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Abstract. In this work we present an experiment dedicated to searching for quarupole-
collective isovector valence-shell excitation — the states with so-called mixed proton-neutron
symmetry (MSSs), in the nucleus 212Pg. The states of interest were populated and studied by
an a-transfer reaction. The experiment provides indication for existence of one-phonon MSS in
the nucleus 2!2Po which is the first experimentally identified MSS in the region around double
magic nucleus 2°8Pb.

1. Introduction

States with mixed proton-neutron symmetry (MSSs) are the lowest-lying isovector excitations in
the valence shell [1] for vibrational nuclei. These states have been defined in the framework of the
Interacting Boson Model with proton-neutron degrees of freedom (IBM-2), proposed by Arima
and Tachello[2, 3]. The states’ properties simultaneously depend on the nuclear quadrupole
collectivity, the underlying single particle structure, and the proton-neutron balance of the wave
function. Mixed-symmetry states can be identified experimentally by their unique decay to the
low-lying fully-symmetry states (FSSs) [4]. This comprises a major challenge since it requires
full spectroscopic infomation, i.e. the spin-parities of these non-yrast states, the lifetimes, the
branching ratio and the multipole mixing ratio have to be determined. The one-phonon mixed-
symmetry state decays to the 2f by a strong M 1-transition. The best examples of MSSs are
found in the regions with atomic mass around Ax90 [5] and A~130 [6, 7, 8, 9, 10, 11]. The
available information on MSSs in vibrational nuclei shows that good candidates for MSSs reside
around double magic nuclei. Thus, the main goal of the present study is the identification of
MSS in the vicinity of double magic nucleus 28Pb.
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Figure 1. (a) The projection of the particle-y matrix (at 142°). The vertical lines represent
groups of particles found to be in coincidences with the 7-rays from the indicated nuclei. (b)
The 7-ray spectrum in coincidences with the region indicated as ”2'2Po” in panel (a).

2. Identification of the one-phonon 21 mixed-symmetry state of 212Po

The experiment was performed at the FN Tandem facility of the University of Cologne, Germany.
The excited states of interest were populated using the transfer reaction 2°®Pb(12C,2Be)?'?Po.
The beam was accelerated to 62 MeV which is about 2 MeV below the Coulomb barrier. The
target was a self-supporting 10 mg/cm? thick Pb foil enriched up to 99.14% with the isotope
208Ph. The reaction took place in the reaction chamber of the Cologne coincidence plunger
device [12]. To detect the light reaction fragments six solar cells (10 mm x 10 mm) were used.
The array of solar cells was mounted at backward angles with respect to the beam axis, covering
an annular space between 116.8° and 167.2°. The solar cells were placed at a distance of about
15 mm between their centers and the target.

The emitted gamma-rays were registered by 12 HPGe detectors mounted outside the plunger
chamber in three rings at, on average, 12 cm from the target. Five detectors were positioned at
backward angles (142.3° with respect to the beam axes). Six detectors were placed at forward
angles (35°) and a single detector was positioned at 0°. The master trigger was set for at least
one particle (signal in the solar cells) and one ~-ray (signal in the HPGe detector) or at least
two v-rays. The particle-y coincidence data was sorted in three matrices with respect to the
angular position of the HPGe detectors.

In Fig. 1(a) is shown the projection of the particle-y matrix. Note that the actual counts
correspond to the fragments (ejectiles) from the transfer reactions. For instance, the y-spectrum
of 2'2Po (shown in Fig. 1(b)) is in coincidence with 8Be (or 2 a-particles). This spectrum is
dominated by the 727-keV, the 405-keV and the 223-keV lines which are the transitions from
the first three yrast states in 2'2Po [13]. Besides some contaminants from 2'!Po all other + lines
in the spectrum in Fig. 1(b) also originated from the decay of excited states in 2'2Po.

