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The g(2+
1 ) values in the even Te isotopes between 122Te and 130Te have been measured simultaneously, relative

to each other, by the transient-field technique. In addition, g factors were also measured for the 3/2+
2 and 5/2+
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levels in 125Te.
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I. INTRODUCTION

The availability of radioactive beams is affording new
opportunities to study the structure of nuclei near 132

50Sn82

and unveil new aspects of nuclear structure. Attention has
recently been given to Coulomb excitation of the neutron-rich
Te isotopes [1,2]. An anomalously low value reported for the
B(E2; 0+

1 → 2+
1 ) in 136

52Te84 [1] has attracted much theoretical
attention [3–5]. The small B(E2) value was interpreted [1] as
evidence for a predominantly neutron excitation, a suggestion
that is supported by some theories [3,4], but not by others [5].
Experimental g factors in the nearby stable Xe isotopes, which
have a similar number of valence nucleons, have revealed a
combination of single-particle and collective features in the
low-excitation states [6].

It is clear that a g-factor measurement on 136Te would prove
most enlightening. The feasibility of such a measurement has
been demonstrated recently by the work of Stone and co-
workers [7], who used the recoil in vacuum (RIV) technique to
measure the g factor of the first-excited state of 132Te produced
as a radioactive beam. At present the accuracy of the RIV
technique for the Te isotopes is limited to a significant degree
by uncertainties in the g factors of the stable isotopes 122Te,
126Te, and 130Te, which must be used for calibration. There
are two problems concerning the previous g-factor data for
these isotopes to be addressed in the present work: First, one
transient-field measurement [8] reported a small g factor in
126Te, which was not confirmed in other measurements [9,
10]. Second, the existing measurements on 130Te are not very
precise [11]. The primary experimental purpose here is to
measure the ratio of g factors in 130Te and 126Te with high
precision. To this end, a simultaneous relative measurement
of the g factors in the even-even isotopes between 122Te and
130Te has been performed using the transient-field technique
and a natural target. As a byproduct, the g factors were also
measured for the 3/2+

2 and 5/2+
1 levels in 125Te.

Historically, there have been many measurements of the
electric quadrupole moments [12–17] and magnetic dipole
moments [8–10,18–26] of the first 2+ states in the stable
even-even Te isotopes. These isotopes show a transition from
structures that are amenable to shell model calculations near
N = 82 toward collective vibrational-like structures in the
more neutron-deficient isotopes. The early measurements of

the spectroscopic quadrupole moments, by the reorientation
effect in Coulomb excitation, were motivated by a confronta-
tion between the simple vibrational picture and experimen-
tal quadrupole moments that were clearly nonzero. Many
magnetic moment measurements have also been performed.
A number of these measurements were triggered by the
observation of anomalously large g(2+

1 ) values (�Z/A) in
an implantation perturbed angular correlation (IMPAC) study
[18]. The discovery of the transient field followed from these
observations—the large observed precessions were not due to
the magnitude of the nuclear g factors, but to the presence of
a large ‘transient’ hyperfine field which acts on ions moving
swiftly within a ferromagnet [27].

The present paper is arranged as follows. Section II reports
the transient-field measurements (Experimental Procedures
and Analysis). The emphasis is on the even isotopes. Results
for the 2+

1 states in the even isotopes are given in Sec. III.
The calibration of the transient field, which is required to
obtain absolute g factors, is discussed in Sec. IV. This section
also compares the present g factors with previously reported
values. Results for 125Te are given in Sec. V. A summary and
concluding remarks follow (Sec. VI).

An accompanying paper [28] will consider the implications
of the present g factor results for the modeling and calibration
of the RIV interaction, and hence for radioactive-beam g factor
measurements by the RIV technique.

II. TRANSIENT FIELD g-FACTOR MEASUREMENTS

A. Experimental procedures

Gyromagnetic ratios of the 2+
1 states in the even isotopes be-

tween 122Te and 130Te were measured simultaneously, relative
to each other, by the transient-field technique. Although not
optimized for the odd-A nucleus 125Te, the g factors of its 3/2+

2
and 5/2+

1 states at 444 keV and 464 keV, respectively, were also
measured. The experimental procedures were similar to those
in previous work [29–32]. Schematic views of the apparatus
are shown in Fig. 1. States of interest were Coulomb excited
using beams of 195 MeV 58Ni from the ANU 14UD Pelletron
accelerator. The target was composed of natTe, 1 mg/cm2

thick, evaporated onto an annealed iron foil 4.9 mg/cm2
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FIG. 1. (Color online) Left: Plan view of the target chamber and
γ -ray detectors. Right: Plan view of components inside the target
chamber.

