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Abstract
The nucleus 206Powas studied in the two proton transfer reaction 204Pb(16O,14C)206Po and the
lifetime of thefirst excited 2+ state was determined by utilizing the Recoil DistanceDoppler Shift
method. The experimental results are comparedwith shell-model calculations based on different
effective interactions. The calculations qualitatively reproduced the experimentally observed

+ +B E2; 2 01 1( ) value, suggesting that the +21 state of 206Po exhibits a collective nature. However, the
employed effective interactions revealed some limitations, particularly in their description of the +41,2
states. These results emphasize the importance of understanding the properties of low-lying states,
especially their evolution from single-particle dynamics to collectivemodes, in evaluating various
effective nuclear interactions.

1. Introduction

The dynamics of the nuclearmany-body system emerge from an intricate interplay single-particlemotion of
individual nucleons and their correlated, collective behavior. The description of single-particlemotionwithin
nuclei is well understoodwithin the nuclear shellmodel [1]. Apart from the individual particle configuration,
the nuclei are significantly influenced by pairing correlations. These correlations promote the formation of
nucleon pairs with a coupled angularmomentumof J= 0. Then, in semi-magic nuclei, the low-energy yrast
states are thosewith the fewest unpaired nucleons. This number of unpaired nucleons is called ‘seniority’ ν [2].
States with higher seniority appear at higher excitation energy. If seniority remains a good quantumnumber,
then all states can be grouped intomultiplets of one and the same seniority. The generalized seniority scheme
[3, 4] is, in fact, a simplified version of the nuclear shellmodel.Within the generalized seniority scheme [3, 4],
matrix elements remain unchanged between nuclei with n valence nucleons and thosewith valence nucleon
numbers corresponding to the lowest seniority. Thus, the yrast spectra for even-n particle configurationsmirror
those found in a 2-particle configuration.

Unlike single-particle behavior, collective behavior in nuclei arises from the coherentmotion of valence
nucleons. Thismotion is driven by the residual proton-neutron interaction [5]. Theway nuclear states evolve as
the number of valence particles (or holes) increases (shifting from single-particle configurations to collective
mixtures) is crucial for understanding the origins of nuclear collectivity and testing the accuracy ofmicroscopic
nuclearmodels.

A suitable region for such investigations is the region of Po isotopes nortwest of 208Pb. In the last decade, the
nuclei within this region have been subject to renewed scientic interest [6–10]. The energy spacing between the
yrast 2+, 4+, 6+, and 8+ states in 210Po suggests a seniority-like structure. Excluding the + +B E2; 2 01 1( ) value,
theE2 transition strengths between these states alignwith the predictions of the seniority scheme [6]. In open-
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shell polonium isotopes withN< 126, the transition from seniority configurations to collectivity as the number
of neutron holes increases remains an unexplored area. The +21 state energy drops by 495 keV from 210Po to
208Po, suggesting increased collectivity after removing twoneutrons from theN= 126 shell. Yet, this energy
stays almost a constant for isotopes down to 200Po (N= 116), a behavior typical for seniority configurations (see
figure 1 in [11]). In addition, the facts that the +61 and +81 states of 208−200Po isotopes are closely spaced and that
they have identicalmagneticmoments [12] strongly suggest that these states are seniority type excitations, built
predominantly on the p h9 2

2( ) configuration, similar to those in 210Po. Therefore, to understand the transition
from seniority dominated to collective behaviour in open-shell polonium isotopeswithN<126, it is important
to analyze the evolution of the absoluteE2 strengths. Taking away a neutron from 210Po does not result in an
increase in the quadrupole collectivity for the low-lying states of 209Po. This observation persists even for 208Po,
which has two neutron holes with respect to 210Po. In our previous studywe concluded that the +41 states of
204,206Po acquired collectivity due to the relatively enhancement of the + +4 21 1 transitionwith respect to
expectations of simplemixture of proton and neutron seniority configuration [8]. However, the exact character
of the +21 state of 206Po is still uncertain. Grahn et al havemeasured the + +B E2; 2 01 1( ) value for 206Po using
Coulomb excitationwith re-accelerated radioactive beams in inverse kinematics [11]. The large uncertainty in
the obtained transition strength,  =+ +

