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In the light of new g factor results for the stable isotopes between 122Te and 130Te, the calibration and
modeling of the recoil-in-vacuum (RIV) interaction for Te ions is reexamined, and the recent radioactive-beam
g factor measurement on 132Te by the RIV technique is reevaluated. The implications for further RIV g-factor
measurements in the 132Sn region are discussed.
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I. INTRODUCTION

Precise g factor measurements on the stable Te isotopes
have been reported in an accompanying paper [1]. The present
communication concerns the implications of those data for
the calibration and application of the recoil in vacuum (RIV)
technique to measure the g factors of excited states in nuclei
near 132Sn produced as radioactive beams. For the most part
the focus here will be on the pioneering radioactive beam
measurement of Stone et al. [2] in which the g factor of the
first-excited state of 132Te was measured by the RIV technique.
Attention will also be given to the calibration requirements
for future RIV measurements on 134Te and 136Te, which have
2+

1 -state lifetimes that are considerably shorter and longer,
respectively, than those used to date to calibrate the RIV
interaction for Te ions.

The paper is arranged as follows. After a review of the
theoretical formalism and previous work on RIV in Sec. II,
an essentially empirical approach is used to calibrate and
reevaluate g(2+

1 ) in 132Te (Sec. III). Although this procedure is
based on sound conclusions from previous studies, it remains
empirical in that no theoretical constraints are placed on the
RIV model parameters. Section IV therefore considers more
specific models of the RIV interaction that seek to describe
the behavior of the free-ion hyperfine fields for Te ions in
terms of a few physically meaningful parameters. The extent
to which the procedure used to extract the g factor in 132Te
is justified is examined in Sec. V. This section includes a
discussion of the implications for the calibration of future RIV
g-factor measurements on 134Te and 136Te. A summary and
concluding remarks follow (Sec. VI).

II. RIV—A SHORT REVIEW

When a free ion moves through vacuum, the hyperfine
interaction couples the atomic spin J to the nuclear spin I
and together they precess about the total spin F = I + J , as
illustrated in Fig. 1 (left panel). The precession frequency ωFF ′

is proportional to the nuclear g factor and the magnitude of

the hyperfine magnetic field at the nucleus. To measure the
g factor in 132Te, the 2+

1 state was Coulomb excited on a 12C
target and then allowed to recoil into vacuum. The effect of the
hyperfine interaction was observed via the perturbation of the
angular correlation of the γ -rays deexciting the 2+ state [2].

Recoil-in-vacuum (RIV) can refer to two quite distinct
experimental techniques, depending on whether the ion has
a very simple, few-electron configuration, or whether it has a
complex many-electron configuration [3–5]. A version of the
RIV technique to measure the first-excited state g factors of
H-like light ions (Z < 20) produced by fast fragmentation is
under development [6]. The focus here is on the application of
the RIV technique to slower-moving many-electron radioac-
tive ions [2].

In the presence of vacuum deorientation, the particle-γ
angular correlation after Coulomb excitation takes the form
(see Refs. [7,8] and references therein)

W (θp, θγ ,�φ) =
∑
kq

Bkq(θp)QkGkFkD
k∗
q0(�φ, θγ , 0), (1)

where the angles are defined in Fig. 1 and �φ = φp − φγ . The
attenuation coefficients, Gk , specify the vacuum deorientation
effect; Bkq(θp) is the statistical tensor, which defines the spin
alignment of the initial state. Fk represents the usual F -
coefficient for the γ -ray transition, Qk is the attenuation factor
for the finite size of the γ -ray detector, and Dk∗

q0(�φ, θγ , 0) is
the rotation matrix. In the applications of interest k = 0, 2, 4.
The coordinate frame is right-handed with the beam along the
positive z-axis.

