumulation of J™ = 1~ states which has been observed mainly in
magic and semi-magic nuclei at excitation energies between 5 and 10 MeV. On the other
hand, the scissors mode [5, 6] and spin-flip excitations [7] represent examples for pronounced
magnetic dipole strength. The scissors mode is situated at excitation energies of about 3 MeV
in deformed heavy nuclei, whereas spin-flip excitations typically occur at higher energies,
depending on the local shell structure.

A systematic investigation of low-lying electromagnetic dipole strength in nuclei allows
to improve our understanding of all of these phenomena. An ideal tool to use in the study of
low-lying dipole strength is the method of photon scattering or nuclear resonance fluores-
cence (NRF). In NRF measurements, photons are used to probe nuclear structure. Since real
photons allow only for a small angular momentum transfer, mainly dipole excitations are
induced in these photon-scattering measurements.

Mostly even—even nuclei, i.e., nuclei with even neutron and proton numbers, have been
studied by means of NRF up to the neutron separation threshold, whereas data on even—odd
nuclei for excitation energies exceeding 4 MeV only scarcely exist. They include: **Y (with
N =50and Z=39) [8], *’La (with N = 82 and Z = 57) [9], **’Pb (with N= 125 and Z = 82)
(10, 11], as well as *®Bi (with N = 126 and Z = 83) [12]. The main difficulty of NRF
measurements on heavy even—odd nuclei is usually the high fragmentation of the strength,
resulting in many rather weak excited states that are difficult to observe individually. This
unfortunate situation is slightly relaxed in nuclides in the vicinity of shell closures, e.g., for
the stable *’Bi nucleus or the thallium isotopes with one proton outside of the Z = 82 shell
closure.

The PDR was observed for the first time in (n, ) experiments with thermal and fast
neutrons (see, e.g. [13]) and resonant photon scattering experiments (see, e.g. [14, 15]). It had
a form of a bump on the low-energy tail of the giant dipole resonance. Its energy centroid was
found around 5-7 MeV in different nuclei. From systematic studies of neutron capture y-ray
spectra for N = 82-126 region, the energy and strength of the resonance have been found to
increase with neutron number [16, 17]. Poor resolution of Nal detectors used those days, did
not allow to investigate the PDR fine structure. It became possible with germanium high
purity germanium (HPGe) detectors of better resolution and efficiency in modern NRF
experiments. In this paper we report the results of this type of experiment on 2°°TI enriched
target which was never studied before. The J™ = 1/2% ground state of this Z = 81 nucleus is
dominated by a hole in the 7 (3s;,,) subshell below the Z = 82 shell closure. With neutron
number N = 124 for §?5T1124, two neutrons are missing from the shell closure at N = 126.

In the following, the method of NRF with continuous-energy bremsstrahlung is presented
followed by experimental results from measurements on a naturally composed TI target, as
well as on a target highly enriched in *°TI. Subsequently, the results of the present mea-
surements will be compared with other nuclei in this mass region and to calculations that have
been performed in the framework of the quasi-particle phonon model (QPM) [18].
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2. Method of NRF

The NRF method [19] is based on the resonant absorption of a photon by an atomic nucleus
and its subsequent decay back to its ground state or to other lower-lying energy levels. Due to
the small momentum transfer of incident photons, mainly dipole and, to a lesser extent,
quadrupole transitions are induced. From the observed peak area A;( of 7-ray lines in the
spectrum corresponding to a transitions from the state i to the ground state 0, the energy
integrated elastic scattering cross section /; o of an excited state at an excitation energy E; is
derived:

_ Ao
NrN, (Epe(E)W (0)

Iio ey
Here, Ny is the number of target nuclei, N, the absolute photon flux irradiating the target,  the
absolute efficiency accounting for the intrinsic efficiency as well as the detector geometry,
and W (0) is the angular distribution of the emitted +-ray. The transition strength quantified by
the ground-state width I} can be extracted from the measured integrated cross section 1 o:

sic Y T2
Lo =72 =|¢=2, 2
0 W(E)gf )

X

Qi+1) . . 1 ‘
ot D) is a spin dependent factor (Jy = 5 and J;

denote the spin quantum numbers of the ground and the excited states of °°T1, respectively).
In NRF experiments, the ground-state decay width Ij is fully determined if the branching

where [ is the total decay width and g =

ratio % to the ground state is known, which requires that all branching transitions to
intermediate excited states (so-called inelastic transitions) have been observed:

Iy 1

2oL 3)
I+ Zf>0?

This determination of branching transitions cannot always be achieved because in NRF
experiments using continuous-energy bremsstrahlung, a high radiation background due to
non-resonant photon scattering occurs, that increases exponentially towards lower energies.
Thus, small branching ratios to lower-lying states are difficult to measure and may escape
detection. Furthermore, another difficulty is given by the nearly isotropic angular distributions
of the photons emitted during the y-decay of odd-mass nuclei with half-integer spin quantum
numbers. As a consequence, an unambiguous assignment of spin quantum numbers to the
excited states from the measured angular distributions is only feasible in the case of strong
transitions and corresponding high statistics. .
Without knowledge of the spin quantum number J; of the excited state, the product g%
can be unambiguously derived from the measured integrated scattering cross section. This
allows for the determination of the reduced B(E1)T and B(M1)7 excitation probabilities:

B(E1) T = 0.9554[2—%)(103 e? fm?), )
W,
gl

BM1) T = 0.0864[E—;](ui,), )

with the ground-state transition width [} in meV and the transition energy E. in MeV, if

information on the ground-state decay branching ratio % is available.
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In the case of an unknown branching ratio % to the ground state, which is by definition
smaller or equal to unity, only a lower limit of gl (assuming no transitions to intermediate
states, i.e., I' = Ij) and, consequently, of B(E1)T or B(M1)T can be deduced.

