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The g-factors and magnetic rotation in 3?Rb*
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The g-factors of the intra-band states 12, 13, 14, 15 in a magnetic-rotational band built on the 11 state in 82Rb
are measured for the first time by using a transient magnetic field-ion implantation perturbed angular distribution
(TMF-IMPAD) method. The magnetic-rotational band in 32Rb is populated by the ONi(27 Al,4pn)82Rb reaction, and
the time-integral Larmor precessions are measured after recoil implantation into a polarized Fe foil. The calculation

of g-factors is also carried out in terms of a semi-classical model of independent particle angular momentum coupling

on the basis of the four-quasiparticle configuration w(gg/Q)Q ® (p3/2; f5/2) @ v (99/2). The measured and calculated

g-factors are in good agreement with each other. The g-factors and deduced shear angles decrease with the increase

of spin along the band. This clearly illustrates the shear effect of a step-by-step alignment of the valence protons and

neutrons in magnetic rotation. The semi-classical calculation also shows that the alignment of the valence neutron

angular momentum is faster than that of the valence protons, which results in a decrease of g-factors with increasing

spin. The present results provide solid evidence of the shear mechanism of magnetic rotation.
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1. Introduction

Magnetic rotation, which was first found in Pb
isotopes, ! is a novel mode of nuclear rotation occur-
ring in nuclei of nearly spherical shape. Understand-
ing of its nature has attracted great interest in nu-
clear structure studies at high spins.[2! The magnetic-
rotational band is characterized by magnetic dipole
(M1) transitions with crossover E2 transitions very
weak or absent. In addition, the magnetic-rotational
band is associated with a rather small dynamical mo-
ment of inertia and its band-head occupies a high K
value, implying multi-quasiparticle configurations.!?!
The angular momentum vector of a valence proton
particle is perpendicular to that of a valence neutron
hole at the band head in Pb isotopes.[¥! The resul-
tant proton and neutron vectors form two blades of a
pair of shears, and the total angular momentum in-
creases by closing the shear blades along the band.
The perpendicular coupling of the high j particle and
hole orbitals at the band head results in a large trans-
verse component | of the magnetic moment vector
that rotates around the total angular momentum. The
energy and the angular momentum increase with the

decrease of the angle between particle and hole spins.
As the spins of the particle and hole are fully aligned,
a highest-spin state is formed and the band is termi-
nated.

Since the magnetic-rotation band resembles the
closing of the two blades along the band it is called the
shear band.!®/ The shear band was investigated theo-
retically by the tilted axis cranking (TAC) modell®
and by the residual interaction between proton and
neutron.!”)

The shear mechanism of a step-by-step align-
ment of the angular momenta of a high-spin par-
ticle and hole can be well studied through electro-
magnetic properties, such as the B(M1) transition
strength and g-factor. So far, the shear band or shear
mechanism has been investigated mostly by measur-
ing the lifetimes of magnetic-rotational states.[? The
B(M1) transition strength deduced from the lifetime
has played a role in studying magnetic rotation. How-
ever, the derived B(M1) value depends on the perpen-
dicular component of the magnetic moment vector,
since the g-factor depends on the parallel component
of the magnetic moment vector with respect to the an-
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gular momentum direction. The measurement of both
these components can reveal the full coupling scheme
and the configuration of the shear states.!

82Rb (Z = 37, N = 45) lies in a mass region of
At a
neutron number of 45, the intruder gg/o sub-shell is
half-filled and has already lost most of the capabil-

ity to induce deformation. The competition between

transition from deformed to spherical shapes.

the deformation driving gg/o valence proton excita-
tions and the almost spherical gg/, valence neutron
excitations results in a moderate small deformation in
82Rb.[8] Therefore, this nucleus is particularly suitable
for the study of magnetic rotation. The magnetic-
rotational band in 8?Rb was observed by Schnare et
al.,l¥ Schwengner et al.l'%) and Déring et al.'V] Fig-
ure 1 shows the decay scheme of the negative parity
I = 1 magnetic-rotational band built on the 11~ state
in 8Rb. The g-factors are very sensitive to the align-
ments of the valence proton and valence neutron due
to different signs and magnitudes of the gy proton
and neutron and are expected to vary systematically
in magnetic rotation as the shears turn close or the
spin goes up. Therefore, g-factors of intra-band states
can provide direct evidence of the shear mechanism of
magnetic rotation.
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Fig. 1. Level scheme of the 32Rb magnetic-rotational
band cited from Refs. [10] and [11].