The time-dependent attenuation coefficient for an electronic
configuration of spin J , which produces a magnetic field B at
the nucleus, is given by

Gk(t) =
∑
F,F ′

CFF ′
IJ (k) cos(ωFF ′ t), (2)

where

CFF ′
IJ (k) = (2F + 1)(2F ′ + 1)

2J + 1

{
F F ′ k

I I J

}2

(3)
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FIG. 1. (Color online) Left: The free-ion hy-
perfine interaction on which the recoil in vacuum
technique is based. Right: Reaction kinematics
for the 132Te g-factor measurement.

and

ωFF ′ = g
µN

h̄
B

(F (F + 1) − F ′(F ′ + 1))

2J
. (4)

The experiments considered here determine the time-integral
attenuation factors

Gk(∞) =
∫ ∞

0
Gk(t)e−t/τ dt/τ, (5)

where τ is the mean life of the nuclear state.
For an ensemble of many-electron ions with a wide distri-

bution of electron configurations the attenuation coefficient is
given by

Gk =
∑

i

wiG
i
k, (6)

where Gi
k is the deorientation coefficient for ions in the state

i and wi is the fraction of ions in that state. The weights are
normalized so that

∑
wi = 1.

A superposition of many hyperfine frequencies gives a
quasiexponential time dependence to the vacuum attenuation
factors, Gk(t). Thus the alignment of the nuclear state,
and hence the anisotropy of the γ -ray angular correlation,
decreases approximately exponentially with time, at a rate
that depends on the magnitude of the nuclear g factor.

In early work the near exponential time dependence
of experimental vacuum attenuation coefficients was often
interpreted in terms of the Abragam-Pound theory [9] and
taken as evidence that the interaction is predominantly
fluctuating in character [10–12]. More recent investigations
have demonstrated convincingly that the RIV interaction is
predominantly a static interaction, due to the superposition of
a large number of hyperfine frequencies [13,14]. Although a
Gaussian distribution of frequencies is better justified from a
physical point of view, the use of a Lorentzian distribution
centered at B = 0 leads to simpler mathematics and an
analytical result [15,16]:

Gk(t) = 2

π

∫ ∞

0

∑
F,F ′

CFF ′
IJ (k) cos(ωFF ′ t)

�

�2 + ω2
dω (7)

=
∑
F,F ′

CFF ′
IJ (k)e−|�FF ′

J |t , (8)

where the parameters of the Lorentzian distribution are ω =
gµNB/h̄ and � = gµN�B/h̄; �B is the width at half-maximum

of the magnetic field distribution, and �FF ′
J = �[F (F + 1) −

F ′(F ′ + 1)]/2J . The time-integrated attenuation coefficient is
given by

Gk(∞) =
∑
F,F ′

CFF ′
IJ (k)

1

1 + ∣∣�FF ′
J

∣∣τ . (9)

Numerical calculations show that the result of the sum is such
that, to an excellent approximation,

Gk(∞) = αk + (1 − αk)
1

1 + |�k|τ , (10)

where �k is directly proportional to |g|. In fact most previous
workers have absorbed the sum over spins into the Lorentzian
frequency distribution, in which case Eq. (10) is exact within
the assumptions of their model [15,16]. In general, the
relationship between �2, �4, α2 and α4 depends on both I and
J . For many-electron ions the interaction is so complex that
quantitative calculations from first principles are not possible
at present. Thus αk and �k must be treated as parameters.
A calibration using isotopes with known g factors and level
lifetimes is essential. Measurements on stable beams of 122Te,
126Te, and 130Te with energies of 3 MeV/nucleon were used to
calibrate the 132Te radioactive beam measurement [2].

III. REEVALUATION OF g(2+
1 ) IN 132Te

Table I summarizes the relevant information needed to
evaluate g(2+

1 ) in 132Te. Further details of the experiment have
been reported in Refs. [2,17–19]. The Gk values here differ
slightly from those reported previously [2] because (i) the
analysis program has been upgraded to perform the integration

TABLE I. First-excited state g factors, lifetimes and time-
integrated vacuum attenuation coefficients.

Isotope ga τ b (ps) G2
c G4

c

122Te +0.353(14) 10.76(10) 0.358(19) 0.217(11)
126Te +0.339(13) 6.52(14) 0.506(20) 0.370(12)
130Te +0.351(18) 3.31(8) 0.628(19) 0.506(13)
132Te 2.6(2) 0.701(26) 0.532(17)

aAdopted average values from [1].
bLifetimes from [20–22].
cSee [2] and text.
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over the energy loss of the beam in the target, and (ii) the
calculated statistical tensors now include a small contribution
due to feeding from higher-excited states.