3. Experiments

Two NRF experiments, one on metallic, naturally composed thallium (2060.0 mg) and one on
a target enriched to 99.9% in 2°°T1 (1938.4 mg) have been performed at the Darmstadt High
Intensity Photon Setup (DHIPS) [20] at the Darmstadt superconducting electron linear
accelerator S-DALINAC at Technische Universitdt Darmstadt. The natural abundance of
203T] accounts to 29.5%, the one of 2*>T1 to 70.5%. The comparison of both measurements
allows for an identification of transitions of **>TI next to those of **>TI.

Both targets have been irradiated for about 80 h by an unpolarized bremsstrahlung beam
with an endpoint energy of 7.5 MeV. The neutron-separation energies of “°TI and 2**T1 are
7.546 and 7.850 MeV, respectively. The corresponding proton-separation energies are 6.419
and 5.704 MeV, respectively. The bremsstrahlung has been generated by stopping a mono-
energetic electron beam of 7.5 MeV kinetic energy and an average current of 16 pA and
31 pA, respectively, in a copper radiator. It reaches the NRF target after having passed
through a collimator system made out of copper. The endpoint energy was chosen lower than
the respective neutron separation energies of 2°>T1 and *°°TI in order to avoid background
radiation resulting from (v, n) or (n, n’7y) inelastic neutron scattering reactions, which in turn
induce (n, ) neutron capture reactions in the measuring setup. Both targets were sandwiched
between two boron disks with a total mass of 240.8 mg (naturally composed) and 394.3 mg
(enriched to 99.5% in ''B), respectively. The well-known transitions of ''B (NNDC, 2007)
are used to calibrate the energy of the recorded spectra as well as the absolute photon flux
during the measurements.

The scattered photons were counted by three HPGe detectors with efficiencies of 100%
relative to a standard Nal detector, and mounted at polar angles of 90°, 95°, and 130° relative
to the incident beam, and located at a distance of about 25 cm to the NRF target. The entire
detector-NRF-target system was mounted in a lead cave to shield from the background
radiation produced at the radiator. In order to improve the signal-to-background ratio, the
detectors were surrounded by bismuth germanate scintillation detectors, which work as
Compton- and escape-suppression shields. Copper and lead absorbers were placed in front of
each detector for reducing the low-energy part of the non-resonant background radiation.

The absolute efficiencies of the detectors have been determined using a “°Co source as
well as simulations with the GEANT4 Monte Carlo simulation tool kit [21] taking the detector
geometry into account.

The well-known transitions of ''B (NNDC, 2007) are used to calibrate the energy of the
recorded spectra as well as the product of photon flux and efficiency N, e (E,) during the
measurements.

4. Results and discussion

Spectra of the scattered photons off the naturally composed (upper panel) and the enriched
thallium (lower panel) targets, respectively, recorded at DHIPS are shown in figure 1. Besides
transitions originating from the ''B (, /) reaction, a concentration of transitions from 2*°TI
is visible in the energy range between 4.5 MeV and 6.5 MeV. The spectra of both targets are
very similar, already indicating that most of the strong transitions can be assigned to 2°>TI. In
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Figure 1. Part of the photo-excitation spectrum of "TI (upper panel) and >°*T1 (lower
panel) measured at 130° at an end-point energy of 7.5 MeV with a natural and enriched
thallium target, respectively. Peaks marked by asterisks are attributed to transitions of
"B and corresponding escape lines.

this manuscript we restrict ourselves to the analysis of the resolved v-ray lines which we
consider as justified for this nucleus in close vicinity to the double shell closure of ***Pb.

In total, 61 transitions have been assigned to 2°>Tl from our comparison of the ~-ray
intensities originating from the isotopically enriched and from the naturally composed TI
targets. Two transitions can be attributed to 2°*TI based on their abscence in the 4-ray spectra
taken with the sample enriched in the isotope 2°>TI. Table 1 provides an overview of the
observed transitions of 2°°T1 using the (7, 4') reaction at an endpoint energy of 7.5 MeV.
Here, it is assumed that all observed transitions correspond to the direct decay of excited
states with excitation energy E, back to the ground state. However, this must not always be
the case, as will be discussed in detail below in section 4.2, since an observed transition may
also correspond to the decay to an intermediate state, such as the first excited %+ level at 203.7
keV excitation energy. As indicated above, due to the low momentum transfer of real pho-
tons, the observed transitions should mostly have a dipole character (either E1 or M1)
corresponding to the excitation from the %Jr ground state to levels with spin quantum numbers
% or % with either positive or negative parity quantum numbers. Therefore, the reduced
B(E1)7T and B(M1)7 transition probabilities are given, assuming dipole character for all
observed transitions besides the photon-scattering cross section as the primary observable.
The listed values represent an error-weighted average of the results from measurements with
natural and enriched targets. The same information concerning the two transitions identified
for °*T1 is given in table 2.