-
+B E2; 2 0 181 1 11
14( ) W.u.,makes it challenging to definitively interpret

Figure 1. (a)The projection of the particle-γmatrix for the target-to-stopper distanceD = 11 μm atΘγ = 45°. Different parts of the
particle spectrum are indicated inmarked ranges and correspond to particles detected by the solar cells in coincidencemodewith the γ
rays from the labelled nuclei. (b)The particle-gated γ-ray spectrumwhich is obtained in coincidence with the region labelled as ‘206Po,
207Po& 208Po’ in panel (a).
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the nature of the +21 state in 206Po. This hasmotivated us to perform an experiment dedicated tomeasure the
lifetime of the +21 state of 206Po utilizing a different experimental technique. The results from this experiment are
presented and discussed in the present study.

2. Experimental setup

The excited states of 206Powere populated using the 204Pb(16O,14C)206Po—two protons transfer (2p-transfer)
reaction. The 16Obeamof energy 84MeVwas provided by the FN-TANDEMaccelerator at theUniversity of
Cologne. Themean lifetime of the +21 state of 206Powasmeasured by utilizing theRecoil DistanceDoppler Shift
(RDDS)method [13, 14]. The target was a 0.6 mg cm−2 thin 204Pb layer with 99.94% isotopic enrichment
evaporated on a 0.3 mg cm−2 51V support foil. The target was positioned so that the side of the vanadium foil was
facing the beam. The stopper was a 2.0 mg cm−2 51V foil andwas stretched parallel to the target. Data were taken
at six plunger distances: 11 μm, 13 μm, 17 μm, 21 μm, 30 μmand 47 μm.These distanceswere determined
relative to the electrical contact of the foils obtained via the capacitancemethod [15, 16] andwere kept constant
by the active feedback systemof theCologne plunger device [15].

The target and the stopper were placed inside the chamber of theCologne plunger device [15]. In order to
detect the recoiling light reaction fragments, in the chamberwasmounted an array of six (10mm×10mm) solar
cells. Theywere positioned at backward angles with respect to the beamdirection and covered an angular range
between 115° and 165°. The solar cells serve for a selection of the different reactions induced on the target and
the stopper. Due to the largemass difference of the target and backing and stoppermaterials the transfer
reactions induced on the target and the backing and/or stopper arewell separated (as can be seen infigure 1(a)).
For detecting the γ rays from the decay of the excited states of 206Powas used an array of eleven high purity
germanium (HPGe) detectors. The detectors were placed in two rings around the target chamber:five of them
were placed at 142° and the other six of themwere placed at 45°.

3.Data analysis and results

The datawere sorted offlinewhen at least one solar cell and oneHPGe detector are in coincidence which
corresponds to particle-γ coincidences andwhen at least twoHPGe detectors are in coincidencewhich
corresponds to γ-γ coincidences. As an example, infigure 1(a) is presented a projection of one of the sorted
particle-γmatrices. Thismatrix is sorted for the data obtained at target-to-stopper distance 11 μmand for
germaniumdetectors placed at forward angles. Different parts of the projection of the particle-γmatrix are
indicated inmarked ranges and correspond to particles detected by the solar cells in coincidencemodewith the γ
rays coming from the labelled nuclei. The γ rayswhich are found to be in coincidencewith the particles labelled
‘
206Po, 207Po& 208Po’ (the red dash-dotted box) infigure 1(a) are shown infigure 1(b). This spectrum is
dominated by γ-ray transitions depopulating excited states of 206Po.Moreover, the transition depopulating the
first excited 2+ state of 206Po, 701-keV line, hasDoppler-shifted components and its intensities depend on the
plunger distance, as can be seen infigure 2. In this figure are presented the particle-gated γ-ray spectra of the

+ +2 01 1 (701-keV) transition at three different plunger distances observed at backward (a) and forward (b)
angles. As can be expected, as the distance between the target and the stopper increases, the intensity of the
shifted components increases as well.