An empirical extrapolation of the calibration data, based
mainly on the Lorentzian static model outlined above, will be
used here to reevaluate g(2+

1 ) in 132Te. The validity of this
approach will then be examined by comparing the data with
alternative and more realistic models of the RIV interaction
(Sec. IV).

To extract the g factor, the attenuation factors, Gk(t),
were assumed to have an exponential time dependence giving
time-integral coefficients of the form in Eq. (10). For a more
general examination of the data the decay constant was put
proportional to |gn|, such that n = 1 corresponds to the static
limit whereas n = 2 corresponds to the fluctuating limit [9].
Thus

Gk(t) = αk + (1 − αk)e−�kt , (11)

where

�k = |gn|/Ck, (12)

and Ck is the parameter that determines the strength of the
deorientation.

A number of fits to the Gk values for the stable Te
isotopes were performed to explore the parameter space. It was
found that the best fit always had α2 = α4 = 0. These ‘hard
core’ parameters were therefore set to zero for subsequent
fits. Acceptable fits could be obtained with n = 1, which
corresponds to the static limit, or n = 2, the fluctuating limit.
However the case of n = 2 can be excluded as being unphysical
(see below and [4,13,14,23]). Thus to fit the data in Table I it
is sufficient to take

Gk(∞) = Ck/(Ck + |g|τ ). (13)

The empirical form assumed for the attenuation coefficients is
therefore that of a static model with a Lorentzian frequency
distribution, as in Eq. (10), but with negligible hard core
terms.

A simultaneous fit to the Gk values for 122,126,130,132Te, with
C2, C4 and g(132Te) as parameters, is shown in Fig. 2. The best
fit has a chi-squared per degree of freedom, χ2

ν = 1.19, for ν =
5 degrees of freedom, C2 = 2.14 ± 0.11 ps and C4 = 1.18 ±
0.05 ps. The resultant g factor for 132Te is g = (+)0.382+0.035

−0.033,
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FIG. 2. Time-integral attenuation coefficients for the Te isotopes.
The solid line is the best fit to Eq. (13) from which g(2+) in 132Te was
determined.
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FIG. 3. (Color online) g(2+
1 ) systematics in the A ∼ 130 region.

Experimental g factors (see [24–26] and references therein) are
plotted versus the valence proton fraction, Np/Nt , which is defined
as in the interacting boson model [27].

where the sign is from systematics. Symmetrizing the error bar
and increasing it by

√
χ2

ν , gives g = (+)0.382 ± 0.037, which
may be rounded to give

g = (+)0.38 ± 0.04.

The experimental uncertainty in this radioactive-beam g-factor
measurement is of the order of 10%, which compares favorably
with many stable-beam g-factor measurements. It is worth
noting that the overall error is due to the uncertainty of
±7.7% in the lifetime, in combination with uncertainties of
similar magnitude in the procedure used to fit, and extrapolate,
the measured Gk values. Because the g factors adopted
for calibration are larger, the magnitude here is somewhat
larger than reported previously. Nevertheless, the present result
agrees, within errors, with that obtained previously, namely,
|g| = 0.35 ± 0.05 [2].

Figure 3 indicates that the experimental g factor of 132Te
is consistent with the g(2+) systematics in the A ∼ 130
region, and that it has a comparable magnitude to the g(2+

1 )
values in the neighboring N = 80 isotones of Xe and Ba.
This agreement with the systematics gives confidence in the
technique. The experimental g factors in 130Te and 132Te are
compared with theoretical predictions in Fig. 4. Most of the
theories predict a more pronounced increase in the g factor for
132Te, compared with 130Te, than is found experimentally.