thick. Te nuclei recoiled through the iron foil, where they
experienced the transient field, and stopped in a nonmagnetic
backing layer of copper 4.5 mg/cm2 thick, evaporated on
the back of the iron foil. For additional mechanical support
and improved thermal contact with a liquid-nitrogen cooled
target mount, the multilayered target was pressed onto thicker
(∼12 µm) copper foil using an evaporated layer of indium as
adhesive. Throughout the measurements the target temperature
was maintained at ≈90 K (−183◦C) to reduce the effects
of beam heating, and to help minimize the loss of Te
(melting point 450◦C) from the target. The iron foils were
polarized perpendicular to the γ -ray detection plane by a small
electromagnet, which produced a field of 0.08 T, which is more
than sufficient to saturate a well annealed iron foil [33]. The
direction of the polarizing field was reversed automatically,
approximately every 15 min. Backscattered 58Ni ions were
detected in two rectangular silicon detectors 9.2 mm wide by
10.2 mm high placed 23.7 mm from the target, 3.85 mm above
and below the beam axis (see Fig. 2). The average scattering
angle was 159◦.

x
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FIG. 2. Schematic of particle detectors defining the coordinate
frame used for the angular correlation calculations. The beam is
along the z-axis and the magnetic field direction is along the y-axis.
The γ -ray detectors are in the xz-plane.

The precessions of the nuclei due to the transient-field
interaction were measured by placing pairs of Ge detectors
in the forward and backward quadrants where the particle-γ
angular correlations for E2 transitions have near maximal
slope and hence give near-optimum sensitivity to the nuclear
precession.

Two similar runs were performed. To improve the count rate
in the second run, the beam current was increased from 1.5 pnA
to 7.7 pnA, and one pair of γ -ray detectors was repositioned.
In both runs the forward detectors (efficiency ∼20%) were
placed at ±65◦ to the beam axis and such that the detector
crystals subtended a half angle of 20◦. The backward γ -ray
detectors (efficiency ∼50%) were placed at ±120◦, subtending
11.4◦ during the first run. They were then moved to ±115◦,
subtending 15.2◦, for the second run; this case is illustrated in
Fig. 1.

B. Analysis

Experimental precession angles, ��, were determined by
standard procedures [6,8,29,31,34]. The double ratio ρ was
formed for each pair of γ -ray detectors:

ρ =
√

N (+θγ ) ↑
N (+θγ ) ↓

N (−θγ ) ↓
N (−θγ ) ↑ , (1)

where N (±θγ ) ↑↓ denote the counting rates at ±θγ for
field up(↑) and down(↓). The precession angles were then
determined from

�� = ε

S
, (2)

where ε = (1 − ρ)/(1 + ρ) and S is the logarithmic derivative
of the angular correlation, W (θ ), evaluated at the detection
angle θγ . Specifically,

S = 1

W (θ )

dW

dθ

∣∣∣∣
θγ

. (3)

The required angular correlations were calculated in the
present work. They are similar for all of the even Te isotopes
and for simultaneous relative measurements the (relative)
2+

1 → 0+
1 particle-γ angular correlations can be calculated

more accurately than they can be measured. This statement
is backed up by numerous measurements and calculations
of angular correlations by our group over the past few
decades [29–32,35–49]. It is particularly relevant to note that
angular correlations have been measured and calculated in
several sequences of transitional nuclei such as 92−100Mo
[49], 154−160Gd [35,38,47], 182−186W [36,39,43], 188−192Os
[29,41,43], and 190−198Pt [39,43–46] where the changes in
nuclear structure cause changes in feeding patterns that are at
least as pronounced as in the present study of 122−130Te.

The formalism for the calculation of these angular cor-
relations is straight forward, but complicated somewhat by
the use of rectangular particle detectors, which break the
symmetry about the beam axis [35]. The required theoretical
expression for the angular correlation after Coulomb excitation
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(see Refs. [50,51] and references therein) can be written as

W (θγ ) =
∑
k,q

Bkq(θ, φ)FkQkD
k∗
q0(0, θγ , 0), (4)

where Bkq(θ, φ) is the statistical tensor, which defines the
spin alignment of the initial state, and which depends on
the particle scattering angles (θ, φ) and the geometry of the
particle detector. Fk represents the usual F -coefficient for the
γ -ray transition [52], Qk is the attenuation factor for the finite
size of the γ -ray detector, and Dk

q0(0, θγ , 0) is the rotation
matrix, which depends on the γ -ray detection angle θγ . In the
applications of interest k = 0, 2, 4. The coordinate frame is
right-handed with the beam along the positive z-axis as shown
in Fig. 2. Since the magnetic field is along the y axis and
the γ -ray detectors are in the xz plane, the rotation matrix is
equivalent to an associated Legendre polynomial.