In order to investigate the coupling scheme be-
tween proton angular momentum and neutron angu-
lar momentum and the shear mechanism, the g-factors
of four intra-band states of magnetic rotation in 82Rb
are measured for the first time by the transient mag-
netic field-ion implantation perturbed angular distri-
bution (TMF-IMPAD) method?'3! and calculated
by a semi-classical model on the basis of independent

particle angular momentum coupling.[”]

2. Experimental details

The g-factors of the high spin states for the
magnetic-rotational band built on the 117 state
in 82Rb were determined by a transient mag-
netic field-ion implantation perturbed angular dis-
tribution (TMF-IMPAD) method.
rotational states in 82Rb were populated by the

The magnetic-

fusion—evaporation reaction °Ni(?7Al,4pn)®*?Rb with
a 130-MeV Al beam from the HI-13 tandem acceler-
ator at the China Institute of Atomic Energy. This
reaction with a heavier projectile 27 Al brought in the
higher recoil energy of 32Rb required by the TMF-
IMPAD method. The reaction cross section calculated
with the PACE4 program!* is ~ 4 mb at 130 MeV.
A schematic drawing of the TMF-IMPAD set-up
is shown in Fig. 2. It is mainly composed of the tar-
get chamber housing a three-layer target assembly,
the polarizing electromagnet and the ~-ray detector
system.'?l The “I” shaped bronze target chamber
was located between the two pole tips of the polar-
izing electromagnet. The three layer target assem-
bly of 59Ni-Fe-Cu was made in such a way that a
0.439-mg-cm~2 target layer of °Ni enriched to 99.6%
was evaporated onto an annealed natural Fe layer of

2. on whose other side a Cu stopper layer

2

1.51-mg-cm™
of 12-mg-cm™* was evaporated and the assembly was
then annealed to make the cubic Cu stopper layer
defect-free. A Ta beam stopper was situated inside
the chamber at 2 mm away from the target in the
down stream. The 32Rb recoiling nucleus with an
average velocity of 0.028-0.029C passed through the
Fe layer in a traverse time of 0.35 ps and stopped
in the Cu stopper layer. The ferromagnetic Fe layer
was polarized by a 0.16-T magnetic field, whose direc-
tion was perpendicular to the beam-detector plane
and reversed up and down every 120 s during the
measurement. The field changed its direction (up or
down) by a field direction controller of the electromag-
net, which generated positive pulse signals synchron-
ically. As the 82Rb nucleus moved along the polar-
ized Fe layer, it experienced a transient magnetic field
of ~ 1.56 x 103 T, and nuclear precession about the
direction of the polarizing magnetic field took place.
The nucleus completed its decay to the ground state
in the perturbation-free Cu stopper. The emitted ~
rays were detected by four BGO Compton suppressed
HPGe detectors with an efficiency of ~30%. The four
detectors were placed in the beam—detector plane at
01 £60° and 0, £+ 120° with respect to the beam direc-
tion. The two-fold y—y coincidence data were recorded
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in a five-parameter event-by-event mode with a Ko-

(15] The five parameters

daq data acquisition system.
are specified by the polarizing field direction and the
4 ~-ray detectors.

In data analysis, the y—y coincidence data of
each detector with the other three detectors generated
three matrices for each polarizing field direction. The
~ ray counts of interest N(f) were obtained as a geo-
metric mean value of a series of spectra from different

matrices or different gates.

HPGe

particle beam - polarizing magnet

N three-layer-sandwich

|
L !
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Fig. 2. Schematic drawing of the TMF-IMPAD set-up.

The nuclear precession of a state was inferred
from a double ratio p obtained through the single
ratios p(+6;) formed with the counting rates of an
adjacent pair of detectors at +6; for an observed
transition.[12:16]

The single ratios are given as

N(+61) 1 xN(=0y) 1)'/?
p(£6:) = (N(+91) I XN(—6) T) 7
(N(+0) 1 xN(=05) L)
p(E0:2) = <N(+92) L XN(—63) T) oW

where N(6;) is the y-ray count of interest, detected

by a detector located at 6;, and the arrows 1 and |
specify the field up and down directions of the polar-
izing magnetic field, respectively. The double ratio is

defined as
p= (pwz))”"’ ®)
p(£61)
Then, the precession angle A¢ can be obtained by
Ap =¢/S(8), (3)
where the term ¢ is an experimental ratio defined as
p—1
= —, 4
] (4)
and S(0) is the logarithmic slope of y-ray angular dis-
tribution
1 dw(0)
(0) = —— (5)
w(o) dé

The angular distributions were measured experi-
mentally by shifting the four detectors 10° from the
measurement geometry, so that y-ray counts at 8 po-
sitions , 61 +60° and #24+120° and 6;=+70° and —50°
and 05=4130° and —110° were obtained. After the -
ray counts were normalized to the beam current and
the detector efficiency, the coefficients of A and Ay
were extracted by fitting the measured angular distri-
butions.