Studying the change of the intensities of the shifted (Ish) and the unshifted (Iun) components of the + +2 01 1

γ-ray transition enables the determination of the lifetime of the +21 state of 206Po. The data from the present
experiment was analyzed bymeans of theDifferential Decay CurveMethod (DDCM) [17, 18]. Thismethod
requires the Ish and Iun components (for each distance) to bemeasured from spectra which are in coincidence
withDoppler-shifted components of transitions that are direct feeders of the state of interest. Then the lifetime τi
for the i-th target-to-stopper distance can be determined via [17, 18]:

t =
ñ

x
I x

v I x
. 1i

un

d

dx sh )( ) ( )

(
( )

In our analysis the lifetime is determined by the software programNapatau [19]. The program fits the Ish
components and calculates over separate intervals the time derivative of that curve. Then the trend of the time-
derivative is adapted to the trend of the Iun components.

As can be seen from equation (1) the velocity of the ejected 206Po nuclei has to be known. In our analysis the
mean velocity of the recoiling nuclei 〈v〉was determined experimentally using the centroids’ positions of the
shifted and the unshifted components of the 701-keV transition to be 〈v〉= 1.09(7)%c. In order to extract the
lifetime of the state of interest in the present experiment, the data have to be analyzed in particle-γ-γ coincidence
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mode.Due to the acquired level of statistics this requirement cannot bemet.However, the particular feeding
pattern of the first 2+ state of 206Po allows circumvention of this problem, as described below.

The presented particle-gated spectra (figure 1(b) andfigure 2) are, in fact, singles spectra. In principal, the
singles γ-ray spectra contain information for the effective lifetimewhich aggregates themean lifetime of the state
of interest and the partial lifetimes of all states decaying to it. Hence, the intensities of the 701-keV line that are
derived from the spectra infigure 2 have to be corrected for the effects of the transitions that feed directly the
state of interest. Due to the specificmechanismof the transfer reactions, they only populate discrete states which
is in contrast to fusion-evaporation reactions. Therefore, it can be considered that in the present analysis slow
feeding contributions to the effective lifetimes of excited states of 206Po can originate only fromdiscrete decays of
higher-lying states, as suggested in [20]. A partial level scheme of the states of 206Po populated via the used 2p-
transfer reactionwas constructed on the basis of the particle-γ and γ-γ coincidences. The resulting level scheme
from the present data is shown infigure 3. It agrees with the previously reported level schemes of 206Po [21]. For
the spin-parities of the observed states, we have adopted the values reported in previous studies [21]. It is
important to emphasize that besides the levels depicted infigure 3 there are no other states observed up to date
that decay directly to the +21 state of 206Po. Thismeans that there are four direct feeders to the level of interest
whose effects have to be accounted.

The lifetimes of the +42 and
+22 states at excitation energies 1434 keV and 1162 keV, respectively, are not

known. In the present data the 734-keV ( + +4 22 1 ) and 461-keV ( + +2 22 1 ) transitions haveDoppler-shifted
and stopped (unshifted) components. Hence, the contributions coming from the decays of both states to the +21
state could not be considered neither as fast nor as slow feeding. Therefore, to determine accurately the intensity

Figure 2.The evolution of the intensities of the unshifted andDoppler-shifted peak of the 701-keV ( + +2 01 1 ) transition observed at
backward angles (a) and at forward angles (b) for three different plunger distances. The dash-dotted (violet) lines represent the
positions of theDoppler-shifted peak and the dashed (red) lines represent the unshifted peak positions.
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of the unshifted component of the 701-keV line, we have taken into account the additional counts from the
+ +4 22 1 and + +2 22 1 decays when the nucleus is at rest. Thismeans that we have subtracted the Iun

components of the 734-keV and 461-keV lines from the Iun component of the 701-keV line. The intensities of
the lineswere efficiency-corrected before this procedure. In addition to themain analysis, we have estimated also
the lifetime of the +42 state of

206Po to be 7(3) ps in an analogousway as for the +21 state. This lifetime corresponds
to transition strength of + +B E2; 4 22 1( )= 540(231) e2fm4.

The lifetime of the +41 state of 206Po has beenmeasured by γ-γ fast timing technique to be 89(7)ps [8]. In the
present dataDoppler-shifted component of the 477-keV ( + +4 21 1 ) transition appears at the longer plunger
distances. Therefore, we corrected the intensity of the stopped component of 701-keV linewith the intensity of
the stopped component of 477-keV transition analogous to the 734-keV and 461-keV feeder transitions.