IV. RIV—MODELS

A. Static model

In this section an attempt is made to model the vacuum
deorientation coefficients for the Te isotopes in terms of a
simple static model, along the lines of similar models discussed
in Refs. [4,14,15,31]. According to this approach, the observed
attenuation coefficients, which may be either time dependent
or time integral, are given by

Gk =
∑
i,j

wJ (Ji)wB(Bj )Gk(Ji, Bj ), (14)
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FIG. 4. (Color online) Theoretical g factors in the Te isotopes
compared with experiment. Shell model calculations A and B are
from [24,28], respectively. QRPA is from [29] and MCSM from [30].

where the contributing attenuation coefficients, Gk(Ji, Bj ),
are evaluated from Eqs. (2)–(5). In the present work the
weights associated with the atomic spin and the hyperfine
field, wJ and wB , respectively, are assumed to be normalized
Gaussian distributions, specified by their mean and standard
deviations denoted J̄ and σJ for wJ , and B̄ and σB for wB .
These distributions, which have B̄ � 0 and J̄ � 0, are cut off at
J = 0 and B = 0. Clearly J � 0 and J takes only integer or
half-integer values. The magnetic field distribution is assumed
to be continuous. Because the attenuation coefficients are
independent of the sign of B, the calculations can be restricted
to B � 0.

The present data prove rather insensitive to the precise shape
of the magnetic field distribution (see below). Lorentzian field
distributions, as discussed in Sec. II, were not used in the
present model because measures of the average hyperfine
field at the nucleus such as 〈|B|〉 and 〈B2〉1/2 are infinite
unless a high-field cutoff is introduced. This physically
unrealistic feature does not occur when Gaussian distributions
are assumed.

1. Te isotopes at v ∼ 0.06c

An extensive search of the static model parameter space was
made for fits to the RIV data on the Te isotopes. It was found
that the parameters of the magnetic field distribution, namely
the mean, B̄, and the width, σB , are strongly correlated, which
indicates that the data are not very sensitive to the shape of
the distribution. Because the fits tend to favor σB ≈ B̄ with a
shallow chi-squared, the number of parameters was reduced
by fixing σB = B̄.

For the atomic spin parameters, the fits tend to favor a
narrow distribution, σJ ∼ 1. If unconstrained, the average spin,
J̄ , tends toward unrealistic values as high as 20h̄. However
the chi-squared distribution becomes almost flat for J̄ > 4.5.

1.0
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0.0

G
k

g τ   (ps)
0 1 2 3 4 5

G2

G4

Static model

FIG. 5. (Color online) Time integral attenuation coefficients for
the Te isotopes compared with the static model discussed in the text.

It is reasonable (and necessary) therefore to fix J̄ = 4.5, an
average spin value that is consistent with the conclusions of
previous work: Andrews et al. [13] reported J̄ ∼ 3.5 for Cd
ions recoiling with v = 0.01c, Dafni et al. [32] found J̄ = 5(1)
for Gd and J̄ = 3 for Fe (both with v = 0.018c), and Billowes
[23] suggested J̄ > 3 for W, Os, and Pt ions entering vacuum
with v = 0.02c.

Figure 5 compares the experimental attenuation factors for
the Te isotopes with the static model fit. Here, as in Fig. 2,
it is convenient to plot the Gk values as a function of the
product gτ , which is an invariant in static models of RIV. The
calculation shown in Fig. 5 has J̄ = 4.5, σJ = 1 and σB = B̄.
The best fit corresponds to B̄ = 8.8 kT or 〈B2〉1/2 = 14.3 kT.
This value for the average hyperfine field seems reasonable for
Te ions that recoil into vacuum with a velocity of v = 0.062c

and therefore have an average charge state near 30+, with the
(atomic) Fermi level in the vicinity of the 3d and 4s orbits.

The magnitude of the average hyperfine field, which should
increase with both ion velocity and atomic number, also
appears to be consistent with previous work at lower ion
velocities. For example, Dafni et al. [32] reported an average
field of 2.8 kT for Gd at v = 0.018c and Andrews et al. [13]
used B̄ = 0.35 kT and σB = 0.525 kT to describe the RIV
interaction for Cd at v = 0.01c.

2. Nuclear spin dependence of vacuum deorientation

An early study by Ward et al. [12] examined the time-
integral vacuum deorientation of the 2+

1 and 4+
1 states in 150Sm

and the 6+
1 and 8+

1 states in 156Gd recoiling into vacuum with
velocities of v = 0.029c. In line with what was known about
RIV at the time, Ward et al. analyzed their data in terms
of the Abragam-Pound theory, which predicts that the RIV
interaction is independent of the nuclear spin. They came to
the conclusion that g(4+

1 ) is significantly higher than g(2+
1 ) in

150Sm. Such behavior is difficult to reconcile with theoretical
expectations and subsequent transient-field studies [33,34]. In
contrast, according to the static model, the Gk parameters have
nuclear spin sensitivity through the coupling of I and J to F
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FIG. 6. (Color online) Static model analysis of the attenuation
coefficients reported by Ward et al. [12] for Sm and Gd ions recoiling
in vacuum.

by the factors CFF ′
IJ (k), Eq. (3). The nuclear spin dependence

of the data of Ward et al. was therefore reexamined in the
present static model.