In the tables, only transitions exceeding the detection limit of the present experiments are
considered. The experimental energy-dependent sensitivity limit has been chosen according
to [22]. It is based on the background present in the spectra and requires the relative
uncertainty of the observed peak areas to be smaller than 30% to be taken into account.

In the following, the observed transitions will be discussed.
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Table 1. Properties of the photo-excited levels identified in 2*>TI using the (v, v')
reaction at an end-point energy of 7.5 MeV with the corresponding excitation energies
E,, angular distribution ratios, the measured integrated elastic scattering cross sections
I, the extracted product of the statistical factor g and the transition width ratios Ty2/T’
and the reduced excitation probabilities B(E1)T or B(M1)7T for excited states with
either negative or positive parity quantum number, respectively.

W (90°)

r

E, W0 lio 8T B(EDT  BMDT
(keV) eV b) eV) (1073 €2 fm?) )
4000.6(2) 1.26(21) 78(14)  0.32(6) 4.83(90) 0.44(8)
4159.9(2) 0.79(11) 99(22) 0.44(10) 5.9(13) 0.53(12)
4262.5(4) 1.33(26) 58(12) 0.28(6) 3.40(68) 0.31(6)
4341.9(5)* 1.02(36) 24(5) 0.12(2) 1.38(29) 0.12(3)
4348 4(4)>¢ 30(5) 0.15(2) 1.70(28) 0.15(3)
4731.6(7)% 1.29(57) 17(4)  0.102) 0.89(21) 0.08(2)
4741.409) 0.76(17) 61(12)  0.36(7) 3.21(64) 0.29(6)
4828.1(11) 1.25(48) 27(7)  0.16(4) 1.37(36) 0.12(3)
4878.4(4) 1.20(38) 34(6) 0.21(4) 1.76(32) 0.16(3)
4926.5(6) 1.23(30) 48(9) 0.30(6) 2.44(45) 0.22(4)
4938.2(2)¢ 1.19(17) 86(11) 0.55(7) 4.35(57) 0.39(5)
4947.0(10) 1.21(37) 40(8) 0.25(5) 2.00(42) 0.18(4)
4961.1(2)%¢ 0.87(16) 312(55) 2.00(35) 15.7(27) 1.73(32)
4967.8(1)%¢ 0.93(10) 382(71)  2.46(45) 19.1(35) 1.72(23)
4975.1(6) 1.03(17) 72(7)  0.46(5) 3.59(35) 0.32(3)
4994.1(3) 0.95(36) 41(10)  0.27(7) 2.05(52) 0.19(5)
5007.5(6) 1.14(32) 42(7)  0.28(5) 2.10(35) 0.19(3)
5036.5(6) 0.89(23) 58(12)  0.39(8) 2.88(60) 0.26(5)
5071.4(5)° 1.11(37) 31(5) 0.214) 1.50(26) 0.14(2)
5123.8(5) 0.76(32) 48(11)  0.33(7) 2.33(51) 0.21(5)
5164.6(7)° 1.27(31) 39(7)  0.27(5) 1.88(34) 0.17(3)
5211.8(6) 0.77(33) 81(19) 0.57(13) 3.86(89) 0.35(8)
5240.4(7) 0.66(20) 52(15) 0.37(11) 2.47(70) 0.22(6)
5308.6(4)¢ 0.94(25) 50(17) 0.37(13) 2.36(80) 0.21(7)
5343.6(9)%* 0.99(43) 399) 0.29(6) 1.82(40) 0.17(4)
5357.3(5) 0.84(13) 76(18) 0.57(14) 3.52(85) 0.32(8)
5390.9(4) 0.90(21) 72(14)  0.54(11) 3.31(65) 0.30(6)
5406.6(8)* 0.82(20) 48(7)  0.33(5) 2.00(33) 0.18(3)
5432.9(6) 0.74(18) 67(12) 0.5109) 3.06(54) 0.28(5)
5451.2(5)° 0.98(9) 280(35) 2.16(27) 12.8(16) 1.15(14)
5480.2(5)* 0.89(17) 90(17) 0.70(14) 4.07(79) 0.37(7)
5552.6(6)** 1.34(32) 86(30) 0.69(24) 3.8(14) 0.35(12)
5577.1(7)** 1.42(49) 43(11)  0.35(9) 1.90(48) 0.17(4)
5589.6(9) 0.76(13) 84(18)  0.68(15) 3.74(79) 0.34(7)
5598.1(8)%* 0.96(47) 47(14)  0.39(12) 2.10(63) 0.19(6)
5610.4(5) 0.87(21) 124(25) 1.02(21) 5.5(11) 0.50(10)
5619.8(7) 0.94(18) 107(11)  0.88(9) 4.74(49) 0.43(4)
5652.3(5) 0.82(8) 274(44) 2.28(36) 12.1(19) 1.09(17)
5664.7(6)° 0.94(14) 207(19)  1.73(16) 9.08(85) 0.82(8)
5686.2(3) 0.89(8) 337(55) 2.84(46) 14.8(24) 1.34(22)
5693.3(9) 0.92(34) 67(15) 0.57(13) 2.95(66) 0.27(6)
5737.6(8) 0.90(17) 799) 0.68(8) 3.44(39) 0.31(4)
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Table 1. (Continued.)