Then only the 864-keV ( + +3 21 1( ) ) transition has not been taken into account. Due to the low statistic in
the present RDDS experiment the 864-keV line is not visible but the 387-keV transition depopulating the same
excited level is observed (see figure 1(b)). This line is contaminated by the 384-keV ( + +4 23 2 ) transition. In our
data not only the stopped components of both lines are observed but also someDoppler shifted components.
Due to the lack of information about the lifetimes of the +31( ) and +43 states and the close energies of both
transitionswe cannot separate certainly the counts of the 387-keV line from the counts of the 384-keV line.
During the experiment beside the present RDDSmeasurements we have performed an additionalmeasurement
which has utilized the same transfer reaction on a 25 mg cm−2-thick foil of 204Pb as target. The experimental
setup and the beam energy are the same as in our RDDS experiment and therefore, similar relative population of
the excited states of 206Po can be expected. Indeed, the data from the additionalmeasurement show that 54(1)%
from the feeding of the +21 state is coming from the + +4 21 1 transition. This result is in agreementwith the data
from the present RDDS experiment where this feeding is determined to be 53(4)%.The intensities of the other
direct feeders of the +21 state of 206Po observed from the additional data show that 9.5(7)%from the feeding of
the +21 state originates from the 734-keV transition, 9(1)%is coming from461-keV transition and 2.7(5)%
originates from the 864-keV transition. The remaining 24.8%of the intensity of the 701-keV transition is
considered as direct population of the +21 state. Since the +31( ) state could not be considered neither as fast nor as
slow feederwe have assumed these two limits andwe accounted for their influence in our analysis in a similar
way as in our previous studies [9, 22]. Firstly, if we assume that its lifetime is short enough so that it decays only in
flight, no further corrections of the intensities of the 701-keV transition are needed. Therefore, the intensities of
both components of the 701-keV transition that are determinedwith the above-mentioned procedure can be
used to determine the lifetime of the +21 state of 206Po using the equation (1). TheDDCManalysis for the lifetime
of the state of interest is presented infigure 4 for backward (a) and forward (b) angles. The average value between
both results gives the value of 6.4(7) ps for the lifetime of the +21 state of 206Po. Considering the alternative for the
lifetime of the +31( ) state, namely that it is long-lived and decays only at rest, we have further reduced the stopped
component of the 701-keV line by 2.7%of the total intensity. Then the lifetime of the +21 is reduced to 5.9(6) ps.
By averaging the two limits we obtained the value of 6.2 pswith a statistical uncertainty of 0.5 ps and an
additional systematic uncertainty of 0.9 ps. As the final value for the lifetime of the +21 we adopted the value of 6.2
(10) ps. Using this lifetime and the electron conversion coefficient for the + +2 01 1 transition of 206Po [21]we
have calculated that the absolute transition strength is + +B E2; 2 01 1( )= 766(124) e2fm4= 10.6(17)W.u.

Figure 3.Partial level scheme of 206Po obtainedwith the 2p-transfer reaction in the present work. The arrows’ thicknesses are
proportional to the relative γ-ray intensities normalized to the intensity of the 701-keV ( + +2 01 1 ) transition. The 864-keV transition
(dashed line) is not observed in the present RDDS data but the 387-keV line is observed.

5

Phys. Scr. 99 (2024) 065307 DKocheva et al



4.Discussion

In the present study the structure of thefirst excited nuclear state of 206Po has been investigated in the framework
of the shellmodel using the codeKSHELL [23]. For the purpose of these calculations, the double-magic nucleus
208Pb has been considered as a closed inert core. The calculations are performed in a similar way as in our
previous studies of 208,209Po [7, 9]. For both proton particles and neutron holes themodel space included the

orbitals 2p3/2, 2p1/2, 1f7/2, 1f5/2, 0h9/2, 0i13/2. As in our studies [7, 9], the Q̂-box folded-diagram approach [24]
was used for the two-bodymatrix elements of the effectiveHamiltonian. The starting point here is the CD-Bonn
nucleon-nucleon potential [25] renormalized utilizing theVlow−k approach [26] (henceforth these calculations
will be labelled as CD-Bonn calculations). TheCoulomb potential is also included for the proton-proton
interaction. The proton single-particle and neutron single-hole components of the effectiveHamiltonian have
been taken from the experimental spectra of 209Bi [27] and 207Pb [28], respectively. The effective charges used in
the present study are eπ= 1.5e and eν= 0.92e and are the same as in [7].