The experimental G2 and G4 values from Table 2 of [12]
were reanalyzed. As for the Te isotopes, the atomic spin
parameters were fixed at J̄ = 4.5 and σJ = 1. The width
of the hyperfine field distribution was also constrained by
setting σB = B̄, leaving B̄ as the only free parameter. The
required g factors were taken from the compilation of g(2+

1 )
values in [35], making the assumption that all relevant g

factors in the ground bands of 150Sm and 158Gd are the same
up to I = 8, which is consistent with several transient-field
studies [33,34,36]. As shown in Fig. 6, the resultant fit, for
B̄ = 3.7(5) kT, is in very good agreement with the data. In
contrast with the Abragam-Pound fluctuating model analysis,
the static model analysis of the data is perfectly consistent with
g(4+

1 ) = g(2+
1 ) in 150Sm. A time-differential study on 150Sm

recoiling into vacuum at a velocity of v = 0.019c by Ward
et al. [11] has also been successfully reanalyzed in terms of a
purely static perturbation by Goldring et al. [14]. Concerning
the atomic spin dependence, the data of Ward et al. [12] are
clearly consistent with J̄ = 4.5. Unfortunately the data do
not have sufficient precision to place a tight constraint on
the atomic spin distribution assumed by the model. Further
measurements on nuclear states with spins other than I = 2
are required.

B. Static model with fluctuations

The comparisons in Figs. 5 and 6 show a high level of
agreement between the static model and experiment. For the
more precise data on the Te ions, however, the fit is less than
perfect. In particular, the experimental attenuation coefficients
for 122Te are smaller than predicted, which suggests that
the pure static model considered in the previous section
is too simple. The over-estimation of the Gk values at longer
times (i.e., for 122Te) implies that the ‘hard core’ values of
the attenuation coefficients must be reduced. This reduction,
which could not be achieved with the pure static model and
realistic parameters, is most naturally explained by allowing
some atomic fluctuations to occur.

An ion entering vacuum in a highly excited state after
emerging from a foil can relax through the emission of photons
and/or Auger electrons. While such processes are no longer
considered to dominate the hyperfine interactions of heavy
ions in vacuum over the nuclear lifetime range considered
here, atomic transitions must make some contribution to the
loss of nuclear orientation.

A model which uses a Monte Carlo approach to allow
atomic fluctuations will now be considered. As in the static
model described above, the initial spin distribution and the
hyperfine field distribution are assumed to be Gaussian. When
a transition takes place B is reset at random, within its specified
distribution, and J is allowed to change by �J = 0,±1, with
equal probability.

Two parameters are introduced to control the time evolution
of the system: τE is the parameter that determines how often
the ensemble tries to make a fluctuation, whereas τA is
the parameter that determines whether the atom is allowed to
make the transition. In the limit that τE is small and τA → ∞,
the system fluctuates continually. The static limit, identical
to the model described in the previous section, occurs when
τA → 0. For an intuitive picture, τA can be considered the mean
time for an average ion to reach its ground state, whereas τE

can be considered an average lifetime of the excited atomic
levels. The number of electronic configuration changes that
occur approaches τA/τE at long times.

This model is very simple but has sufficient flexibility to
describe the effect of atomic transitions varying from the limit
of continuous rapid fluctuations to the static limit where there
are no fluctuations at all. With the aid of the model it can be
demonstrated that physical reality is closer to the static limit.
The upper panel of Fig. 7 shows the best fit to the attenuation
coefficients for three fluctuating scenarios. The lower panel
indicates the number of fluctuations as a function of time. For
comparison with the static model calculations in Fig. 5, the
data are again plotted as a function of gτ . In models with
fluctuations gτ is no longer an invariant. For display purposes,
the Gk values have therefore been evaluated for fixed g = 0.35
and varying lifetime, which is a valid approximation for the
Te isotopes.

