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Confirmation of the Shears Mechanism in Near-Spherical Tin Nuclei
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Lifetimes of states of a magnetic dipole band in each of the nuclei106,108Sn have been obtained
using the Doppler shift attenuation method. The deducedB�M1� transition rates show the characteristic
behavior associated with the shears mechanism. A simplified semiclassical analysis yieldsB�M1�
values in qualitative agreement with those expected for previously assigned configurations. The results
suggest extremely low deformations for these dipole structures. In particular, the106Sn band appears to
be the first example of almost pure magnetic rotation in a spherical nucleus.
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Considerable evidence has now been collated for the
istence of “rotational-like” magnetic dipole�M1� bands in
the lead and tin regions (e.g., [1–3]). It has been propos
that the mechanism responsible for the existence of su
structures in weakly deformed nuclei is the shears mec
nism [4]. This mechanism is so called by analogy wit
the closing of a pair of shears since nearly all the ang
lar momentum is generated by the gradual alignment
proton and neutron spin vectors (j

p
and j

n
), which are

initially coupled perpendicularly at the bandhead, with th
total angular momentum vector,I (Fig. 1). This behav-
ior has been discussed in terms of the tilted axis cranki
(TAC) model [4–6] and the configurations and prope
ties of the observed bands have been described, with so
success, within the model [1,3]. The model introduces
new form of quantized rotation, “magnetic rotation” [4]
where the rotational symmetry breaking arises from t
anisotropic arrangement of nucleon currents. A more ph
nomenological description of the shears mechanism h
recently been presented in terms of the coupling of tw
long vectors,j

n
andj

p
[7,8]. Their interaction is medi-

ated by an effective quadrupole force attributed to partic
vibration coupling. Both this and the TAC model predic
a definitive signature characteristic of the shears mec
nism, namely, that theB�M1� transition rates between the
levels in the bands, which are proportional to the squa
of the perpendicular component of the magnetic dipo
vector (Fig. 1), should decrease markedly with increasi
angular momentum. This behavior cannot be reproduc
within the standard Dönau and Frauendorf cranking fo
malism [9]. The shears picture has been confirmed in t
lead region through studies of the behavior of theB�M1�
values extracted from lifetime measurements [10,11] a
a measurement of theg factor of the bandhead of a mag
netic dipole band in193Pb, which confirmed the initial per-
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pendicular coupling of the component proton and neutro
spin vectors [12]. However, it is not clear if the shear
mechanism will be active in the light tin region, where the
spin vectors are expected to be shorter than in the lead
gion, due to the lower-j orbitals involved. Furthermore,
the nuclei have a small prolate deformation in contrast t
the oblate deformation,e2 � 20.1, of the lead nuclei. The
behavior of theB�M1� values should provide a discrimi-
nating test between the involvement of collective rotatio
and the shears mechanism in generating these structure
the light tin nuclei.

In the present paper, the Doppler shift attenuatio
method (DSAM) has been employed in order to obtai
lifetimes for states in twoM1 bands, one in each of
the nuclei 106,108Sn. The results have enabledB�M1�
transition rates to be deduced which clearly demonstra
the rapid decrease with increasing angular momentu
expected from the shears bands. Comparison of the
data with previous TAC calculations has highlighted
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FIG. 1. Illustration of the shears mechanism and the respec-
tive angles involved for a typical shears band. I is the total
angular momentum, and j

p
and j

n
are the proton and neutron

component vectors, respectively. R is the core component
vector. u and up are the shears angle and the proton angle,
respectively. mp

perp and mn
perp are the perpendicular components

of the proton and neutron magnetic dipole vectors.
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some limitations when treating near-spherical nuclei
within this model. Experimentally deduced B�E2� values
suggest that the nuclei are more spherical than previously
thought. In addition, B�M1� values calculated using the
alternative phenomenological scheme [7,8] are found to
be in good agreement with the experimental B�M1� values
for both bands. This Letter therefore provides the first
confirmation of the involvement of the shears mechanism
in generating these structures in near-spherical tin nuclei.

High-spin states in the nuclei 106,108Sn were populated
using the 54Fe�58Ni, a2p� and 54Fe�58Ni, 4p� reactions,
respectively, at a beam energy of 243 MeV. The 58Ni
beam was incident on an enriched 600 mg�cm2 54Fe target,
backed with 15.2 mg�cm2 of gold. The resulting g decay
was detected by the Gammasphere array [13] containing
95 hyperpure Ge detectors. A total of 2.2 3 109 events
of fourfold or higher coincidences were collected. Suf-
ficient statistics were available in order to obtain lifetime
information for the more intensely populated of the two
bands, band 1 of Ref. [3], in each nucleus. The highfold
data were unfolded into triples and sorted into single-gated
angle-dependent g-g correlation matrices.

