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Abstract

Pseudo-SU(3) shell-model results are reported for M1 excitation strengtRéGul, 163Dy and16%Tm in the energy range
between 2 and 4 MeV. Non-zero pseudo-spin couplings between the configurations play a very important role in determining
the M1 strength distribution, especially its rapidly changing fragmentation pattern which differs significantly from what has
been found in neighboring even—even systems. The results suggest one should examine contributions from intruder levels.

0 2002 Elsevier Science B.V. Open access under CC BY license.

PACS 21.60.Fw; 23.20.Js; 27.70.4+q

Keywords: Pseudo-SU(3) shell modéi®’Gd; 163py; 16%9Tm; Scissors mode; Odd-mass nuclei

The scissors mode in nuclei refers to a pictorial tion about the scissors mode in even—even nuclei has
image of deformed proton and neutron distributions been obtained and analyzed [7].
oscillating against one another [1]. A description of Low-energy M1 transitions in odd-mass nuclei
this mode within the framework of the IBM [2] led to  were first observed iA83Dy in 1993 [8]. Unambigu-
its detection in'*Gd using high-resolution inelastic  ous spin and parity assignments of excited states in
electron scattering [3]. Systematic studies employing these nuclei are difficult to make due to the half-integer
nuclear resonance fluorescence scattering (NRF) mea-character of the angular momentum of the states [9].
surements [4] followed. The non-observation of these Furthermore, the M1 strengths in odd-mass nuclei are
low-energy M1 excitations in inelastic proton scatter- highly fragmented. Since the intensities are far smaller
ing (IPS) [5] confirmed its orbital character [6]. Over than in even—even nuclei, their identification against
the past two decades an impressive wealth of informa- the background [10], which is complicated by the pres-
ence of a small amount of impurities in the target [7],
requires much higher experimental resolution [11].
T E-mail addresses vargas@ganil fr (C.E. Vargas), Theorengal descriptions of scissors modes in odd-
hirsch@nuclecu.unam.mx (J.G. Hirsch), draayer@Isu.edu mass nuclei have been offered within the context of the
(J.P. Draayer). IBFM [12,13], the particle—core-coupling model [14]
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and the QPNM [15]. While the different models agree classified by the following group chain [23-25]:
in relating the presence of the uncoupled nucleon with N _ -
the observed fragmentation, the detailed description {1" } {fo} {fa} Ve (o, pta)  Sa Ko
of this mode, with a nearly flat spectrum in some U(QéV)DU(Q‘IXV/Z) x U@ > VAR x Q)
nuclei and has well-defined peaks in others is still not
understood. Recently, the interplay between the spin Ly Jy
and orbital M1 channels was examined [16] in the ~ 5S0(3) x SU(2) > U, (2), (1)

energy range between 4-10 MeV [17].

In the present Letter we analyze scissors-like M1 Where above each group the quantum numbers that
transitions in157Gd, 163Dy and 18°Tm. These nu- characterlze its irreducible repres_e_ntatlons (irreps) are
clei have been studied experimentally by a number 9V€n andye and K, are multiplicity labels of the
of researchers [8,9,18]. A fully microscopic descrip- 'ndicated reductions. o
tion of M1 transitions strengths between 2 and 4 Mey 1€ Hamiltonian used in the calculations includes
in these rare-earth nuclei was carried out using the spherical Nilsson single-particle terms for the protons
pseudo-SU(3) shell model. Good qualitative descrip- 20d neutrons spr(y), the quadrupole-quadrupole
tions of the fragmentation of the M1 transition strength (€ - @) @nd pairing fpaix 1)) interactions, as well as
is obtained by including, for the first time, states with (hree ‘rotor-like’ terms that are diagonal in the SU(3)
pseudo-spin 1 (in addition t§ = 0) and 32 (in ad- basis:
dition to S = 1/2). For normal parity levels our find-
ings suggest that while orbital couplings are important,
in odd—even mass nuclei it is spin-flip type couplings @)
that dominate M1 strengths in the low-energy domain.

These spin-flip type transitions were also found to A detailed analysis of each term of this Hamiltonian
be essential for describing the rapidly changing frag- and its parametrization can be found in [25]. The
mentation patterns found in neighboring odduclei. three free parameters b, Asymwere fixed by the best
Freezing the unique parity orbitals, which is the usual reproduction of the low-energy spectra; no additional
assumption, prevents the theory from giving a quanti- parameters enter into the theory—the calculated M1
tative description of the M1 strength, aresultthatis not transitions reported below were not fit to the data.
surprising since intruder states have the largestl- A description of the low-energy spectra and B(E2)
ues and therefore contribute maximally to orbital-type transition strengths in even—even nuclei [26] and odd-
M1 transitions. mass heavy deformed nuclei [25,27] have been car-

The pseudo-SU(3) model [19,20] capitalizes on ried out using linear combinations of $8 cou-
the existence of pseudo-spin symmetry, which refers pled proton—neutron irreps with largess values and
to the experimental fact that single-particle orbitals pseudo-spin 0 and 1/2 (for even and odd number
with j =1 —1/2 andj = (I — 2) + 1/2 in the shell of nucleons, respectively), which are mixed by the
n lie very close in energy and can therefore be la- single-particle terms in the Hamiltonian.