The precession angle A¢ depends on the nuclear g
factor and transient magnetic field strength Bryr(t)
experienced by a nucleus as follows:

ex

Ad = —(gu /) / Brae(te 7dt, (6)

en
where uy is the nuclear magneton and 7 is the mean
lifetime of the nuclear state. The transient magnetic

field Bryr(t) is given by Shu’s parametrization*]

BTMF(V) = 96.7(U/U0)0'4521'1,LLBNP, (7)

where vy is the Bohr velocity, v is the velocity of a
recoiling nucleus, pp is the Bohr magneton and IV, is
the number of polarized electrons in unit volume (for
Fe, N, is 2.22). The Brmr(v) depends on the instan-
taneous velocity v of the recoiling nucleus in the Fe
layer. The integration of Eq. (7) runs over the time
period when the recoiling nucleus enters into and ex-
its from the ferromagnetic Fe layer. Then, the g-factor
for a given nuclear state can be obtained from Eqgs. (3)
and (6).

In data reduction the precession transfer was
taken into account. The precession of a lower state
also includes the precessions of higher spin states in
cascade transitions and side feeding states, therefore
it is an algebraic sum of precessions of itself and all
states that feed it. The correction of the precession
transfer was made according to

N
eij = eV, (8)
=1

where ¢;; is the experimental value in terms of Eq. (4)
from the 7 state to the j state, Y is the relative inten-
sity of decay from the [ state to the j state; the sum-
mation runs over all decay paths to the j state.!'®l The
net precession angle was calculated using Eq. (3) with
ei; obtained from Eq. (8).
precession transfer correction was written and used to

A computer program for

obtain the net precession of the given state.
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3. Results and discussion

Table 1 lists the magnetic-rotational states in 82Rb and their lifetimes, logarithmic slope S of y-ray angular

distribution calculated from the measured angle distribution, experimentally measured and precession transfer

corrected ¢, net precession angle and g-factor in 82Rb.

Table 1. Measured g-factors and corresponding parameters for 82Rb.

life experimentally precession transfer net precession
state ) S g-factor
time/ps?® measured € corrected € angle/mrad
12— 0.58(11) 0.3149 0.005198 0.006840 21.72 1.12
13~ 0.59(11) 0.3149 0.004798 0.006312 20.05 1.03
14~ 0.37(6) 0.2904 0.004372 0.004229 14.56 0.866
15— <1 0.2535 0.004485 0.004485 17.69 0.816

2 from Ref. [10].

The 15~ state was the highest state observed in
the present experiment and, therefore, the correction
of precession transfer was not made. Since the ion
traverse time in the Fe layer is ~0.35 ps, the relative
change of the integral part of Eq. (6) is 15% only with
lifetime changing from 0.5 ps to 1 ps. So the uncer-
tainty due to the lifetime is expected to be 5%. The
mean traverse time of recoiling 8?Rb in the Ni target
layer is less than 0.05 ps and the transient magnetic
field Bryr in Niis 30% of that in Fe, so the precession
angle induced by the transient magnetic field in Ni is
negligible. Table 2 shows the sources of experimental

uncertainties.

Table 2. Sources of uncertainties.

source of uncertainty relative uncertainty
double ratio 1%
lifetime 5%
correction of precession transfer 18%
transient magnetic field 10%
S value 10%
combined standard uncertainty 25%

A semi-classical model based on the independent
particle angular momentum coupling was used to cal-
culate the g-factors and shear angles of the intra-band
states and to examine the configuration.l”®! Figure 3
shows the coupling scheme between neutron and pro-
ton angular momenta in magnetic rotation. Parame-
ters 0, and 6, are the angles of the proton vector and
the neutron vector with respect to the total angular
momentum that is I = j, + j,, because the contribu-
tion of small deformation to the rotation is negligible.
The shear or blade angle 6 for a given state in the M1

\
band with AT =1 can be deduced using Eq. (9)
jV ) jTr
|30 113x]
= (G + 1)1/203 (G + D) (G + 1Y%, (9)

cosf = =[II+1)—=34.0,+1)

where 6§, = 0—0, and tan 6, = j, sin @/ (j. + j, cosb).

Jv I

I

Fig. 3. Angular momentum coupling between neutron
and proton vectors.