Lifetimes were extracted by fitting the Doppler-
broadened line shapes using the codes of Wells and
Johnson [14]. The slowing down of recoiling nuclei
in the target and gold backing was simulated using
Monte Carlo methods with 5000 histories and a time
step of 0.001 ps, and treated according to the prescription
of Gascon et al. [15]. The tables of Northcliffe and
Schilling [16], with shell corrections, were used for the
electronic stopping powers. The histories were used
to produce apparent velocity distributions observed by
particular angular groups of detectors at an averaged
angle based on the geometry of the Gammasphere array.
Line shapes were fitted simultaneously to spectra from
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FIG. 2. Representative spectra showing fitted line shapes for the 450 and 488 keV transitions in 106Sn and the 424, 510, and
518 keV transitions in 108Sn. Dashed lines indicate contaminant peaks.
detectors located at forward �31.7±�37.4±�, backward
�142.6±�148.3±�, and transverse directions with respect
to the beam. Fits were carried out assuming a rotational
cascade of five transitions, with a moment of inertia of
15h̄2 �MeV�21, feeding into each state, including the
topmost state. The side-feeding intensity was estimated
from the thick-target data. The side-feeding lifetimes
were found to be around a factor of 2 to 3 faster than the
in-band lifetimes. In the present paper, the decay scheme
for the 106Sn band has been revised [3]. The ordering of
the 634 and 780 keV transitions has been reversed and
a structure branching at the 202 level, consisting of the
599 and 571 keV transitions, has been added (see inset
of Fig. 3a below). The two permutations of the decay
cascade, starting with the 634 and 571 keV transitions,
respectively, were fitted independently, yielding consistent
lifetimes for the lower three states of the band common
to both pathways. The line-shape parameters of the
transitions of interest and stopped contaminant peaks were
fitted in the spectra for each of the three angles. Typical
line-shape fits are shown in Fig. 2. The effective lifetime
of the highest state observed was determined and used
as an input parameter to a global fit of the entire cascade
with variable lifetimes for both in-band and side-feeding
states. An error analysis was performed by examining
the behavior of the x2 value deduced for the fit in the
vicinity of the minimum. Quoted errors do not include
systematic errors in the stopping powers, which may be
as large as 20%. Pure M1 character was assumed for the
DI � 1 transitions when calculating the B�M1� values.
The results of this analysis are presented in Table I.

In our previous work, TAC calculations suggested
a structure of p��g9�2�21g7�2� ≠ n�h11�2�g7�2, d5�2��
for band 1 in 108Sn and p��g9�2�21g7�2� ≠
n�h11�2�g7�2, d5�2�3� for band 1in 106Sn [3]. These
501
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TABLE I. Results of line shape analysis for 106Sn (top) and 108Sn (bottom). t is the mean lifetime of the state, depopulated by
the gamma ray Eg . Errors in reduced transition ratios, B�M1� and B�E2�, are cumulative from errors in branching ratios, Bl�M1�,
and lifetimes. The shears angle u and proton angle up are obtained by the methods described in the text.

Eg �keV� Bl�M1� �%� t �ps� B�M1� �m2
N � B�E2� �e2b2� u �±� up �±�

449.7 .96 0.3010.03
20.03 2.0610.22

20.26 ,0.011 78.9 64.5

488.1 .98 0.4310.05
20.05 1.1210.15

20.13 ,0.004 65.4 52.8

591.9 .98 0.5110.15
20.15 0.5410.20

20.13 ,0.002 49.2 39.2

599.3 86(5) 0.2210.04
20.05 1.1410.26

20.22 0.02110.008
20.009 79.0 66.7

780.4 .96 0.2210.05
20.06 0.5410.15

20.12 ,0.003 25.3 19.9

423.7 95(1) 0.6610.06
20.06 1.0510.10

20.10 0.03510.004
20.005 45.4 32.7

509.9 86(2) 0.2310.02
20.02 1.6310.11

20.11 0.07010.012
20.010 78.9 62.7

518.2 82(2) 0.2910.04
20.02 1.1610.07

20.16 0.04510.006
20.008 64.9 50.8

535.1 77(3) 0.4410.06
20.04 0.6410.10

20.09 0.03310.007
20.006 48.0 37.1

550.2 79(3) 0.5610.13
20.13 0.4810.11

20.11 0.02110.006
20.005 22.0 16.8
calculations successfully reproduced some of the ex-
perimental features such as the observed B�M1��B�E2�
ratios in 108Sn. However, B�M1� values, predicted as a
by-product of this analysis (unpublished), do not decrease
as rapidly with increasing spin as the experimental values,
indicating that the calculated deformations used previously
may be too great. The TAC calculations are sensitive to
the strength of the coupling constant of the quadrupole-
quadrupole �Q-Q� interaction. Previously, this was
chosen such that it reproduced the deformation obtained
by means of Strutinsky’s shell correction method. Such a
procedure is appropriate for substantial deformations but
may not be so for near-spherical nuclei. Lifetimes ob-
tained in the present paper have allowed B�M1� and B�E2�
values (or limits) to be determined for the M1 bands in
106,108Sn. These data indicate that a reduction in the Q-Q
coupling constant of about 10% is necessary in order to re-
produce the experimental B�E2� values. This adjustment
yielded deformations of e2 � 0.08 and e2 � 0.11 for the
108Sn band, before and after the g7�2 neutron alignment
at I � 16h̄, respectively, which are somewhat smaller
than the value, e2 � 0.14, obtained from the Strutinsky
procedure. A similar adjustment for 106Sn suggests
that a deformation of e2 � 0.03 is more appropriate
than the value, e2 � 0.11, obtained from the Strutinsky
method.