Evaluation of the angular correlation requires the calcula-
tion of the statistical tensor using the de Boer-Winther code
[53]. In this code the statistical tensors ρkq ′ (θ, 0) correspond
to the particle-scattering plane. To calculate the angular
correlations applicable for the experiments requires the tensors
corresponding to scattering at angle φ as defined in Fig. 2.
These are given by

ρkq(θ, φ) =
∑
q ′

ρkq ′(θ, 0)Dk
q ′q(φ, 0, 0) (5)

= ρkq(θ, 0)eiqφ. (6)

Thus the required average statistical tensor at a given beam
energy is given by

〈ρkq〉 =
∫
θ

∫
φ
ρkq(θ, 0)eiqφ dσ

d	
d	∫

θ

∫
φ

dσ
d	

d	
, (7)

where the integrals are over the dimensions of the particle
detector and dσ

d	
is the cross section for Coulomb excitation

corresponding to the scattering angle θ . In the geometry used
here (Fig. 2) there are two particle detectors placed symmetri-
cally about the beam axis such that the numerical integration
can be limited to the positive quadrant, 0◦ � φ � 90◦. The
factor eiqφ can then be replaced by (eiqφ + e−iqφ + eiq(φ+π) +
e−iq(φ+π))/4, which is cos qφ if q is even and zero if q is odd.

To obtain the statistical tensors of direct relevance to the
present experiments, a further integration was performed to
average over the energy loss of the beam in the target.
Corrections for feeding from higher states were also made
(see below). The statistical tensors required in Eq. (4), Bkq ,
are related to those from the Coulomb excitation calculation,
ρkq(θ, φ), by Bkq(θ, φ) = √

(2k + 1)ρkq(θ, φ). For an annular
counter only the q = 0 tensors are non zero. The broken
azimuthal symmetry gives rise to finite 〈Bkq〉 values for q = 0,
however these terms are small in the present case because the
scattering angle remains near 180◦ and the spin of the excited
state is aligned predominantly in the plane perpendicular to
the beam. The q = 0 terms change S(65◦) for 126Te by about
3.5%.

The Coulomb excitation calculations employed E2 matrix
elements from the literature [12–17]. Along with the 0+

1 ground
state and first excited state, 2+

1 , the calculations for 124Te

through 130Te included the weakly populated 4+
1 and 2+

2 states.
As in the quadrupole moment studies [12–17], the calculation
for 122Te included the 0+

2 and 2+
3 states in addition to the 0+

1 ,
2+

1 , 4+
1 , and 2+

2 states. There is some variation in the reported
matrix elements for the weakly populated higher-excited
states. However the uncertainties in these matrix elements are
not important for the angular correlation calculation because
(i) the statistical tensors depend mainly on the reaction
geometry and are largely independent of the matrix elements,
and (ii) the feeding contribution to the alignment of the 2+

1
state, which depends on the uncertain matrix elements, is
relatively small.

C. Formalism for feeding corrections

As noted above, there is a contribution due to feeding
from higher-excited states in both the unperturbed and per-
turbed angular correlations of the 2+

1 → 0+
1 γ ray. Although

relatively small, this contribution increases systematically
from 130Te to 122Te as the collectivity increases. Detailed
general descriptions of the formalism for feeding corrections
in transient-field g-factor measurements have been given in
previous work, e.g., Refs. [29–31]. A simplified formalism to
convey the features of relevance to the present measurements
is given here. It is helpful to begin by reviewing the effect
of feeding on the unperturbed angular correlation. In the
present Coulomb-excitation study of the even Te isotopes,
the weakly populated higher-excited states, 0+

2 , 2+
2 , 2+

3 , and
4+

1 , all decay to the 2+
1 states via a single γ -ray transition.