The magnetic moment is given by

1
w=gl =— (JJ| Mz|JJ).
Ho

(10)
Taking into account the collective rotation with an-
gular momentum R, the total angular momentum is
I=3j.+7j,+Randthen M = ¢,j, + g+jr + grR.
Thus,

I = II|Mgz|II) = ——(II|M - I|IT
gl = (H|Mz|IT) = 7 (I[|M - I|I1)
1
= — I/'V'I Tr'ﬂ"I .I’ 11
I—i—l(g‘? + gz +grR-1) (11)
1
9= m (guju o8 0, + grjr cO8 O + gRR) ) (12)

where gp is the g-factor for collective rotation, which
is close to Z/A. The contribution from collective rota-
tion is neglected in magnetic rotation. Therefore, the
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g-factor is expressed as
1
CI+1

Reference [19] gave the effective g-factors for protons

g (guju cosf, + G Jm COS 977) . (13)

and neutrons respectively

free

g (7, v) ~ 0.75 x ¢"
¢ ~11 or —0.L (14)

(m,v) and

Both the TAC calculations by Schnare et al.l”!
and Schwengner et all'® on the basis of the four-
quasiparticle (4qp) configuration 7(fp) ® m(gg/2)* ®
v(go/2) and the Hartree-Fock-Bogoliubov shape cal-
culations by Doring et all''l indicate that all
magnetic-rotational states in ®?Rb are v soft states
with a small equilibrium deformation. In view of the
spins, the configuration may be 4qp states in the spin
range 117, 127, 137, 14—, and 15—, which are formed
by 2 qp states m(go/2) ® v(go/2)6+,7+,8+,9+ coupled
to a cluster of (ps2,99/2) or (fs/2,99/2) With spin
5 or 6. This reveals the shear mechanism in which
the step-by-step alignment is generated by the cou-

9,10] From

pling of a gg/5 proton and a g9/, neutron.
the viewpoint of the residual interaction between pro-
tons and neutrons!”) and the perpendicular angular
momentum vectors of high j protons and neutrons at
the band head of magnetic rotation, it follows that the
perpendicular angular momentum vectors of 7(gg /2)2
and v(gg/2) can be realized only in the case where
one p3/o Or f5/o proton is fully aligned and the shear
band is generated by the coupling of two protons in
the g/ orbit and one unpaired gy, neutron. Then,
the calculation of the g-factors of magnetic-rotational
states in 82Rb was carried out by means of Eq. (9) for
two configurations 7(ps/2) ® 77(99/2)2 ® v(gg/2) and
7(f5/2) @m(goy2)? @ v(gg/2). Figure 4 shows the mea-
sured and calculated g-factors.

1.5 a cal p3/2
] v cal f5/2
& exp
1.3
g 117
£ 1 A
&
S 0.9 v
0.7 4
0.5 T T T T T T T T T T T 1
10 11 12 13 14 15 16
Spin

Fig. 4. Measured and calculated g-factors of magnetic-
rotational states in 32Rb.

The calculated and measured g-factors are in
agreement within the experimental error, and both of
them decline with the increase of spin along the band.
Note that the configuration 7r(p3/2)®7r(gg/2)2®y(gg/2)
gives g-factors up to spin 14 only.

As shown in Fig. 5, the calculated values of
shear angle 6 between j, (two gg/o protons) and j,
(one unpaired gg/o neutron) decrease with spin in-
creasing along the band and the shear angle at the
band-head is 88° on the basis of the configuration
m(ps/2) @ 77(99/2)2 ® v(gg/2). The calculated angle 0
between the high j proton angular momentum and
the total angular momentum is also shown in Fig. 5.
The decreasing of the angle 6, with the increase of
spin is slower than that of the shear angle 6. This
means that the angle 6, between the valence neutron
angular momentum and the total angular momentum
makes a major contribution to the change of shear
angle, i.e., the valence neutron alignment towards the
total angular momentum is much faster than the pro-
ton alignment. This rapid alignment of valence neu-
trons leads to a reduction of g-factors with spin in-
creasing along the band. The decreasing of both g¢-
factors and shear angles with increasing spin provides
strong evidence that the angular momentum along the
magnetic-rotational band is generated by the shear ef-
fects of a step-by-step alignment of the high-spin va-
lence protons and neutrons.

—m—shear angle cal p3 /o

107 —o—shear angle cal f5 /2
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Fig. 5. Variations of shear angles # and 6, with spin
increasing along the magnetic-rotational band in 32Rb.

4. Conclusion

The g-factors of the 4 intra-band states along the
magnetic-rotational band built on the 11~ state in
82Rb are measured for the first time by using the
TMF-IMPAD method. The g-factors are also calcu-
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lated by a semi-classical model of the independent par-
ticle angular momentum coupling assumption on the
basis of the 4 gp configuration W(gg/z)éw(pg/g, f5/2)®
v(g9/2)- Both g-factors and shear angles decrease with
the increase of spin in the band, illustrating clearly
that the angular momentum along the magnetic-
rotational band is generated by the shear effects of

a step-by-step alignment of the high-spin valence pro-
tons and neutrons. The fast alignment of the valence
neutron angular momentum towards the total angular
momentum leads to a decrease of the g-factors along
the band. The present experimental results provide
solid evidence for the shear mechanism of magnetic
rotation.
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