The B�M1� values calculated for both nuclei, using the
TAC model with the new deformations, show improved
agreement with the experimental B�M1� values (see Fig. 3)
over the previous calculations, which predicted a much
flatter B�M1� curve with increasing spin. The remaining
difference between theory and experiment can probably be
attributed to the deformation being treated as a constant
within the TAC model, for a given configuration. This
is a severe limitation since the B�E2� values, and hence
the collectivity, clearly decrease with increasing spin for a
fixed configuration (see Table I).
502
The 212 state, depopulated by the 599 keV gamma ray,
in 106Sn has an associated B�M1� value of 1.14m

2
N . This

is consistent with the alignment of a pair of h11�2 neutrons
occurring at a frequency of �0.6 MeV�h̄.

A semiclassical derivation of B�M1� values in terms
of the coupling scheme, illustrated in Fig. 1, has been
attempted [7,8]. The B�M1� values are derived in terms of
the angle up , which the proton spin vector makes with the
total vector I. It is found that B�M1� �

3
8p g2

effj2
p sin2up ,

where geff is the difference between the proton and neutron
g factors [7].

If it is assumed that the proton spin vector originates
from the g9�2 proton hole, i.e., jjp j � 4.5h̄, and that at the
bandhead the proton and neutron vector coupling is perpen-
dicular; the length of the remaining vector j

n
is then fixed

since the length of the total angular momentum vector I
equals the spin of the bandhead. Higher spin values are ob-
tained by closing the shears. Using the relationship given
above, B�M1� transition rates have been determined for the
respective bands using values of geff obtained from empi-
rical g factors for this region [17,18]. The g factors were
combined by means of the additivity formula of Ref. [19].
For the 108Sn band, it is found that an effective g factor of
1.11 is appropriate for the p��g9�2�21g7�2� ≠ n�h11�2g7�2�
configuration. The maximum spin which may be gener-
ated from this fixed geometry is �15h̄. Around this spin,
the alignment of a pair of g7�2 neutrons is observed [3]
leading to the p��g9�2�21g7�2� ≠ n�h11�2�g7�2�3� configu-
ration, for which an effective g factor of 0.94 is obtained
using the additivity formula and a measured value for
the aligned pair of neutrons of g��ng7�2�2

61� � 0.43 [20].
Similar calculations have been performed for the band in
106Sn. In this case, a bandhead spin of 17h̄ was assumed
and an effective g factor of 0.94 was adopted for the pre-
viously suggested [3] p��g9�2�21g7�2� ≠ n�h11�2�g7�2�3�
configuration. The values of the shears angle u and pro-
ton angle up used in the calculations are given in Table I,
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FIG. 3. (a) Plot of B�M1� values against spin for 106Sn. The
solid line represents a TAC calculation for the configuration
discussed in the text. The open square results from the branch
(see text) thought to arise from the alignment of an h11�2
neutron pair. The inset shows the 106Sn M1 band. (b) Plot of
B�M1� values against spin for 108Sn. The dashed and solid lines
represent the results of TAC calculations using configurations
[below (dashed line) and above (solid line) the ng7�2 alignment]
described in the text. The dotted-dashed lines in both (a) and
(b) show the predictions of the phenomenological model using
effective g factors appropriate to the configurations described
in the text.

and the predicted B�M1� values are compared with experi-
mental values in Fig. 3. The excellent agreement for both
nuclei provides good evidence for the near perpendicular
coupling of the proton and neutron configurations at the
bandhead. Furthermore, the results imply a very low core
contribution to the total angular momentum and the angu-
lar momentum is almost entirely generated by the shears
mechanism.

Systematic error enters the above semiclassical analysis
through the assumption of the location of the bandhead and
of the initial perpendicular coupling of the component vec-
tors, which, if less than 90±, would reduce the calculated
B�M1� values. Furthermore, the contribution to the total
spin from the weakly deformed rotating core is ignored.
This assumption may be justified by the very low defor-
mations indicated by the measured B�E2� values.

In conclusion, lifetimes of states of an M1 band in each
of the nuclei 106,108Sn have been obtained by means of the
DSAM technique. Derived B�M1� values exhibit a rapid
decrease with increasing spin, demonstrating, for the first
time, that the shears mechanism generates the majority of
the angular momentum in such structures in the light tin
nuclei. The results yield a very low collectivity for these
structures and qualitatively verify the perpendicular cou-
pling of the assigned configurations from derived effec-
tive g factors. Similar structures in the lead region have
an oblate deformation of e2 � 20.1, whereas this paper
clearly demonstrates that the deformation involved in these
magnetic rotational structures in the tin nuclei is negligible;
indeed, the band in 106Sn appears to be the first example
of almost pure magnetic rotation.
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