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Abstract 

This paper summarizes the results of a series of experimental studies of mag
netic rotation in mid-shell Pb nuclei. The focus is for the 29/2~ "(1^3/2) ® 
7r(^si/22^9/2^i3/2) magnetic band in 1 9 3 Pb, for which all experimental observables 
have been measured. This provides a stringent test of the theoretical models aiming 
at the description of such excitations. These studies have been carried out in col
laboration with different research teams from the Balkans and are an example how 
to utilize most efficiently the huge scientific potential of the region. 

1 Introduction 

The microscopic world imposes a severe restriction on rotational motion: the 
spherical symmetry must be broken for a quantal system. Thus, the rotation 
of an atomic nucleus is associated with the presence of a large electric quadru-
pole moment, i.e. with the breaking of the spherical symmetry of the charge 
distribution. As a result, sequences of enhanced electric quadrupole (E2) tran
sitions connecting AI = 2 levels are observed in experiment; / denotes the 
nuclear spin. 

Rotational-like sequences of enhanced magnetic dipole (Ml) transitions be
tween AI = 1 states have been observed for closed-shell nuclei; see Ref. [1,2] 
for reviews. For example, for the Ζ = 82 Pb nuclei more than 60 sequences 
of this type have been discovered [3] and about half of them are connected to 
lower-lying states in the level schemes. These excitations arise from a spon
taneous symmetry breaking by anisotropic currents of a few valence particles 
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and holes which occupy orbits with large angular momenta [4]. Angular mo
mentum along the Ml bands is generated by the step-by-step alignment of 
the particle and hole spins into the direction of the total angular momentum, 
which resembles the closing of a pair of shears and is referred to as shears 
mechanism. 

2 Magnetic dipole and electric quadrupole moments of magnetic 
excitations 

For an understanding the phenomenon of magnetic rotation it is important 
to determine the configuration of the excited nucléons and to learn how they 
couple their angular momenta. As already stated, the coupling of high-j par
ticle and hole excitations creates states for which the rotational symmetry 
with respect to the angular momentum vector is broken. The associated total 
magnetic dipole moment is not oriented along the direction of the angular 
momentum. This specifies an orientation which is needed for the formation of 
rotational-like sequences. The observed large Ml transition strength is related 
to the large component of the magnetic moment perpendicular to the angular 
momentum. It is well known that the Ml transition probability depends on 
the perpendicular component of the magnetic moment vector with respect to 
the angular momentum direction, while the static magnetic moment depends 
on its parallel component [5]. A crucial proof of the suggested coupling scheme 
has been provided by the measurement of the static magnetic moment of the 
band head of such an excitation in 193Pb [6]. On the other hand, Ml transi
tion strength within the bands, which is deduced from lifetime measurements, 
provides crucial test for the shears mechanism, because it demonstrates the 
expected decrease of the B(M1) transition probabilities within the bands [1,2]. 

Another important aspect for the full understanding of the magnetic bands 
concerns deformation. The deformation should be small for bands that arise 
predominantly from the shears mechanism and not from a rotating deformed 
core. Both, static and and transition quadrupole moments can provide infor
mation on the size of the deformation since they represent different compo
nents of the quadrupole tensor. 

Here we report the results of a series of experiments of nuclear electromagnetic 
moments aiming at detailed studies of the nature of the shears states, the 
magnetic bands, and the shears mechanism. 
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3 Quadrupede moments of the "blades of the shears" 

The closed-shell Pb nuclei are a well known example for shape coexistence; 
see Ref. [7,8] for reviews. As a result of the Ζ — 82 shell closure they take 
spherical shapes close to their ground states, but at higher excitation ener
gies a subtle interplay between spherical, prolate and oblate shapes has been 
observed experimentally in decay and in-beam studies [9,10]. We performed 
several experiments to measure the spectroscopic quadrupole moments of iso
meric states in the Pb nuclei: the proton particle-hole (2p-2h) excitation across 
the Ζ = 82 shell gap, which appear as 11~ isomers across the Pb region, and 
the neutron-hole states in the H13/2 sub-shell. The latter are either 13/2+ or 
33/2+ isomers (one- or three-hole states in the odd-A nuclei), or 12+ isomers 
(two-hole states in even-mass Pb nuclei). 

For the v{\i^,2) states in the Pb small quadrupole moments were measured 
and these excitations are understood to polarize the core towards small prolate 
deformations; see Ref. [11] and references therein. The spectroscopic moments 
of the Ιπ = 1 1 - isomers in 1 9 4 ' 1 9 6 Pb have been measured applying the LEMS 
technique [12]. In the case of 1 9 6 P b the quadrupole interaction for the 12+ and 
the 11~ isomers was studied simultaneously. Since they experience the same 
electric-field gradient (EFG) and the quadrupole moment for the 12+ isomer 
is known, it is straightforward to derive the quadrupole moment for the l l -

isomer from the ratio of the quadrupole frequencies [13], having in mind that 
the magnetic moments of these states are also known. The magnetic moments 
of the ll~states were recently re-measured [14] and an evaluated value for 
the spectroscopic quadrupole moment has been suggested as Q s (

1 9 6 Pb; 11~) 
= (-) 3.6(6) eb [15]. Static quadrupole moments have been reported also for 
the ll~states in 1 9 2 P b [16], and 1 9 4 P b [15,17]. These results are summarized 
in Fig. 1, together with calculations within different theoretical models. The 
recent g-factor measurement of the Canberra group [14] confirms the oblate 
deformation of these states. 