W (90°)

I

E, Y307 Lo 8T B(EDT B(M1)1
(keV) eV b) V) (1073 e fm?) )
5755.8(3) 0.89(7)  325(30) 2.81(26)  14.1(13) 1.27(12)
5781.4(6) 0.86(20)  63(19) 0.55(16) 2.73(81) 0.25(7)
5797.8(9) 0.76(15)  107(17)  0.94(15) 4.59(73) 0.41(7)
5803.8(9) 0.7928)  63(14) 0.55(12) 2.70(59) 0.24(5)
5811.6(9) 1.12(40) 44(9)  0.39(8) 1.90(37) 0.17(3)
5819.7(4) 1.07(15)  105(11)  0.93(9) 4.50(46) 0.41(4)
5864.7(9) 0.92(26) 45(7)  0.40(6) 1.91(30) 0.17(3)
5878.1(5) 0.81(10)  116(22)  1.05(20) 4.93(93) 0.45(8)
5910.5(6) 0.93(13)  79(11) 0.72(10) 3.32(48) 0.30(4)
5963.8(18) 0.69(14)  63(14) 0.58(13) 2.61(60) 0.24(5)
6060.7(4) 0.86(17) 48(7)  0.46(7) 1.96(29) 0.18(3)
6088.5(5) 0.74(15) 80(16)  0.77(16) 3.26(66) 0.29(6)
6109.4(8) 0.7023)  65(16) 0.63(15) 2.63(65) 0.24(6)
6146.8(9) 0.82(13)  68(10) 0.67(10) 2.77(39) 0.25(4)
6176.6(4)° 0.87(19) 58(8)  0.58(8) 2.34(32) 0.21(3)
6188.9(6)° 0.82(21) 47(8)  0.47(8) 1.90(33) 0.17(3)
6213.3(9)° 0.51(15)  46(17) 0.47(17) 1.85(70) 0.17(6)
6315.2(10)°  0.85(26) 37(7)  0.39(7) 1.46(26) 0.13(2)
6364.6(6)° 1.01(29) 41(6)  0.43(7) 1.61(25) 0.15(2)

2 possible branching transition; see table 4.

® Observed in enriched target only.

¢ Observed in enriched target in one detector only.

4 Single escape contribution subtracted.

¢ E1 and M1 not corrected by the branching transition.

Table 2. Properties of the photo-excited levels identified in °*TI using the (v, 7'
reaction and a bremsstrahlung end-point energy of 7.5 MeV with the corresponding
excitation energies E,, angular distribution ratios, the measured integrated elastic
scattering cross sections I, the extracted product of the statistical factor g and the
transition width ratios Iy2/T" and the reduced excitation probabilities.

3

E, o o 8T BED!  BMD]
(keV) ‘ (eV b) V) (1073 €2 fm?) (,ufv)
5076.5(4)  0.84(21) 152(22) 1.02(15) 7.5(11) 0.68(10)
5102.3(4)  0.89(21) 126(16)  0.86(11) 6.16(80) 0.56(7)

4.1. Spin quantum numbers

As has been indicated in equation (2), a spin quantum number assignment to the photo-
excited levels J = (%, % or %)fi is crucial for the determination of the ground-state transition
width I. The spin quantum number can be deduced from the angular distribution ratio

v‘;v((fsoo")) which amounts to 0.85, 1, or 1.15 for a spin sequence of% -3 11 _,1_,1

— =
2 2% 2 2 2’
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Figure 2. Measured angular distribution ratios

of the observed ~v-ray transitions

and % — % — %, respectively. The experimental angular distribution ratios are obtained from
the intensity ratios of the transitions measured at simultaneously at scattering angles 90° and
130°, respectively.

As can be seen in figure 2, within the experimental uncertainties of the angular dis-
tribution ratio, it is difficult to unambiguously assign a spin quantum number to the photo-
excited states due to the large statistical uncertainties in most cases. However, dipole rather
than quadrupole character may be assigned to the excited states at excitation energies higher
than E, = 5.25 MeV. There, the angular distribution ratios tend to be smaller than unity
indicating either J = % orJ = % for the excited states.

4.2. Decay pattern

Usually, a photo-excited state can decay via various decay channels. First of all, it can directly
decay back to the ground state. In accordance with classical scattering reactions, this situation
is often referred to as elastic photon scattering. On the other hand, the excited state can decay
via intermediate states. This case is correspondingly called inelastic photon scattering.