A partial level scheme of the states in 2'?Po populated in the present experiment was
constructed on the basis of the y—~ coincidence relationships. The level scheme is shown in
Fig. 2. The levels are observed in another a-transfer reaction, namely 2®Pb(*20,4C)212Po
[13] but we have also populated two non-yrast 2% states at excitation energies at 1512 keV
and at 1679 keV, respectively [14]. Taking into account the branching ratio and the multipole
mixing ratio of these two levels(+0.09(3) and 40.65(50) [14], respectively) these states show a
predominant M 1-transition to the ZT state via the 785-keV and the 952-keV, respectively [18].
That makes these two 2% states potential candidates for the one-phonon MSS in 2'2Po. The
only missing piece of experimental information that is needed for identification of these states
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Figure 2. Partial level scheme of 2'2Po obtained in the present work. For the spin and parity
gantum numbers we have adopted the values reported in the previous studies [13, 14, 15, 16, 17].
The energy of the transitions are given in keV. The candidates for the one-phonon MSS are placed
on the right of the yrast states.

as MSSs are short lifetimes. The determination of these lifetimes is possible by means of the
Doppler Shift Attenuation Method (DSAM) (cf. Ref. [19] and references therein) due to the
well pronounced Doppler shapes in both lines of interest.

For extracting the lifetimes two parallel analyses were used. The first one, labelled here
Analysis I, is based on a Monte Carlo (MC) simulation by means of a modified [20, 21] version
of the program DESASTOP [22] in order to describe the slowing down of the recoiling nuclei.
The electronic stopping powers are taken from the Northcliffe and Schilling tables [23] with
corrections for the atomic structure of the medium, as discussed in Ref. [24]. An empirical
reduction of f,, = 0.7 was applied [25] to downscale the nuclear stopping power predicted by
the theory of Lindhard, Scharff, and Schitt [26]. In the second analysis, labelled here Analysis
II, an integrated software named APCAD (Analysis Program for Continuous Angle DSAM)
is used [27]. In APCAD, the slowing down process is simulated by GEANT4 [28] as the
electronic stopping process is modelled in the same way as in Analysis I. On the other side,
APCAD adopts a simpler approach to modelling the nuclear stopping process, compared to
the completely discrete approach used in Analysis I; in Analysis II the angular straggling due
to nuclear collisions is modelled discretely by means of MC simulation while the corresponding
energy loss is considered to emerge as a result from a continuous process and the nuclear stopping
powers were taken from SRIM2013 [29] and reduced by 40%. Both analyses take into account
the response of the HPGe detectors, the experimental geometry and the restrictions on the
reaction kinematics imposed by the solar cells array. The feeding histories of the levels of
interest were determined by the y—~ coincidence data. Slow feeding was introduced and fitted
in the analyses only if the analysed transitions were observed in coincidence with transitions
from higher-lying states. In the opposite case, only very fast feeding which can be associated
with direct population of the levels of interest, was considered. Under these assumptions both
analyses produced similar results for the level at 2016 keV in 212Po (see Table 1).

For extracting the lifetime from the lineshape of the 661.3-keV transition a feeding history
similar to the one used in Ref. [13] (58% fast feeding and 42% slow feeding) is used (see Table 1).
The lifetimes of the 2; state at 1512 keV and 2;{ state at 1679 keV were extracted from the
lineshapes of the transitions E, = 785 keV and E, = 952 keV, respectively. Both of these
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Table 1. The results for the lifetime of the 6~ state at 2016 keV (see Fig. 2) extracted by both
parallel analyses.

Ref. analysis [17] Analysis 1 Analysis 2
T(ps) 0.49(16) 0.50(4)  0.47(3)

Table 2. Properties of the 25 and the 2; states of 212Po. The results for the lifetimes and the
transitions strengths are preliminary.

Ereper(keV)  J™ 7(ps)° E,(keV) I, a, JFinal 0, Transition strength !
Ref. [18] Ref. [18] Ref. [14] B(E2) in e2fm?*; B(M1) in p
1512 25 0.67(5) 1512.7  26(3) o B(E2)=32(4)
785.4 100(1)  0.0408(2) 27 0.09(3)  B(M1)=0.133(9)
B(E2)=25(16)
1679 27 0.68(2) 1679.7  35(8) o7 B(E2)=23(5)
952.1 100(19)  0.020(5)  2f 0.65(50)  B(M1)=0.049(17)
B(E2)=331(306)

% From the present experiment. Preliminarily results.
! From the present experiment. Preliminarily results.

transitions are in coincidence with 727-keV transition, only. As a result only fast feeding was
considered. The preliminary results for the lifetimes together with the available spectroscopic
information and the resulting transition strengths are summarized in Table 2. The 23 state in
212Pg at 1512 keV excitation energy decays with a sizeable M 1-transition to the 2f state. This
allows us to conclude that the 23 state in 212Po is, at least, a fragment of the one-phonon MSS.