1 ~ ~
H = Hspy + Hspy — EXQ - Q — G Hpairx

— GVHpair’u + (lK; + b]z + Asym52.

beled as pseudo-spin doublets with quantum numbers

j=j,i=n-1,andl =1 — 1. Its origin has been

traced back to the relativistic Dirac equation [21].
In the present version of the pseudo-SU(3) model,
the intruder level with opposite parity in each major
shell is removed from active consideration [22] and

The large number of states that can decay through
M1 transitions to the ground state in odd-mass nuclei,
led us to enlarge the basis by including states with
pseudo-spin 1 and /2. These configurations are
necessary to describe excited rotational bands and
to account for the strong fragmentation of the M1

pseudo-orbital and pseudo-spin quantum numbers arestrengths between 2 and 4 MeV in odd-mass nuclei.

assigned to the remaining single-particle states. This
assumption represents the strongest limitation of the
present model.

Many-particle states of, active nucleonsd =
p,n) in a given (V) normal parity shellp) are

The inclusion of configurations with pseudo-spin 1
and 32 in the Hilbert space allows for a description
of highly excited rotational bands in odd-mass nuclei.
This is illustrated in Ref. [28], where several rotational
bands in15’Gd, 163Dy and %°Tm are described,
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0.1 [

including both excitation energies and intra- and inter-
band B(E2) transition strengths, and shown to be
in close agreement with the experimental data. In
contrast, when the configuration space was restricted
to the most spatially symmetric configurations, those
with pseudo-spin 0 and/2, it was only possible to
describe in1%3Dy the first three low-energy bands
[27]. The pseudo-spin symmetry is still approximately
preserved in the present case, with these three low-
energy bands showing only a small amount of pseudo-
spin 1 and 32 admixing into predominantly pseudo-
spin 0 and 12 configurations, respectively.

The M1 transitions are mediated by the operator

3
1
T = g 1
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In Eq. (3) the orbital and ‘quenched’ (by a factor of
0.7) sping factors for protons and neutrons are used:
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Fig. 1. Distribution of M1 transitions between 2 and 4 MeV for
157Gd. Insert (a) shows the experimental values [9], insert (b) shows
the theoretical with the complete T1 operator, insert (c) shows the
values withgy , = 0 (only the spin channel) and insert (d) with

g; =1, gn =0, gx.» = 0 (only the orbital channel).
g3 =(0.7)5.5857,
g3 =—(0.7)3.8263. (5) 2, and 3 respectively (notice the change on the scale),

are both striking and well-known [10]. #?’Gd there

To evaluate the M1 transition operator between eigen- gre 88 known M1 transitions between 2 and 4 MeV,
states of the Hamiltonian (2), the pseudo-SU(3) ten- gj| smaller than 0.0%2 and distributed in a nearly flat
sorial expansion of the T1 operator (3) [24] was em- gpectrum. IF®3Dy the M1 transition strengths are dis-
ployed. tributed only among 17 peaks, clustered in three well-

In what follows, the B(M1,J" — J) transitions  defined groups, and most of them have strengths be-
in 157Gd, 163Dy and1%°Tm are presentedi” refers  tween 0.1 and 0.22. 1%°Tm has an intermediate de-
to the ground states/2~, 5/2~ and 12" in these gree of fragmentation, with some clustered structures
nuclei. In each figure, insert (a) corresponds to the and many transitions on the order of Q.4.
experimental results, while insert (b) represents the  Using an enlarged version of pseudo-SU(3) shell-
theoretical values obtained with the T1 operator of model theory described above, we obtained a micro-
Ed. (3). Insert (c) shows the values with ,, in Eg. (3) scopic description of these M1 transitions and their
set to zero, i.e., with only the spin part of the T1 fragmentation in the three nuclei. The gross features
operator taken into account, and insert (d) shows the of the M1 strength distributions in each of the nuclei

results withg; , in Eq. (3) set to zero, i.e., including
only the orbital part of T1.