These results allow us to conclude that the 2p-2h proton "blade of the shears" 

has an oblate deformation β2 « —0.13 -f- —0.20. 

4 Spectroscopic quadrupole moment of a "shears state" in 1 9 3 Pb 

We have measured the spectroscopic quadrupole moment of the 29/2~ isomer 
in 1 9 3 Pb (E e x = 2584 keV, T i / 2 = 9.4 ns) which is the band head of a mag
netic band and has the i/(li^L·) ® 7r(3s7,2

2l/k)/2Hi3/2) configuration. The spin 
and the configuration assignment for this state have been unambiguously fixed 
from spectroscopic studies [21,22] and a g-factor measurement [6], respectively. 
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Fig. 1. Comparison between the experimental (filled symbols) and theoretical 
(empty symbols) spectroscopic quadrupole moments. The theoretical values include 
the results from Refs. [13,18-20]. 

The quadrupole interaction of the 29/2~ isomer has been investigated in the 

EFG of solid Hg by applying the time-differential perturbed angular distribu

tion (TDPAD) technique. The Hg host has been chosen because it provides a 

large EFG: Vzz = 17.4(9)TO21 V/m2 at Τ = 170 Κ, which results in a strong 

interaction on the short time scale given by the isomer lifetime. A quadrupole 

frequency of VQ = 1.20(9) GHz was derived from the experimental TDPAD 

curves which are displayed in Fig. 2. It corresponds to a spectroscopic quadru

pole moment of the isomer ?Qs? = 2.84(26) eb [23]. This is a rather large value 

which indicates that the deformation is defined by the 2p-2h proton "blade of 

the shears". 

It is not straightforward to determine the deformation of the 29/2" band 

head from the measured spectroscopic quadrupole moment. This state is not 

a high-K isomer, hence K, the projection of the nuclear spin on the symmetry 

axis, is not a good quantum number, and, therefore, the strong-coupling for

malism cannot be applied. One can overcome the problem by comparison to 

TAC-model [24] calculations. In this case the electric quadrupole moment is 

calculated as the expectation value of the proton system [25]. The quadrupole-

quadrupole coupling constant, which controls the size of the deformation, was 

adjusted to reproduce the quadrupole moments of the u(li^,2) isomers in 
1 9 4 ' 1 9 6 Pb. Using the same parameter set, the values of the quadrupole mo

ments for the 11" isomers are somewhat underestimated and correspond to 

a quadrupole deformation of β2 ~ -0.12. For the quadrupole moment of 

the 29/2~ isomer the calculation yields a value Qj A C (29/2 _ ) = - 2.85 eb, in 

a perfect agreement with the experimental result, and a value β2 — -0.12, 

similar to that for the 2p-2h proton "blade of the shears". 
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Fig. 2. TDPAD spectra for 7 lines involved in the decay of the 29/2" isomer in 
1 9 3Pb showing the quadrupole interaction in a solid Hg host at Τ = 170(1) Κ. 

5 Lifetimes of excited states in 1 9 3 Pb 

As a next step in this experimental programme we have measured lifetimes of 
states in the u(li~^ ® Tr{3s~^lhg/2lii3/2) magnetic band in 1 9 3 Pb [26], de
noted as All band. Excited states in 1 9 3 Pb were populated in the 1 7 0 Er (28Si, 
5n) reaction at a beam energy of 149 MeV. The nuclear 7-decay was detected 
by the 4π 7-ray spectrometer GASP [27] which consists of 40 Compton-
suppressed Ge detectors, grouped in 7 rings covering backward and forward 
angles. During the experiment two measurements were done: a recoil-distance 
method (RDDM) measurement (in order to approach the lifetimes at the bot
tom of the All band) and a Doppler-shift attenuation method (DSAM) mea
surement (in order to obtain information for short lifetimes). Here the results 
of the RDDM measurements are reported. For this part of the experiment, the 
Köln plunger device was used. Spectra were recorded for nine different dis
tances, in the range from 0.1 μπι to 257.1 μπι. Triple 777-coincidence events 
have been collected during the experiment. For each distance the events were 
sorted off line into 77-coincidence matrices with 7 rays detected in one given 
detector ring placed along one axis and 7 rays detected elsewhere in the ar
ray along the second axis of the matrix. In order to extract the lifetimes of 
interest, the DD CM method [28] was used. 