For the schematic calculations in Fig. 7, the initial value of
J was chosen from a Gaussian distribution with J̄ = 4.5 and
σJ = 1. The parameters τE and τA were chosen to represent
particular fluctuating conditions; B̄ and σB were then adjusted
to fit the data. The first case, labeled A in Fig. 7, has τE = 1/3
ps and τA → ∞ and comes closest to the Abragam-Pound
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FIG. 7. (Color online) Integral attenuation coefficients for three
fluctuating scenarios (upper panel). The Gk(∞) values have been
evaluated for fixed g = 0.35 and varying lifetime The lower panel
indicates the average number of fluctuations as a function of
time. Case A has an average of three fluctuations per picosecond
continuously; case B has three fluctuations in the first picosecond;
case C has 3 ps between fluctuations.

limit. Like all models with too many fluctuations, the quality
of the fit to the data in case A is rather poor because the ratio
G4/G2 is too small. The second case (B), with τE = 1/3 ps
and τA = 1 ps, indicates the effect of a few fluctuations within
the first picosecond of the ion emerging into vacuum. The
description of the data is again worse than for the pure static
model, which demonstrates that if there are any rapid atomic
transitions immediately after the ion enters vacuum, they are
so fast and/or the fields are so weak that the perturbation of
the nuclear orientation is very small.

The final example (C), having τE = 3 ps and τA → ∞,
resembles the fluctuating scenario with correlation time τc =
τE , that at first seemed applicable to RIV [10]. A much
improved description of the data is obtained. This model,
however, does not correspond to the Abragam-Pound (AP)
fluctuating model [9] that was often used in the early analysis
of RIV data. The AP model requires that there be many
fluctuations during the nuclear lifetime and that the nuclear
precession be small between fluctuations. Neither of these
conditions is fulfilled: From the lower panel of Fig. 7 it can
be seen that in case C there are on average only four or fewer
transitions within the lifetime of the Te 2+ levels. Furthermore,
according to the fitted field parameters, the nuclear precession
in 3 ps is rather large, of the order of 0.5 rad.

It can be concluded that for the Te isotopes recoiling into
vacuum with v ∼ 0.06c there are relatively few fluctuations
on a time scale up to 11 ps, the longest mean life in the present
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FIG. 8. (Color online) As for Fig. 7, but near the static limit of the
Monte Carlo model (τE = 13 ps, τA = 39 ps). This case represents
the ‘best’ fit achieved with the present model.

study. This conclusion is in good general agreement with
previous work. Goldring et al. [14] found that the characteristic
fluctuation time for Sm ions recoiling into vacuum with
v ∼ 0.014c is about 150 ps, and Andrews et al. concluded that
the 21/2+ state of 107Cd had reached the static state within
50 ps after emerging into vacuum with v = 0.01c.

A more realistic description of the present data requires that
τA take a finite value. Unfortunately it has proved impossible
to determine τE and τA uniquely from the present data set
because the range of nuclear lifetimes is limited (3 < τ <

11 ps). However reasonable fits can be obtained for 10 < τE <

20 ps and τA/τE ≈ 3. Figure 8 shows the results of a fit with
τE = 13 ps and τA/τE = 3, B̄ = 6.6 kT and σB = 10.9 kT.

By including a few fluctuations in the period up to about
10 ps, the description of the data is improved compared with
the pure static model. The total chi-squared is improved from
χ2 = 20.5, for the pure static model in Fig. 5, to χ2 = 10, for
the static model with fluctuations in Fig. 8. Of course, there
is still room for improvement. One avenue for investigation
is suggested by the presence of the fluctuations in the first
few tens of picoseconds, which may cause the distribution
of hyperfine magnetic fields and atomic spins to evolve on
this timescale. As more calibration data on nuclear levels with
longer lifetimes and higher spins are accumulated it should
prove possible to refine the model.