The differences between the M1 transition strength
distribution in15’Gd, 163Dy and%°Tm, shown Figs. 1,

are clearly reproduced, i.e., the different fragmentation
patterns. On the other hand, f6t’Gd and1®3Dy the

M1 strength distributions are displaced toward higher
energies by about 0.75 MeV and the total sums are
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Fig. 2. M1 transitions fot®3Dy. Convention is the same asin Fig. 1. Fig. 3. M1 transitions for*®¥Tm. Convention is the same as in
Experimental values taken from Ref. [8]. Fig. 1. Experimental values were taken from Ref. [18].

underestimated. This effect could be related with the €ach figure the M1 transition strengths calculated
absence of spin dependent terms in the Hamiltonian only with the spin operators, i.e., makigg , = 0 in
(2). For 169Tm the distribution in energy of the M1 Eq. (3), is presented. Insert (d) shows the M1 strength
strengths is correct, but some transition strengths arewhen only the orbital part of the operator (3) are
overestimated by a factor 2 to 3. included @, , = 0). In all cases the spin coupling is
The ground state wave functions of the two nuclei by far the dominant mode, but f6f°Tm the orbital
with odd number of neutron$>’Gd and'®3Dy, have  contribution is also large.
one important difference. 1A%3Dy the ground state In the case ot%3Dy, there is an almost null contri-
has only pseudo-spin 0 and 1/2 components, while bution from the orbital part of the transition operator
157Gd has a 13% mixing with pseudo-spin 1 an®3  (0.10312), which in fact interferes destructively with
components. In the M1 transition matrix elements the spin channel (0.5432) to produce a summed M1
the presence of these components in the later casestrength of 0.483:2 in the scissors energy region.
gives rise to interference and fragmentation, while The ‘angle’ between the orbital and spin channels,
its absence in the former nuclei is associated with as defined by Fayache et al. [16] is 216r 163Dy. For
few large M1 transitions. The odd proton number of 1%7Gd, this angle has a value of 8and for16°Tm it
169Tm allows orbital proton excitations between half- is 96°. From Table 1 it can be seen that below 2 MeV
integer components, building up its large M1 summed the spin transitions are clearly dominant. Nevertheless,
transition strength. it should be emphasized that contributions of the
Having analyzed the similarities and differences intruder sector have been neglected.
between the experimental data and the theoretical The pseudo-SU(3) shell model for odd-mass nuclei
predictions, we proceed to discuss the spin and orbital has been shown to offer a qualitative microscopic de-
contributions to the M1 transitions. In insert (c) of scription of the scissors mode and its fragmentation. In
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Table 1
Summed B(M11) strengths (imz) in the different energy regions
E <2 MeV 2-4 MeV 4 MeV< E
157Gq Experiment [9] 1.596+ 0.235
Theory 0.232 0.782 0.613
Spin only 0.138 0.389 0371
Orbital only 0.084 0.308 0.385
163py Experiment [8] 1.641+0.338
Theory 0.630 0.483 0.030
Spin only 0.908 0.543 0.026
Orbital only 0.088 0.103 0.012
169Tm Experiment [18] 1.912+0.244 2.833+£0.812 0515+ 0.274
Theory 2.460 3.769 0435
Spin only 2.245 2.332 0.164
Orbital only 1.483 1.838 0.321

order to successfully reproduce the observed fragmen- [4] U.E.P. Berg, et al., Phys. Lett. B 149 (1984) 59;
tation of the M1 strength, it was necessary to use real- B. Kasten, etal., Phys. Rev. Lett. 63 (1989) 609;
istic values for the single particle energies and to en- ___ H-H. Pitz, etal., Nucl. Phys. A 492 (1989) 411.
large the Hilbert space to include those pseudo-SU(3) [5] C. Dialali, etal., Phys. Lett. B 164 (1985) 269;
large the p P : D. Frekers, et al., Phys. Lett. B 218 (1989) 429.
irreps with the largesC; values and pseudo-spin 1 [g] c. wesselborg, et al., Z. Phys. A 323 (1986) 485.
and 32. This expansion of the model space allowed [7] U. Kneiss|, et al., Prog. Part. Nucl. Phys. 37 (1996) 349;
the T1 operator to connect the ground state with many A. Richter, Prog. Part. Nucl. Phys. 34 (1995) 261;
excited states|{; — J;| < 1) in the energy range be- D. Zawischa, J. Phys. G 24 (1998) 683.

’ .. . [8] I. Bauske, et al., Phys. Rev. Lett. 71 (1993) 975.
tw_een 2 ar_1d 4 MeV: The transnmqs are dommated by [9] J. Margraf, et al., Phys. Rev. C 52 (1995) 2429.
spin couplings, but interference with the orbital mode [10] J. Enders, et al., Phys. Rev. Lett. 79 (1997) 2010.
is very important. [11] H. Friedrich, et al., Nucl. Phys. A 567 (1994) 266.

A fully quantitative treatment of the problem should [12] P. Van Isacker, A. Frank, Phys. Lett. B 225 (1989) 1.
take into account contribution from the intruder sector, [13] A- Frank, etal., Nucl. Phys. A 531 (1991) 125.
. . - . [14] A.A. Raduta, N. Lo ludice, Z. Phys. A 334 (1989) 403;

Detall'ed studies pf Ml. trapsmons in other odd-mass AA. Raduta, D.S. Delion, Nucl. Phys. A 513 (1990) 11.
nuclei are under investigation and should offer an op- [15] v.G. Soloviev, et al., Phys. Rev. C 53 (1996) 1022.
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