As has already been pointed out above, peaks observed in the measured Tl spectra do not
always correspond to direct decays to the ground state, i.e., to elastic transitions, but may stem
instead from inelastic transitions to intermediate states. The Ritz variation principle allows us
to check whether a transition may be of inelastic character or not. Applying the Ritz principle,
the energy difference of two y-ray transitions E, ; and E, » is compared with the energies of

low-lying states, e.g., the one of the %+ level. If they match, the excited level at an excitation
energy E, ; may decay also via the low-lying state resulting in an inelastic transition peak at
E, . Nevertheless, the energies may also coincide by accident making analysis of this cri-
terion necessary but not sufficient for the assignment of inelastic transitions.

According to the Ritz principle, 9 out of 61 observed transitions of *°>TI may be con-
sidered as inelastic transitions of the photo-excited levels to the well-known low-lying levels
located at excitation energies E, of 203.7 keV (J™ = 3/2%), 619.22 keV (J™ = 5/2T),
1140.99 keV (J™ = 3/2%), 1179.98 keV (J™ = 3/2*%, 5/2%), 1219.15 keV (J™ = 1/2%),
1438.42 keV (J™ = 1/2,3/2,5/2%), and 1574.03 keV (J™ = 3/2%, 5/2%).

8
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Figure 3. Photon-scattering spectrum of "TI at mean polar angle § = 90° using a
mono-energetic polarized incident photon beam at 4.7 MeV (upper part) and 4.9 MeV
(lower part) at HIy S. The gray shaded area marks the energy spread of the incident
photon beam (FWHM ~3%).

The most pronounced transitions of *°>TI have been observed at y-ray energies of 4961.1
keV and 4967.8 keV, respectively. Following the Ritz principle, the peaks observed in the
spectra at 4764.1 keV and 4759.3 keV, respectively could be associated with transitions from
the 4961.1 keV and 4967.8 keV levels to the E, = 203.7 keV first excited state, respectively.

Therefore, in order to decide whether the deexcitations correspond to branching transi-
tions or to ground-state transitions, the present experiments have been complemented by an
additional measurement carried out at the high intensity ~-ray source (HIy S) [23] at the
Triangle Universities Nuclear Laboratory in Durham, NC, USA. There, the natural Thallium
target has been exposed to a nearly mono-energetic linearly polarized -ray beam (FWHM
~3%). At HI¥ S, the photon beam is produced via Compton backscattering of laser photons
generated in a free electron laser. For a detailed description of HIYS we refer to [23].

The ~-rays scattered from the target have been counted by four HPGe detectors with
efficiencies of 60% for three detectors and 20% for one detector relative to a standard Nal
detector. They have been mounted around the target at polar angles perpendicular to the
incoming beam. The photon beam has been tuned to 4.7 and 4.9 MeV mean beam energy E,.
The measurements at both energies lasted for about three hours each. Figure 3 shows the sum
of the recorded spectra of two vertical detectors for the measurements at E, = 4.7 MeV
(upper panel) and at Ey, = 4.9 MeV (lower panel), respectively. In the measurement at
Ey, = 4.7 MeV no peaks were observed at either 4764 or 4759 keV, only a weak previuosly
known state was seen at 4741.4 keV. However, in the second measurement at £, = 4.9 MeV,
along with the states at 4961.1 and 4967.8 keV excitation energy populated by the incident -
ray beam, transitions at 4764 keV and 4759 keV were observed. The corresponding peaks are
thus associated with decay branches of the levels at 4961 keV and 4967 keV, respectively to
the first excited state with J™ = 3/2%. Thus, there is no excited state of 205T] at 4764 or 4759
keV. However the possible decay branch of the levels at 4961.1 keV and 4967.8 keV into the
second excited state of 2°>TI at 601.4 keV excitation energy, which coincides with the weak

9
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Table 3. Properties of photo-excited states with firmly assigned branching transitions.

Given are the level excitation energies E,, the transition energies E., of both the elastic

and inelastic transitions, the ground-state branching ratios % considering only the

branching observed in S-DALINAC experiments and confirmed in HI§S measure-
ments, the ground-state widths g - I, and the B(E1)T, B(M1)7 transition probabilities.

To

E, E, E T gl B(EL)  B(MI)
(keV) (keV)  (keV) V)  103e2fmd)  (12)

4961.1(2) 4961.1(2) 0 0.85(3)  2.79(50) 18.5(33) 1.67(30)
4759.3(7)  203.7

4967.8(1)  4967.8(1) 0 0.71(2)  4.93(92) 27.1(51) 2.45(46)
4764.1(4) 203.7

transitions at 4341.9 and 4348.4 keV, respectively, observed at S-DALINAC, have not been
observed in HIYS experiments at a beam energy of E, = 4.9 MeV.