The observed (fed) unperturbed angular correlation can thus
be evaluated by replacing the statistical tensor Bkq(2+

1 ) in
Eq. (4) by 〈Bkq(2+

1 )〉fed, which is defined as

〈Bkq(2+
1 )〉fed =

N0
2+

1
Bkq(2+

1 ) + ∑
i>2+

1
N0

i Bkq(i)Uk(i → 2+
1 )

N0
2+

1
+ ∑

i>2+
1
N0

i

,

(8)

where N0
2+

1
is the direct population of the 2+

1 state and N0
i

is the population of the 2+
1 state due to feeding from the

higher-excited state i. (N0
2+

1
is proportional to the cross section

for exciting the 2+
1 state; N0

i is proportional to the cross section
for exciting the state i and to the branching ratio for the
i → 2+

1 decay.) Uk(i → 2+
1 ) is the well-known deorientation

coefficient [52] for the i → 2+
1 decay, which may depend on

the mixing ratio of the i → 2+
1 transition.

The analysis of the precession data begins with an analysis
of the observed (i.e., fed) unperturbed and perturbed angular
correlations using Eqs. (1)–(3). Thus the observed precession
angle, including feeding, is given by Eq. (2), which may be
written as

��obs = εobs/Sfed, (9)

where Sfed is evaluated for the fed angular correlation by
substitution of 〈Bkq(2+

1 )〉fed into Eq. (4). In the case where
the lifetimes of all states are much greater than the transit time
of the ions through the ferromagnetic foil (tFe), ��obs can be
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TABLE I. Summary of measured precession angles in the even Te isotopes.

Isotope Eγ (keV) ε(±65◦) (×103) S(65◦) ε(±120◦) (×103) S(120◦) ε(±115◦) (×103) S(115◦) 〈��〉 (mrad)

122Te 564 52.3(10.0) −2.54 −80.7(14.6) 2.01 −48.9(14.3) 2.69 −23.01(2.90)
124Te 603 61.2(7.0) −2.57 −56.8(10.2) 2.03 −57.9(9.8) 2.72 −23.68(1.99)
126Te 666 61.3(3.5) −2.62 −44.5(5.2) 2.06 −51.7(5.0) 2.77 −21.69(0.99)
128Te 743 57.1(3.2) −2.68 −41.6(4.6) 2.10 −52.6(4.4) 2.84 −20.19(0.87)
130Te 839 65.0(4.0) −2.77 −46.6(5.8) 2.16 −64.2(5.5) 2.93 −22.66(1.05)

related to the precessions of the individual levels as

��obs =
N0

2+
1

dW20
dθ

��2+
1

+ ∑
i>2+

1
N0

i
dWi20

dθ
��i

N0
2+

1

dW20
dθ

+ ∑
i>2+

1
N0

i
dWi20

dθ

, (10)

where ��i is the precession of the level i,W20 is the angular
correlation of the 2+

1 → 0+
1 transition due to direct population

of the 2+
1 state and Wi20 is the angular correlation of the 2+

1 →
0+

1 transition due to feeding from level i.
It is helpful to rewrite Eq. (10) as

��obs =
∑

j � 2+
1

Aj��j , (11)

where the sum now includes the contribution associated with
the direct population of the 2+

1 state. It will become apparent
below that in the present work A2+

1
� Aj =2+

1
.

In collective nuclei, whether vibrational or rotational, the g

factors of the low-excitation states are essentially identical. In
such cases ��obs = ��2+

1
= ��i . Since the g factors of the

higher-excited states in the Te isotopes are unknown, they were
assumed to be identical to that of the 2+

1 state for the evaluation
of feeding corrections. The uncertainty in the g(2+

1 ) values due
to this assumption is evaluated below.

III. EXPERIMENTAL RESULTS: 2+ STATES

This section focuses on results for the 2+ states in the even
isotopes; results for 125Te are reported in Sec. V.

Figure 3 shows an example of a γ -ray spectrum and
Table I gives the results of the precession measurements.
Details of the reaction kinematics are given in Table II. This
table also includes an estimate of the transient-field precession

per unit g factor, which is given by

φ(τ ) = ��/g = −µN

h̄

∫ Te

Ti

Btr(t)e
−t/τ dt, (12)

where g is the nuclear g factor, τ the lifetime of the nuclear
state, Btr is the transient-field strength, and Ti and Te are the
times, after excitation at t = 0, at which the ion enters into
and exits from the iron foil. For the estimates in Table II, the
transient field was assumed to follow the velocity dependence
of Rutgers parametrization [55], with the overall strength
scaled to match the field calibration adopted below. Since the
Te isotopes have a very similar velocity range and transit time
for their passage through the iron host, the relative φ values
in Table II are very insensitive to the choice of transient-field
parametrization.