A comparison between the experimental and calculated spectra of 206Po is shown infigure 5. The calculated
excitation energies of the yrast states are in a very good agreementwith the experimental data, as the
discrepancies are less than 80 keV for all of the states. The comparison of theB(E2) transition strengths shows
very good agreement for the + +8 61 1 transition, and good agreement in the case of the + +2 01 1 transition.
Both the newly derived experimental + +B E2; 2 0exp 1 1( )= 766(124) e2fm4 value and the calculated one

+ +B E2; 2 0th 1 1( )= 541 e2fm4 show significant increase comparedwith the ones in the case of 208Po -
+ +B E2; 2 0exp 1 1( )= 252(96) e2fm4 and + +B E2; 2 0th 1 1( )= 388 e2fm4 [9]. This allows us to conclude that the

increase of the neutron holes inN= 126 shell closure increases the collectivity of the +21 states. However, the
CD-Bonn calculations cannot describe the + +B E2; 6 41 1( ) and + +B E2; 4 21,2 1( ) values.

To discuss further the structure of the low-lying states of 206Po, their wave functions are presented in terms
of the |204Pb〉⊗ |210Po〉 basis states:

ñ = ñ Ä ñ ++ + +Po; 0 0.98 Pb; 0 Po; 0 ... 2gs gs gs
206 204 210∣ ∣ ∣ ( )

Figure 4.The lifetime of the +21 state of 206Po determined at backward (a) and forward angles (b). The graphs in themiddle panels
illustrate the shifted intensities at various target-to-stopper distances. To calculate the derivative, continuous curves arefitted through
these intensities. The bottompanels compare the curves that represent the product between the lifetime of the state of interest and the
time derivatives of the shifted intensities with the experimental unshifted intensities. The upper panel shows the extracted lifetimes for
each distance in the region of sensitivity. Theweightedmean values of the lifetimes are indicated by the horizontal lines.
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∣ ∣ ( )

Thewave functions of the +21 and +41 states are neutron dominatedwhile the +61 and +81 states are dominated
by the proton components. Amore detailed discussion deserve the +41 and +42 states whosewave functions are
predicted to contain 92% from the +41 state of 204Pb and 88% from the +42 state of

204Pb, respectively (see
equations (4) and (7)). This neutron dominance in the structures of the +41,2 states can be the reason for the
observed discrepancy between the theoretical and the experimental + +B E2; 4 21,2 1( ) values. In order to
examine the origin of this issuewe have performed calculations for 204Pb using the same shell-model
framework. The results are presented in table 1. It has to be noticed that thefirst and second 4+ states in 204Pb are
predicted to lie, respectively,≈100 and 300 keV below the experimental ones. These significant deviations are
the reason for the overestimation of the neutron contribution in the structure of the first two 4+ states of 206Po
which consequently lead to the smallE2 transition strengths in the shell-model calculations indicating
deficiencies in the n-n part of the used interaction.

It is interesting to checkwhether the problem is specific for the used interaction. For this purpose, we have
performed another large-scale shell-model calculationswith theKHM3Y effective interaction [31] (henceforth
labelled as KHM3Y calculations). This interactionwas developed for theZ= 50− 126 andN= 82− 184model
space. In order tomake the calculations possible, the proton orbitals below theZ= 82were considered

Figure 5.Agraphical representation of the results for shell-model calculations (CD-Bonn) for the low-lying states in 206Po in
comparisonwith experimental data (Expt). The experimental + +B E2; 8 61 1( ) value is taken from [21], the + +B E2; 6 41 1( ) value is
taken from [29], the + +B E2; 4 21 1( ) value is taken from [8] and the other results are from the present study. The thickness of the
arrows is proportional to theB(E2) values in e2fm4. The latter are also presented by the numbers next to the arrows.