Among the levels populated in the measurements at £, = 4.9 MeV, one can well dis-
tinguish in the recorded spectrum three other populated levels at 4938.2, 4947.0 and 4975.1
keV excitation energy which have also been identified in S-DALINAC measurements. In this
spectrum, a transition at 4731 keV, which corresponds to a decay branch of the level at
4938.2 keV to the first excited state at E, = 203.7 keV, has been found but 10% lower than
the sensitivity limit. This transition, previously detected at S-DALINAC, has not been found
in the measurements at E, = 4.7 MeV, which thus could confirm its inelastic character. For
the 4947.0 and 4975.1 keV levels, no branching decay has been observed. The transition
found at 4741.4 keV, which coincides with the deexcitation energy of the level at 4947.0 keV
to the first excited state, has been confirmed as a ground-state transition in the measurements
at E, = 4.7 MeV. The spectrum obtained at HIYS at Ey, = 4.9 MeV shows additional weakly
populated levels in the energy region of the incident photon beam, indicated with a grey color
panel, at 4926.5, 4994.1 and 5007.5 keV excitation energy, respectively. The corresponding
peaks observed also at S-DALINAC are thus considered as ground-state transitions. Whereas
two branching transitions were assigned to the two photo-excited levels at excitation energies
of 4961.1 and 4967.8 keV (see table 3), inelastic character of 12 remaining transitions cannot
be confirmed nor excluded. Details of these 12 photo-excited levels which exhibit possible
branching transitions to lower-lying excited states are listed in table 4. The candidate
branching transitions exclude transitions for which the corresponding strength is higher than
the one of the ground-state transition strength. Indeed, this is noticeable for the 4961.1 and
4967.8 keV levels, where the ground-state transitions amount to 70% of the total decay width.
Using monochromatic gamma beams produced from thermal-neutron capture reactions, A
Wolf et al [24] measured g.s branching ratios of 56% and 58% of the photo-excited levels at
7252 and 7646 keV of 2°TI, respectively accounting for all observed branching. This is
consistent with the values measured in our experiments in this excitation energy region and
also with those which can be deduced from data on the neighboring nucleus **’Pb [10].
Furthermore, measurements in the case of ®*Ni [25], %Mo [26], 140ce [27] have demonstrated
that the ground-state decays exceed 50% of the total decay in the vicinity of the neutron
threshold energy.
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Table 4. Levels with possible branching (inelastic) transitions to lower-lying levels E.
Given are the level excitation energies E,, the transition energies E., of both the elastic

and inelastic transitions, the ground-state branching ratios % under the assumption that

all branchings have been observed in the present measurements, the ground-state
widths g - [ and the B(E1)T, B(M1)T transition probabilities.

E, E, Ef Ba gl B(E1) B(M1)
(keV) (keV) (keV) (eV) (1073e*fm?) (1)
49382(2)  4938.2(2) 0 0.84(3)  0.79(11) 521(70)  0.47(6)

4731.6(7) 203.7

4961.1(2)  4961.1(2) 0 0.78(2)  3.30(59) 20.1(36) 1.8(3)
4759.3(7)° 2037
4342.1(6)  619.2

4967.8(1)  4967.8(1) 0 0.652) 5.87(110)  29.6(55) 2.7(5)
4764.1(4)°  203.7
4348.4(4)  619.2

5610.4(5) 5610.4 (5) 0 0.73(2) 1.89(39) 7.5(15) 0.68(14)
5406.6 (8)  203.7

5686.2(3)  5686.2(3) 0 0.77(2)  4.80(80) 19.2(32) 1.74(29)
5480.2(5) 203.7

5755.83)  5755.8(3) 0 0.78(7)  4.66(71) 18.1(23) 1.64(21)
5552.6(6) 203.7

5781.4(6)  5781.4(6) 0 0.50(7)  2.18(94) 5.4(22) 0.49(20)
5577.1(7)  203.7

5803.8(9)  5803.8(9) 0 0.61(7)  1.80(59) 5.4(17) 0.49(15)
5598.1(8)  203.7

5963.8 5963.8(18) 0 0.57(6)  1.76(60) 4.6(15) 0.41(14)
18)
5343.6(9) 619.20

 Under the assumption of no other branching transitions.
® Confirmed as a branching transition in HINS experiment.

4.3. Comparison to neighboring nuclei

Figure 4 shows the measured dipole-strength distribution in terms of

I;
gl = E—‘l (6)

(which is proportional to the reduced transition probabilities, see equations (4) and (5)) for
05T} from the present measurements assuming I' = I}, in cases where no inelastic transitions

11
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Figure 4. Systematics of the dipole-strength distributions in stable nuclei near the
N = 126 shell closure observed in NRF experiments using initial electron beams of

kinetic energy E, for the bremsstrahlung production. For all nuclei the reduced

transition width g - T is plotted as function of the excitation energy. Data for

204.206,207p} are taken from [10], for 2°®Pb from [28], and for 2°°Bi from [12]. Note the
differences in scale.

have been assigned from the Ritz combination principle in comparison to data on neighboring
nuclei near the N = 126 shell closure.