As is evident from the Doppler broadened high-energy
tails on the peaks in Fig. 3, a small fraction of the excited
nuclei decay whilst in transit through the iron layer of the
target. The exponential factor in Eq. (12) takes account of
these decays in flight. If the whole lineshape is integrated
to evaluate the double ratio ρ, Eq. (1), the observed preces-
sions must be corrected by multiplying by φ(∞)/φ(τ ) [see
Eq. (12)] if the relative precessions are to reflect relative g

factors. Alternatively, the effect of different lifetimes may be
side-stepped in the analysis of the g factors by integrating
only the stopped part of the relevant γ -ray peak (i.e., omitting
the Doppler tail). This latter procedure can be justified by
Monte Carlo simulations of the γ -ray lineshape, along the
lines of the calculations in [56]. Both methods of analysis
were performed and checked for consistency, however since
there can be contaminant peaks under the Doppler tail, the
results of the second approach are adopted here.

It can be seen from the calculated precession angles in the
final column of Table II that there is a systematic increase in

TABLE II. Kinematics for Te recoiling in iron. τ (2+
1 ) is the mean life of the 2+

1 level. 〈Ei〉 and 〈Ee〉 are the average energies with which
the Te ions enter into and exit from the iron foil. The corresponding ion velocities are 〈vi/v0〉 and 〈ve/v0〉. The average ion velocity is 〈v/v0〉.
v0 = c/137 is the Bohr velocity. These quantities were calculated with the stopping powers of Ziegler et al. [54]. φ is the transient-field
precession per unit g factor calculated as described in the text.

Isotope τ (2+
1 ) (ps) 〈Ei〉 (MeV) 〈Ee〉 (MeV) 〈vi/v0〉 〈ve/v0〉 〈v/v0〉 tFe (fs) −φ(τ ) (mrad) −φ(∞) (mrad)

122Te 10.8 147.7 15.4 6.98 2.26 4.03 711 61.1 63.2
124Te 9.0 146.7 15.1 6.90 2.22 4.00 716 60.9 63.4
126Te 6.5 145.6 14.8 6.82 2.18 3.97 721 60.1 63.7
128Te 4.7 144.6 14.5 6.75 2.14 3.95 726 59.0 63.9
130Te 3.3 143.5 14.3 6.67 2.11 3.92 731 57.2 64.2
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TABLE III. Parameters for feeding corrections to 2+
1 -state

precessions.

Isotope Level j N 0
j

dWj20

dθ
Aj

122Te 2+
1 81.5 3.05 0.948

4+
1 11.4 1.04 0.045

2+
2 5.0 0.36 0.007

0+
2 1.8 0 0

2+
3 0.09 −0.31 0

126Te 2+
1 85.8 3.05 0.960

4+
1 8.5 1.04 0.032

2+
2 5.7 0.40 0.008

130Te 2+
1 93.6 3.04 0.988

4+
1 4.4 1.04 0.159

2+
2 2.0 −0.65 −0.005

φ(∞) with mass due to the increasing transit times through
the iron foil, tFe. This change in φ(∞) with mass has been
corrected for in the analysis of the g factors, although it is
much smaller than the statistical uncertainties in the measured
precession angles.

The effects of feeding into the 2+
1 states from Coulomb-

excited states with I > 2 will now be discussed by reference
to the parameters for 122Te, 126Te, and 130Te shown in Table III.
Feeding intensities increase from ∼6% of the total intensity
in the 2+

1 → 0+
1 transition in 130Te, to ∼18% in 122Te as the

collectivity increases from 130Te to 122Te. [See the N0 values
in Table III and the discussion of Eq. (10).]

As noted above, the g(2+
1 ) values were determined by

assuming that, in each nucleus, the g factors of the higher-
excited states are the same as the g factor of the first-
excited state. This assumption of equal g factors may not be
correct, especially for 130Te. Shell model calculations predict
g(4+

1 )/g(2+
1 ) ∼ 1.3 in 130Te [6] and g(4+

1 )/g(2+
1 ) ∼ 1.6 in

132Te [5,6]. Similar g-factor ratios were are predicted [6] for the
isotones 132Xe and 134Xe, where the experimental g(4+

1 )/g(2+
1 )

ratios are 1.94 ± 0.36 and 2.34 ± 0.40, respectively [6]. A
quantitative analysis was therefore performed to evaluate the

122Te

124Te

126Te
128Te

130Te

125Te

natTe( 58Ni,58Ni' )  195 MeV θγ = 65

co
un

ts

energy [keV]

0
300 400 500 600 700 800 900 1000

2000

4000

6000

8000

10000

FIG. 3. Gamma-ray spectrum for the detector at +65◦ to the
beam. This spectrum represents ∼55% of the data taken for ‘field
up.’