V. IMPLICATIONS FOR g FACTOR MEASUREMENTS

As discussed in Sec. III and shown in Fig. 2, the g factor
of the 2+

1 state in 132Te was extracted from an extrapolation of
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FIG. 9. (Color online) Comparison of time differential attenu-
ation coefficients. For comparisons with the previous figures, the
horizontal axis shows the product g × t with g = 0.35 fixed. Case A
corresponds to the empirical (Lorentzian model) fit used to extract
g(2+

1 ) in 132Te (Fig. 2). Case B corresponds to the best pure static
model fit (Fig. 5). Case C corresponds to case C Fig. 7 (i.e., continuous
fluctuations with 3 ps between fluctuations on average). Case D
corresponds to the ‘best’ model-based fit shown in Fig. 8.

calibration data for 122Te, 126Te, and 130Te, based on Eq. (10)
with �k and αk treated as free parameters. It is apparent from
the comparisons with the model-based calculations shown in
Figs. 5, 7 (case C), and 8, that several of the model-based
fits reproduce the experimental Gk values and the extracted
g factor for 132Te very well. The implication is that any of
these models could have been used for the extrapolation and
would have yielded the same g factor for 132Te, well within
the assigned experimental uncertainties.

Figure 9 compares the time differential attenuation coeffi-
cients for the three best model fits with those that correspond
to the empirical fit used to extract g(2+) in 132Te. Although the
time dependent attenuation factors Gk(t) differ from model
to model, and are not exactly exponential as assumed for
the g-factor analysis, the time-integral attenuation factors
Gk(∞) tend to average out the differences. It is evident
that uncertainties in modeling the vacuum attenuation are
mitigated, and that the integral attenuation coefficients can
be quite insensitive to details of the time-dependent factors.
Furthermore, in the present case, uncertainties are reduced by
the fact that the lifetime and the g factor in the calibration
nucleus 130Te are similar in magnitude to those in 132Te.

These considerations demonstrate that the use of the
empirical approach to extract the experimental g factor in
132Te was justified. Looking to a future measurement on 134Te,
which has τ = 1.2 ps [21], it is reassuring to see that the three
different models shown in Fig. 9 have rather similar Gk(t)
values at short times, i.e., for t <∼ 3 ps (or gt <∼ 1 ps). For
136Te, however, which has a considerably longer lifetime (τ ∼
50 ps [21]), the extrapolation of the calibration data available at
present is less clear-cut. On one hand, most of the deorientation

takes place in the first 10 ps where the interaction is well
calibrated. But on the other hand, the magnitude of the ‘hard
core’ terms at longer times depends sensitively on the number
and distribution in time of a few atomic fluctuations, which
is not well determined. A careful model-based analysis will
be required, supplemented by additional calibration data. For
example, the 3/2+

2 and 5/2+
1 states in 125Te, having mean lives

of 28 ps and 19 ps, respectively [37], provide a means to probe
the RIV interaction at longer times than is possible with the
even isotopes.

A purely empirical calibration may prove sufficient for the
136Te case, however from the perspective of modeling RIV the
important directions for future development are (i) to more
stringently constrain the timescales associated with the atomic
fluctuations—especially when they cease, and (ii) to evaluate
the extent to which the atomic parameters such as B̄, σB, J̄ ,
and σJ , evolve in time.

VI. SUMMARY AND CONCLUDING REMARKS

In the light of the new g factor results for 126Te and
130Te [1], the radioactive beam g-factor measurement on 132Te
was reevaluated. The resultant g factor agrees, within errors,
with the earlier analysis. A description of the semiempirical
procedure used to extract the g factor from the experimental
deorientation coefficients was given, and its theoretical basis
was discussed.

Models of the RIV interaction together with fits to the
experimental data [2] show that for Te ions with v ∼ 0.06c,
the interaction is predominantly static with a superposition
of many hyperfine frequencies. This conclusion is consistent
with previous work on slower moving ions. To explain the
data, however, there are very strong indications that a few
(<∼4) atomic transitions occur in the time up to about 10 ps.
Future investigations must evaluate the extent to which the
distribution of hyperfine fields and atomic spins evolves on
this time scale and define the consequences for g-factor
measurements. Experimentally, it is particularly important to
characterize the interaction at times beyond 10 ps. Further
experiments are also needed to calibrate the velocity and
atomic spin dependence of the RIV interaction in the region
near 132Sn, for future applications to radioactive beam g-factor
measurements.
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