The results for *°°T1 are presented as discrete lines in the second panel of figure 4.
Corresponding results from previous NRF measurements in neighboring even—even
204-208ph and odd mass nuclei are shown in other panels for comparison. In all of these
isotopes one finds two regions of strength concentration: the first one is located between 4.7
and 5.0 MeV and the second, broader one, around 5.5-6.0 MeV. The observed strength in
double-magic °®Pb and its neighbor *°’Pb is concentrated only in a few excited states in
208pp with comparatively large individual strength. In contrast to this, in other Pb isotopes as
well as in 2°°T1 and °°Bi, the strength is significantly more fragmented, i.e. it is distributed
over many more weakly excited states. One can notice that the detectable transition strength
above the NRF sensitivity limit increases with the difference (N-Z) which is the strongest in
the case of the closed shell 2®Pb. This feature of PDR mode has been also observed in other
neutron shell closed nuclei. The comparison of the dipole strengths distribution in 2°°TI
obtained from NRF experiments is done with those of the neighboring nuclei where the
respective strength distributions have been deduced from only NRF resolved levels, too. Our
aim is the identification and the quantification of the strongest photo-excited states of °°TI
and an estimate of the corresponding strengths, whereas in other complementary NRF studies
(see, e.g [8, 29]), in order to quantify the overall photo absorption cross section, the deduced
strengths include the contribution of unresolved levels by an iterative deconvolution of the
entire gamma-ray signal by means of statistical model.

A resonance-like structure was observed in Tl in early (n, -y) experiments [13] as a bump
at ~5.5 MeV. Nal detectors used in that experiment did not allow for resolving its fine
structure. A more detailed comparison of that data set to ours is, therefore, not possible.

12
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5. Comparison to QPM predictions

The quasiparticle phonon model (QPM) [18] has been successfully applied in the past for
describing the general behavior of low-lying dipole strength in the A ~ 200 mass region, e.g.,
for nuclei in the Pb chain (see, e.g., [10, 30]). Thus, it has been used in the present work to
calculate also the dipole-strength distribution of the odd-proton number Z = 81 spherical
nucleus 2°>TI. In the following, we first provide a brief outline of the model in its application
to spherical odd-mass nuclei. Afterwards, the QPM predictions will be compared to the
experimentally deduced dipole-strength distribution. For a detailed review of the QPM we
refer to [31, 32].

5.1. The QPM formalism

The ground and excited states of ° Tl are described with a wave function which includes
quasiparticle ajm (described on a mean field level), quasiparticle-phonon [a;,Q/\Ti]jm, and

quasiparticle two-phonon [[a}, 01O/ ]im components (where jm = |nljm)):

U, (jm) = CY {a}m + > D) () [0l Q5 lim

Aij’
+ Y PR unlaliof, ol i ¢ Yo %)
Nithoiz i .
Here,
[aj/Q;\.i]j = chj;z’)\ua}’m’Q)Tiu (8)

m'u

is an angular momentum coupling. The operator Q /{Qi ., 18 @ phonon creation operator with the
following quantum numbers: multipolarity A, parity 7 = 41, projection quantum number g,
and the quasiparticle random phase approximation (QRPA) root-order number i. It generates
phonon excitations of a neighboring even—even core nucleus. The term W, in equation (7)
represents the quasiparticle/phonon vacuum, and the index v = 1, 2, ... labels whether a
state j is the first, second, etc, state in the total energy spectrum of the system. Because of the
spherical symmetry, all equations are degenerate with respect to the projection quantum
numbers m and .

The spectrum of excited states j and their wave functions, i.e., the coefficients C, D, and
F in equation (7), are obtained by diagonalization of the model Hamiltonian on a set of wave
functions of the form of equation (7). The model Hamiltonian contains parts corresponding to
the mean field for protons and neutrons (described by the Woods—Saxon potential), to the
monopole proton—proton and neutron—neutron pairing, and to the residual interaction (in a
separable form with the radial form factor given as a derivative of the mean field).

The spectrum of quasiparticles is obtained by solving the BCS equations with constant
matrix elements of the monopole pairing. These equations also yield particle occupation
numbers. The phonon spectrum of different multipolarities X" is obtained from the QRPA
equations. The strength of the residual interaction is fixed in the QPM on the QRPA levels by
adjusting the collectivity of the lowest 2 and 3; states to their experimental values. The
matrix elements of the interaction between different components of the wave function (7) are
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Figure 5. Comparison of the observed reduced excitation probability distribution in
2051 (a) with results of QPM calculations ((b), (c), (d), (¢)) assuming a 2O4Hg core. The
gray arrow in panel (b) indicates the position of the strongest 1~ phonon calculated for
the even—even core ***Hg.

calculated microscopically without any free parameters:
@i’ ) = <aj||HQPM||[a}/Q;i]j>’
U)(\lel; ) = (QMHHQPM“ [Q;]i] Q;2i2]>‘

For the practical QPM calculations for *°TI, we have used the same mean field and
monopole pairing strength as in the case of the Pb isotopes [10]. The even—even nucleus
20%Hg has been chosen as the core having the same pairing in the proton system as **T1. In
the wave function (7), natural parity phonons with X' ranging from 1~ to 7~ and unnatural
parity 17 phonons have been considered. All possible quasiparticle-phonon and quasiparticle
two-phonon configurations with excitation energies below 6.5 and 7.5 MeV, respectively,
have been included in the wave function (7).

Furthermore, the calculations have been restricted to states with spin and parity quantum
numbers of j™ = %i and j© = %i which can be excited from the %Jr ground state of 2°°Tl via
electric and magnetic dipole transitions (which are mainly induced in NRF reactions). Such
states are obtained by considering the coupling of the unpaired quasiparticle a}m from 3s, /5,
3p1/2: 3p3 5 Or 2d3/ orbitals of the configuration space to any one-phonon or two-phonon

1+

. . ; +
state of the even—even core which results in a j™ = 5 or % level.