Prior our experiment lifetimes in the A l l band in 1 9 7 Pb were measured [29], 
which can be used for comparison. These results together with our measure
ment are presented in Figure 3 and are in a fair agreement with each other. 
Note that due to arguments related to the systematics of the levels in the Al l 
bands in the Pb nuclei [26,30] we have shifted the spin of the levels in the 
1 9 7 Pb band by one unit upwards. 

This measurement completes the experimental study of the A l l band in 1 9 3 Pb. 
From the spectroscopic data [21,22] the in-band branching ratios are known 
which allows to deduce the E2 strength. It corresponds to an upper limit of 
the intrinsic quadrupole moment Q 0 > 1.69 b, which in turn provides and 
limit for the deformation ß2 > 0.056. 
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Fig. 3. B(M1) values for All bands in 1 9 7 Pb (full circles) and 1 9 3 Pb (empty square 
and arrow). 

The measured Β (Ml) values have been compared to TAC-model calculations 
[25] and are a reasonable agreement have been observed. 

6 Conclusions 

We have done a series of experiments to study magnetic rotation in the Pb 
region. These experiments were focused around 1 9 3 Pb, for which a complete set 
of experimental observables have been obtained for the A l l magnetic band. 
They have been compared to TAC-model calculations which describe the data 
reasonably well. Therefore, we conclude that the present parameterization of 
the model is fine-tuned to describe the properties of excited states in the Pb 
nuclei. 

Acknowledgements 

It has to be noted that these experiments have been carried out in collabora
tion with different South-eastern European groups and present a nice example 
which demonstrates the research potential of the region. The quadrupole mo
ment measurements have been done in collaboration with M. Ionescu-Bujor 
and A. Iordachescu from NIPNE, Bucharest. The lifetime measurements have 
been done in collaboration with S. Harrisopulos and A. Spyrou from NSRC 
"Demokritos" in Athens. Fruitful collaboration with the Nuclear Moments 
group at the IKS, University of Leuven is also gratefully acknowledged. Ex
periments at the Laboratori Nazionali di Legnaro have been supported through 
the EC contract HPRI-1999-CT-00083. This work is supported through a 
NATO CLG no. 978799 and by the Bulgarian National Science Fund, con
tract VUF06/05. 

133 



References 

[I] H. Hubel, Prog. Part. Nucl. Phys. 28 (1992) 427; ibid 54 (2005) 1 

[2] R. Clark, A.O. Machiavelli, Annu. Rev. Nucl. Part. Sci. 50 (2000) 1 

[3] Amita, A. K. Jain, B. Singh, At. Data Nucl. Data Tables 74 (2000) 283 

[4] S. Frauendorf, Rev. Modern Phys. 73 (2001) 462 

[5] A. Bohr, B.R. Mottelson, Nuclear Structure, vol I (Benjamin, New York, 1969); 

vol. II ((Benjamin, New York, 1975). 

[6] S. Chmel et al, Phys. Rev. Lett. 79 (1997) 2002 

[7] K. Heyde et al, Phys. Rep. 102, (1983) 211 

[8] J. L. Wood et al, Phys. Rep. 215 (1992) 101 

[9] A. Andreev et al, Nature 405 (2000) 430 

[10] G. D. Dracoulis et al, Phys. Lett. Β 432 (1998) 37 

[II] M. Ionescu-Bujor et al, Phys. Rev. C 70 (2004) 034305 

[12] F. Hardeman et al, Phys. Rev. C 43 (1991) 130 

[13] K. Vyvey et al, Phys. Rev. Lett. 88 (2002) 102502 

[14] K. Vyvey et al, Phys. Rev. C 69 (2004) 064318 

[15] K. Vyvey et al, Eur. Phys. J. A 22, sOl (2004) 1 

[16] M. Ionescu-Bujor et al, LNL Annual Report, p. 23 and to be published 

[17] K. Vyvey et al, Phys. Rev. C 65 (2002) 024320 

[18] R. Bengtsson and W. Nazarewicz, Z. Phys. A 334 (1989) 269 

[19] N. A. Smirnova et al, Phys. Lett. Β 569 (2003) 151 

[20] Κ. Vyvey et al, Phys. Lett. Β 538 (2002) 33 

[21] G. Baldsiefen et al, Phys. Rev C 54 (1996) 1106 

[22] L. Ducroux et al, Z. Phys. A 356 (1996) 241 

[23] D. L. Balabanski et al, Eur. Phys. J. A 20 (2004) 191 

[24] S. Frauendorf, Nucl. Phys. A 677 (2000)115 

[25] S. Chmel, Ph. D. thesis (Univ. Bonn, 2005) unpublished 

[26] K. Gladnishki et al, J. Phys. G, in print 

[27] C. Rossi Alvarez, Nucl. Phys. News 3 (1993) 10 

134 



[28] A. Dewald et al, Ζ. Phys. A 334 (1989) 163 

[29] J. R. Cooper et al, Phys. Rev. Lett. 87 (2001) 132503 

[30] N.Fotiades et al, Phys. Rev. C 57 (1998) 1624 

135 

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org