TABLE IV. Present g-factor results.

Isotope −〈��〉 (mrad) g factor

observed correcteda

122Te 23.01(2.90) 23.01(2.94) +0.361(46)
124Te 23.68(1.99) 23.60(2.04) +0.371(32)
126Te 21.69(0.99) 21.53(1.07) +0.338(17)
128Te 20.19(0.87) 19.97(0.95) +0.314(15)
130Te 22.66(1.05) 22.32(1.12) +0.351(18)

aCorrected for the mass-dependence of the transient-field precession
due to small differences in kinematic conditions. Errors include the
uncertainty in feeding contributions. See text.

effect on the observed precession angle for 130Te, should
the g factors of the higher states not be identical to that of the
2+

1 state. The formalism for this analysis has been given in
Sec. II C and the relevant parameters are summarized in
Table III. It was found that for 130Te ��obs is essentially in-
dependent of g(2+

2 ), changing by ∼ ±0.1 mrad (or < ±0.5%)
for 0 < g(2+

2 ) < 2g(2+
1 ). When g(4+

1 ) varies through the same
range, the observed precession ��obs changes by ±0.4 mrad
(or ±1.7%). As the intensity of the feeding contribution to the
observed precession for the 2+

1 state increases with increasing
collectivity, from 130Te to 122Te, so does it become a more
sound assumption that g(2+

1 ) = g(2+
2 ) = g(4+

1 ). Furthermore,
it can be seen from Table III that the measured precessions are
insensitive to the precessions of the higher-lying states in all
cases because the values of the coefficients Aj in Eq. (11) are
very much larger for the 2+

1 states than for the higher states.
Based on these considerations, the uncertainties assigned

to the extracted g factors include an uncertainty of ±2% added
in quadrature, to cover uncertainties in the effect of feeding.
Table IV shows the observed and corrected precession angles,
and the extracted g factors. Note that the relative g factor
values in the final column of Table IV are independent of the
transient-field calibration.

IV. TRANSIENT FIELD CALIBRATION AND
COMPARISONS WITH PREVIOUS g-FACTOR

MEASUREMENTS

There have been several previous measurements of the 2+
1 -

state g factors in the even Te isotopes. These include several
radioactivity measurements on 122Te and 124Te [19–24] by
the integral perturbed angular correlation (IPAC) technique,
thick-foil implantation perturbed angular correlation (IMPAC)
studies [18,25–27], and three previous measurements using the
transient-field technique [8–10].

It has been shown that the static hyperfine magnetic fields
for iron hosts measured in-beam by the IMPAC technique are
quenched for about 6 ps by the violence of the implantation
process [57]. Since the lifetimes of the 2+

1 states in the Te
isotopes range from ∼3 ps to ∼11 ps, the presence of this
preequilibrium disruption of the hyperfine field, which lasts for
several picoseconds, makes it impossible to obtain reliable g-
factor values from the IMPAC measurements on these isotopes.
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FIG. 4. (Color online) Integral perturbed angular correlation
measurements of 2+

1 -state g factors in 122Te and 124Te obtained by
the radioactivity technique in which 122Sb and 124Sb sources were
dissolved in iron hosts [19–24].

The thick-foil IMPAC measurements [18,25–27] are therefore
excluded from the present discussion.

The results of the (off-line) radioactivity measurements,
which do not suffer from the in-beam preequilibrium effects
noted above, are summarized in Fig. 4. These results have been
reevaluated to correspond to the 2+

1 level lifetimes adopted by
Raman et al. [58]. The weighted average of the results, and
its error range, are indicated by the shaded bands in Fig. 4.
Although there is some scatter, the individual results in Fig. 4
are reasonably consistent with the relevant average value, and,
as will be seen below, the ratio of g factors in 122Te and
124Te is reasonably consistent with the subsequent independent
measurements.