Table 1.Comparison between the experimental and calculated (CD-
Bonn) properties of the low-lying states in 204Pb. The experimentalB
(E2) values are from [30].

pJi
Ex (MeV)

pJ f
B(E2; Ji → Jf)(e

2 fm4)

Expt CD-Bonn Expt CD-Bonn

+21 0.899 0.840 +01 334(4) 295
+41 1.274 1.178 +21 0.27(1) 65
+42 1.563 1.275 +21 — 10
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completelyfilled and the neutron excitations across theN= 126 shell were not allowed, hence, the samemodel
space as in our previous calculations is used. The calculations were performed using the shell-model code
NuShellX [32]. The effective neutron charge eν= 1e is chosen to reproduce the + +B E2; 4 21 1( ) and

+ +B E2; 2 01 1( ) values in 204,206Pb, and the eπ= 1.6e is chosen to reproduce the + +B E2; 8 61 1( ) transition
strength in 210Po. For effective gyromagnetic factors, we adopted the values recommended in [33]: =pg 3.234s ,

= -ng 2.083s , =pg 1.107l , and = -ng 0.065l . The radial part of thewave functions is calculated using the
Skyrme potential [34]. It is worthmentioning that, with that choice of the effectivemultipole operators, the
calculations reproduce verywell the available experimental data onmagnetic and quadrupolemoments of the
+81 and +61 states of all 210−206Po isotopes as can be seen in table 2. The results from the calculations for the
energies of the low-lying states of 206Po and the transitions strengths are presented and comparedwith the
experimental data infigure 6.

The calculated excitation energies of the yrast states are in a good agreementwith the experimental ones as
the discrepancies are less than 120 keV for all of the states. The comparison between the theoretical and
experimentalB(E2) values shows very good agreement of the + +B E2; 2 01 1( ) transition strength and some
improvements in the + +B E2; 6 41 1( ) and + +B E2; 4 21 1( ) valueswith respect to theCD-Bonn calculations.
In order to obtain thewave functions of the calculated states in terms of the |204Pb〉⊗ |210Po〉 basis states, we
have converted theKHMY3 interaction used in theNuShellX code [32] into the format for theKSHELL code
[23] for themodel space used.We have rigorously verified that both codes produce identical results for the
energies of the excited states and the electromagnetic properties of 210−206Po isotopes. The results from this
procedure for thewave functions of the calculated states of 206Po are presented as follow:

ñ = ñ Ä ñ ++ + +Po; 0 0.94 Pb; 0 Po; 0 ... 8gs gs gs
206 204 210∣ ∣ ∣ ( )

ñ = - ñ Ä ñ - ñ Ä ñ ++ + + + +Po; 2 0.77 Pb; 2 Po; 0 0.54 Pb ; 0 Po ; 2 ... 9gs gs
206

1
204

1
210 204 210

1∣ ∣ ∣ ∣ ∣ ( )

Figure 6.Agraphical representation of the results for shell-model calculations with theKHM3Y interaction for the low-lying states in
206Po in comparisonwith experimental data (Expt). The thickness of the arrows is proportional to theB(E2) values in e2fm4. The latter
are also presented by the numbers next to the arrows (see text for details).

Table 2.Comparison between the experimental and calculated
magnetic (μ) and quadrupole (Q)moments of 210−206Po isotopes.
The experimetal data is taken from [12].

μ (μN) Q(efm2)

Expt KHM3Y Expt KHM3Y

210Po
+81 +7.13(5) +7.31 −55(2) −56
+61 |5.48(5)| +5.49 — −12

208Po
+81 +7.37(5) +7.29 |90(4)| −86
+61 +5.3(6) +5.39 — −9

206Po
+81 +7.34(7) +7.22 |102(4)| −91
+61 — +5.34 — −16
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ñ = ñ Ä ñ + ñ Ä ñ

- ñ Ä ñ +

+ + + + +

+ +

Po; 4 0.75 Pb; 4 Po; 0 0.20 Pb; 4 Po; 0

0.46 Pb ; 0 Po; 4 ... 10

gs gs

gs

206
1

204
1

210 204
2

210

204 210
1

∣ ∣ ∣ ∣ ∣

∣ ∣ ( )

ñ = ñ Ä ñ ++ + +Po; 6 0.91 Pb; 0 Po; 6 ... 11gs
206

1
204 210

1∣ ∣ ∣ ( )

ñ = - ñ Ä ñ ++ + +Po; 8 0.89 Pb; 0 Po; 8 ... 12gs
206

1
204 210

1∣ ∣ ∣ ( )