3. The spectrum of ?!?Po from a simple perspective

The nucleus ?'?Po has two protons and two neutrons outside the core of 2°8Pb. In the simplest
approach the neutrons are in the 2gg/5 orbital and the protons — in lhg,,. States with two
neutrons in the 2gg /5 orbital and two protons in the lhg/, orbital can be described in the basis

1(299/2)J v, (Lhg o) T s J) = |, J 5 J) (1)

The neutron-neutron and proton-proton interactions are diagonal in this basis which is mixed
by the neutron-proton interaction

(Jydd|H| T I 2Ty = (VI +VITNG 5 50,0500 + (2)

+4/(27, + DT + DRI, + DRI+ 1) x> QR+1) | R 4. J | V&
R
Jv o Jx I

where VV{/ v, VJ ™ and VR are the neutron-neutron, proton-proton and neutron-proton interaction
matrix elements respectlvely, and the symbol in square brackets is a 12j coefficient [30]. These
three interactions are taken from the energy spectra of the neighbouring nuclei with neutrons

and protons in the required shell configurations. In particular, in the single-shell approximation
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Figure 3. (a) The part of the expertimental spectrum of 212Po representing the yrast states
and the levels of interest. (b) The calculated (for details see the text) yrast states and the two
lowest 27 energy levels of 2'?Po.

210Ph corresponds to two neutrons in the 2gg /2 orbital and 210Pg to two protons in 1hg /2. Both
of these nuclei display seniority-like spectra. The interaction between a neutron in the 2gg/,
orbital and a proton in the 1hg/y orbital can be determined by the energy spectrum of 210B;,

In the single-shell approximation the M1 operator can be determined by the magnetic
moments of the ground states of 2°Pb and 2%Bi — u(9/2{) = —1.4735 ux and p(9/27) =
+4.1103 ppn. This yields an effective neutron g factor of g, = —0.33 pn and an effective proton
g factor of g = +0.91 ux. The M1 operator can be written as

TM(Ml) _ \/g\/](] + 1)3(2j + 1) [QV(V;— > Dj)&l) +g7r(7T;_ « ﬁj)g)]a (3)

where I/j and 7T;_ are the neutron and proton create operators in the j orbital (here j = j, =

Jr = 9/2) and T = (=) " 0j (Rjm = (=) 7j-).

The E2 operator can be determined by the nuclei 2!°Pb and 2'°Po due to the pure two-
nucleon configurations in 8f and 6f states in these nuclei. Therefore, the effective charges of
e, = 0.88 and e, = 1.11 are derived from the transition B(E2;8" — 67). The form of the E2

operator is

o) = - (D IO S s el < (0

where N is the major oscillation quantum number and b is the length parameter of the oscillator,
b~ 1.0A'/¢ fm. With this information an empirical description of the nucleus 2'2Po is possible.
The results from the calculations are compared to the experimental ones in Fig. 3.

Both schemes in Fig. 3(a) and 3(b) show a qualitative agreement, except for the 10 and
the 2; states. The similar behaviour is valid for transition strengths, too.
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Of particular interest is to examine the wave functions’ structures of the 2 states. There are
twelve different ways to couple all possible J, with all possible J; to total angular momentum
J = 2. The two lowest energy levels can be described by the following wave functions:

12{) =0.448|J, =0, =2,J =2) +0.819|, =2,J, =0,J =2) +... 5)
123) =0.813|J, =0,J, =2,J =2) —0.517|J, =2,J, =0,J =2) +...
In both cases the two components define a good fraction of the entire state (87% and 93%,
respectively) and define almost mutually orthogonal states. Therefore, the first excited two 2
states can be analyzed in terms of the components of proton and neutron S (J = 0) and D
(J = 2) pairs. The opposite signs in both wave functions indicate that the second 2% state is of
isovector nature, in agreement with the experimentally observed sizeable M1 transition between
the 2; and the 2?.
The third 27 state has an entirely different structure. Its wave function can be written as

123) =0.772|J, =2, J, =2,J =2) + 0.401|J, =4, ], =4,J = 2)+

6
0.307|J, =6,J, =6,J =2) +0.242|.J, =8, J, =8,J =2) + ... (©)

This state cannot be described in IBM-2 since it invokes pairs of all multipolarities, not only
S and D.

4. Conclusions

In summary, we have presented an experiment dedicated to searching of the one-phonon mixed-
symmetry state in 2'?Po which is in the vicinity of the double magic nucleus °*Pb. The
preliminary results from this investigation provide indication for the existence of this state that
is the first experimentally identified one-phonon MSS in the region with atomic mass A~208.
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