5.2. Comparison to experimental data

The calculated strength distribution of 2°°T1 is presented in figure 5 together with the results

of the present NRF experiments. For the experimentally observed strength, E1 character is
assumed in all cases.

In the experiment, two groups of rather strong transitions have been observed; one
around 4.9 MeV and one around 5.5 MeV excitation energy. Only one of these groups,
namely the one at an energy of 5.5 MeV, is reproduced in the QPM calculation. However,
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process.

this group is slightly shifted towards smaller excitation energy. Furthermore, the strength
extracted from the QPM calculation is less fragmented in comparison to the experimental
data. The fragmentation is underestimated in the calculations because qp ® 3ph components
in the wave functions have been omitted due to their minor contribution to the total strength.
The latter is about three times higher in comparison to the measured strength in the energy
region between 5 and 6 MeV. However, a part of the strength may be missed in the
experiment due to the limited experimental sensitivity, if it is strongly fragmented and dis-
tributed over many, only weakly excited states.

The ground state of °°T1 (J™ = 1/2") is described via an almost pure quasiparticle state
in the 3s;,, shell. The corresponding contribution of the o%sl/z quasiparticle to the ground-
state wave function accounts to 97%. A detailed look in the calculated wave functions of the
excited states reveals that, although the number of the components contributing to the wave
function given in equation (7) is of the order of a few thousand, in general, only a few of them
carry noticeable dipole excitation strength. These are mainly single particle excitations to the
3p; s, shell and gp ® 1ph components. However, the contribution of single particle excita-
tions to the wave functions are strongly suppressed to values of the sub-level due to the large
energy gap between the 3s;/, and the 3p;,, or 3p, ,qp levels, respectively. The unpaired
quasiparticle plays the role of a spectator. Therefore, the main part of the theoretical E1l
strength shown in figure 5 arises from qp ® Iph components of the type
[o<§SI . ® 0,11 j2-3/2- Here, the strongest contribution is given by the lowest lying 1; one-
phonon excitation of the core nucleus ***Hg which is located at an excitation energy of 5.5
MeV and carries a calculated transition strength of B(E1) = 0.46 e* fm”. Other I phonons of
20%Hg exhibit either only rather weak B(E1) transition strengths or are located above 7 MeV
excitation energy. They do not significantly contribute to the calculated strength distribution
of 2°°T1 below 6.5 MeV. Besides the E1 excitations, only very weak M1 strength has been
found in the calculations around 5.8 MeV which indicates that the strongest transitions
observed in the experiment have E1 character. The calculated M1 strength is dominated by
almost non-fragmented [o%Sl 5, ® Q1T+ 4l1/2+3/2+) configurations. In this case, the fourth 1+
phonon of 2**Hg at an excitation energy of 5.82 MeV has the strongest contribution to the M1
strength distribution of 2°>T1. This level corresponds to the well-known isoscalar I+ level of
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208pp at 5.85 MeV excitation energy. The lower-lying 1T phonons have significantly smaller
B (M1) values.
In figure 6 we present the quantity:

Dy = [B(EL, gs. — JOBEL J™ — Jp) ©)

which mimics the process of the excitation of J™ = 1/2~ and 3/2~ states from the ground
state followed by the de-excitation to the ground state (top part) and to the first excited state
3/2* (bottom pannel) of 2°°TI, respectively. The calculation predicts that the strongly excited
states 1/2~ and 3/2~ decay back to the ground state with almost 100% probability. This
matches well with our experimental finding at HI¥S facility of the measured ground-state
branching ratios for the levels at 4961.1 and 4967.8 keV to the first excited state at 203.7 keV
which amounts about 70%.

6. Summary

In this work, the dipole response of the odd-proton nucleus *°>TI has been investigated up to
the neutron-separation threshold exploiting the method of NRF. In total, 61 7-ray transitions
in 2°°TI have been identified out of which 9 may be transitions to intermediate states. Fur-
thermore, two transitions have been assigned to the second stable Thallium isotope, 2**T1. The
extracted dipole-strength distribution of *>Tl has been compared to neighboring nuclei in the
A =~ 200 mass region.

QPM calculations considering a ***Hg core, which exhibits a similar pairing, has been
performed considering quasiparticle ® N-phonon configurations (N = 0, 1, 2). The calcul-
ation fails to reproduce the first group of observed strong transitions located at an excitation
energy of 4.9 MeV, but reproduces the second group at 5.5 MeV excitation energy. The
calculated distribution with a predominance of electric dipole character is shifted by 100 keV
to lower energy with respect to the experimental results. The strongest transitions show a
3812 — 3812 ® 1; structure, indicating that the unpaired quasi-particle behaves solely as a
spectator.

The complementing measurement at HIYS emphasizes that, in order to distinguish decays
via intermediate states from those directly to the ground state, measurements with mono-
energetic photon beams, at least for the strongest excited states, are needed. Furthermore, to
complete the systematics of low-lying dipole strength in the N = 126 region, investigations
on 2TI using an enriched target, and on stable Hg isotopes, which includes a long chain of
odd and even mass nuclei, are highly desirable.
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