ñ = ñ Ä ñ - ñ Ä ñ + ñ Ä ñ+ + + + + + + 13Po; 4 0.53 Pb; 4 Po; 0 0.26 Pb; 4 Po; 0 0.61 Pb ; 0 Po; 4gs gs gs
206

2
204

1
210 204

2
210 204 210

1 ( )∣ ∣ ∣ ∣ ∣ ∣ ∣

Similarly to theCD-Bonn calculations, KHM3Y calculations also predict that the +61 and +81 states are
dominated by the proton components. Although the +21 and +41,2 states are still predicted to be dominated by the
neutron components, the contributions of the proton components increase significantly expecially in the case of
the +42 state. This improvement can be traced to the n-n part of theKHM3Y interactions by calculating the
properties of the excited states of 204Pb in the same shell-model framework. These results are presented in
table 3. The energies of the +21 ,

+41 and +42 excited states of
204Pb arewell reproduced. In addition the calculated

E2 transition strengths agreewell with the available experimental values especially for the decay of the +41 state of
204Pb.Hence, the problem existing in the n-n part of the CD-Bonn interaction does not appear in theKHM3Y
interaction.

Regardless of the improvement in the structures of the calculated +41,2 states, the discrepancies between the

experimental and the calculated + +B E2; 4 21 1( ) and + +B E2; 6 41 1( ) values are still significant (see figure 6).
It has to be noted however that the excitation energies of the calculated +41,2 states fall between those of the
experimental +41,2 states, as depicted infigure 6. This implies that introducing additionalmixing to the calculated
states could improve the description. Indeed, by introducing amixing interaction of just 84 keV, the energy of
the calculated +41 state can be alignedwith the experimental +41 state’s energy of 1178keV. Infigure 6, the results
of thismixing scenario are labelled as ’KHM3Y+mixing’. The states +4I and

+4II result from themixing of the
calculated +41 and +42 states. Themixing elevates the energy of the +4II state to 1397keV and incorporates 18%of
the structure of the calculated +42 state into the

+4I state. The latter leads to + +B E2; 4 2I 1( )= 389 e2fm4 and
+ +B E2; 4 2II 1( )= 220 e2fm4. The + +B E2; 4 2I 1( ) value is in very good agreementwith the experimental
+ +B E2; 4 21 1( )= 359(28) e2fm4 one.Moreover, the calculated + +B E2; 6 4I1( )= 347 e2fm4 is in agreement

with the experimental + +B E2; 6 41 1( )= 300-
+
68
100 e2fm4 valuewhile the + +B E2; 4 2II 1( ) value is comparable

with the experimental + +B E2; 4 22 1( ) one. The necessity of introducing an additionalmixing between the
calculated +41,2 states is an indication forminor deficiencies inKHM3Ymost likely related to the p–npart of the
interaction.

5. Summary

In the present study the lifetime of the +21 state of 206Powasmeasured by the RDDSmethod. The determined
+ +B E2; 2 01 1( )= 10.6(17)W.u. value shows that the structure of this state is of collective nature. The

experimental data was comparedwith shell-model calculations based onCD-Bonn andKHM3Y interactions.
Bothmodels describe well the properties of the +21 ,

+61 and +81 states confirming the collective nature of the +21
state and the single-particle, seniority-like, nature of the +61 and +81 ones. Bothmodels have certain difficult in
describing the properties of the +41 state.While in the case of CD-Bonn interaction these difficulties can be
traced to some deficiencies in the n-n part of the interaction, KHM3Y interaction requires a smallmixing
between the calculated +41 and +42 states. The results fromboth calculations clearly show the spin-dependent
character of the evolution from single-particle to collective behaviour and demonstrate the ability of the shell
model to describe it. The present study also demonstrates that the low-lying states of nuclei transitioning from
single-particle to collectivemode exhibitmarked sensitivity tominor components of the nucleon-nucleon
interactions utilized in shell-model calculations.

Table 3.Comparison between the experimental and calculated
(KHM3Y) properties of the low-lying states in 204Pb. The
experimentalB(E2) values are from [30].

pJi
Ex (MeV)

pJ f
B(E2; Ji → Jf)(e

2 fm4)

Expt KHM3Y Expt KHM3Y

+21 0.899 0.927 +01 334(4) 328
+41 1.274 1.317 +21 0.27(1) 9
+42 1.563 1.593 +21 — 205
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