A number of procedures have been proposed for evaluating
the ‘correct’ average values from a potentially discrepant data
set. Several of these procedures have been discussed by Rajput
and MacMahon [59]. Unfortunately the different methods can
give different values for both the average and its assigned
error, so the choice of one procedure over another remains
somewhat subjective. In view of this subjectivity, and for
additional reasons to be outlined below, the present work
adopts the conventional weighted average and its error for
the radioactivity measurements. However the averaging of the
data was examined further: The radioactivity data for 122Te
and 124Te were also averaged using the limitation of relative
statistical weight (LSW), the normalized residual method
(NRM), and the Rajeval technique (RT) [59]. It was found that
whereas the LSW method gives the same average value as the
conventional weighted average, the other techniques (NRM
and RT) propose somewhat different values for the average
g factors in 122Te and 124Te. The subsequent measurements
of the g-factor ratio, g(124Te)/g(122Te), by the transient-field
technique, clearly favor the conventional weighted average or
LSW values over those given by the NRM and RT; evidently
these latter averaging procedures should not be used for this
data set.

According to the LSW procedure, the uncertainty in the
average radioactivity g factor for 122Te is ∼ ±9%, larger than
that assigned to the conventional weighted average (∼ ±5.5%).
Because the LSW technique tends to reduce the contribution of
the most statistically precise measurement in the data set and
the focus here is on relative g factors, the smaller error given

by the conventional averaging procedure has been adopted. It
should be noted, however, that the radioactivity measurements,
which set the absolute scale of the g-factors reported below,
could be uncertain by about 9%.

Calibration of the transient-field strength must use either
the radioactivity measurements as normalization, or adopt one
of the global parametrizations of the transient-field strength.
Dunham et al. [9] and Thornton et al. [10] normalized
their g factors to the radioactivity results, while Shu et al.
[8] employed the Rutgers parametrization [55] to calibrate
the transient-field strength. These previous transient-field
studies show reasonable consistency between the field strength
predicted by the Rutgers parametrization and the experimental
transient-field strengths extracted from the precession data for
122Te and 124Te using the radioactivity g factors for calibration.
In the previous measurements 80-MeV 32S and 70-MeV 35Cl
beams were used with iron foils about 1.5 mg/cm2 thick;
the transient field was sampled at an average velocity of
〈v/v0〉 ∼ 3. The Rutgers parametrization for ions in this region
was determined largely by measurements on Pd (Z = 46) and
Sm ions (Z = 62) traversing iron hosts with velocities below
3.5v0. The present experiment differs significantly in the use
of a 58Ni beam to produce a much higher initial velocity
for the Te ions, and a much thicker iron layer to increase
the precession angle; the average velocity is higher and the
velocity range is greater than in the previous studies. If the
Rutgers parametrization were used to calibrate the present
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present
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Transient field measurements
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FIG. 5. (Color online) Comparison of transient field g-factor
measurements and the average of the radioactivity results (see Fig. 4).
The upper panel shows the transient field results as originally reported,
however the different workers used different calibration procedures
to obtain absolute g factors. The lower panel shows the transient field
results all renormalized to the measurements of Thornton et al. [10],
which facilitates the comparison of the various measurements.
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TABLE V. Comparison of experimental g factors.

Isotope Values included in average Averagea Other values

Radioactivity Thornton et al. Present Shu et al. Dunham et al.

122Te 0.364(20) 0.34(2) 0.361(46) 0.353(14) 0.33(3) 0.33(2)
124Te 0.277(32) 0.33(3) 0.371(32) 0.326(18) 0.26(3) 0.31(4)
126Te 0.34(2) 0.338(17) 0.339(13) 0.19(3) 0.31(4)
128Te 0.35(4) 0.314(15) 0.318(13) 0.31(5) 0.25(3)
130Te 0.351(18) 0.351(18) 0.29(7) 0.29(5)

aAssigned errors reflect the uncertainties in the relative g factors.

measurements, the precession per unit g factor, Eq. (12), would
be φRutgers(∞) = −81 mrad, and the absolute g factors would
be about 20% smaller than in the previous studies. However a
calibration of the high-velocity transient-field strength for Pd
(Z = 46) in iron [60] is more closely matched to the present
measurements on Te ions (Z = 52). Adopting the parametriza-
tion proposed in [60] to calibrate the present measurements
would give φPd(∞) = −66 mrad, and absolute g factors for
the Te isotopes in agreement with the previous work.

Rather than rely on one of the parametrizations, the present
absolute g factors were determined by normalizing the preces-
sion data to the g factors of Thornton et al. [10]. These data
were chosen to provide the normalization because Thornton
et al. performed simultaneous relative measurements, like the
present work, and normalized their results to the independently
determined radioactivity results. As a result of this procedure,
the experimental precession per unit g factor is φ = −64 ±
4 mrad.

The present and previous g-factor results are compared in
Fig. 5. In the upper panel the g factors of Shu et al. and
Dunham et al. are shown as reported by the authors. To
help compare the relative g factors obtained in the various
transient-field studies, the lower panel shows these sequential
transient-field measurements renormalized to the simultaneous
measurements of Thornton et al. [10]. (In other words the
differences due to the transient-field calibrations have been
factored out so that no measurement is systematically higher or
lower that any other measurement; equivalently, the average of
the g factors across the sequence of isotopes is the same for all
four transient-field studies.) The level of consistency between

the different measurements is then more apparent. Clearly, the
low g(2+) value in 126Te reported by Shu et al. is not confirmed
by the subsequent measurements, including the present work.
This discrepancy is probably associated with systematic errors
that are hard to control when transient-field measurements are
performed sequentially, using a separate target for each iso-
tope. Apart from the discrepant value for 126Te, the remaining
measurements by Shu et al. and Dunham et al. appear to be in
reasonable agreement with the other measurements. However,
in view of the possibility for systematic errors, these sequential
transient-field measurements were excluded from the average
of the g factors adopted for the analysis of the recoil in vacuum
interaction [28]. For this purpose, the present work determines
g(130Te)/g(126Te) with much higher precision than the previous
work; g(122Te)/g(126Te) was already determined with sufficient
precision by Thornton et al. [10]. The reasons for the selection
of data included in the g factors adopted for the RIV studies
have been set out above. It might nevertheless be reasonable to
include additional measurements from Table V in the adopted
g factors, however the impact on the analysis of RIV in [28]
would be minor because the relevant g-factor ratios have now
been determined precisely.

V. EXPERIMENTAL RESULTS: 125Te

A summary of the g factors measured in 125Te is given in
Table VI. As for the even isotopes, the angular correlations
were calculated. Where required, the multipolarity mixing
ratios required were taken from Nuclear Data Sheets [62].

TABLE VI. Measured g factors in 125Te.

Level Transition �� (mrad) g(Iπ
i )

Ex (keV) Iπ
i Eγ (keV) Iπ

i → Iπ
f δa Present Ref. [61]

444 3/2+
2 408 3/2+

2 → 3/2+
1 +1.50(7) −33(12)

444 3/2+
2 → 1/2+

1 −2.3(1) −84(26)

〈−42(11)〉b +0.66(18) +0.43(12)
464 5/2+

1 428 5/2+
1 → 3/2+

1 −0.538(11) −26(6)

464 5/2+
1 → 1/2+

1 ∞ −1(14)

〈−21.5(56)〉b +0.34(9) +0.20(5)

aE2/M1 mixing ratios from [62].
bWeighted average.
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The transient-field strength was calibrated as described for the
even isotopes.

Table VI includes a comparison with the previous data [61].
Although the present experiments were not optimized to study
125Te, the measured g factors have comparable precision to
those reported previously. There is also a general similarity
between the present and previous results concerning the
precision and level of consistency between the precession
angles measured for the alternative decays from the 3/2+

2 and
5/2+

1 states.
The present and previous [61] results agree within errors,

however there may be a systematic difference in the absolute
values. It should be noted that the present results for 125Te
are normalized relative to the simultaneously measured even
isotopes, whereas the transient-field strength in the previous
measurement was calibrated using the Rutgers parametriza-
tion.

VI. SUMMARY AND CONCLUDING REMARKS

Transient-field measurements have been performed for
the 2+

1 states in the even isotopes 122,124,126,128,130Te and

also for the 3/2+
2 (444 keV) and 5/2+

1 (464 keV) states in
125Te. The primary purpose was to determine the relative
g(2+) values in 130Te and 126Te, to calibrate the radioactive
beam measurements on 132Te and neighboring nuclei by
the RIV technique. To eliminate potential sources of error, the
g factors were measured simultaneously, relative to each other.
The precision has been improved compared with previous
measurements by increasing the precession angles by a factor
of ∼3. The application of the present results to the calibration
of the RIV interaction for Te ions and the implications for
g-factor measurements on radioactive beams, including 132Te,
is discussed in an accompanying paper [28].
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