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The g factor of the first 27 state of radioactive 3°Te with two valence protons and two valence
neutrons beyond double-magic *?Sn has been measured by the Recoil in Vacuum (RIV) method.
The lifetime of this state is an order of magnitude longer than the lifetimes of excited states recently
measured by the RIV method in Sn and Te isotopes, requiring a new evaluation of the free-ion
hyperfine interactions and methodology used to determine the g factor. The calibration data are
reported and the analysis procedures are described in detail. The resultant g factor has a similar
magnitude to the g factors of other nuclei with an equal number of valence protons and neutrons
in the major shell. However, an unexpected trend is found in the g factors of the N = 84 isotones,
which decrease from 35Te to **Nd. Shell model calculations with interactions derived from the
CD Bonn potential show good agreement with the g factors and E2 transition rates of 27 states
around '32Sn, confirming earlier indications that 32Sn is a good doubly magic core.

PACS numbers: 25.70.De, 23.20.-g, 21.10.Ky

I. INTRODUCTION

The properties of nuclei with a few nucleons beyond
neutron-rich doubly magic 132Sn are of considerable cur-
rent interest. The excitation energies, transition rates,
and static moments are sensitive to shell structure, the
strength of the proton-neutron interactions, and to de-
veloping collectivity [1-10]. Following the observation
of an anomalously low B(E2;0{ — 2{) by Radford et
al. [11], the case of 3%Te, with two protons and two
neutrons outside the 32Sn core, has been the subject of
many theoretical studies, with widely varying predictions
of the electromagnetic properties of the low-excitation
states [1-5, 9, 10]. In particular, the various calculations
make disparate predictions of the g factor of the first-
excited state in 136Te; the calculations disagree on both
the sign and magnitude of the g factor. This paper con-
cerns a measurement of the magnitude of this g factor by
the recoil in vacuum (RIV) method.

The RIV technique has proved to be a powerful method
to measure the g factors of excited states of neutron-rich
nuclei produced as radioactive beams, particularly in the
tin and tellurium isotopes near the neutron-rich doubly
magic nuclide 132Sn [12-16]. One of the method’s advan-
tages is that the g factor of the 2{ state can be measured
simultaneously with the B(E2;0" — 2%) and Q(21) [14-
18]. Although the RIV method gives only the magnitude
of the g factor, it has proven to give it more precisely
[12, 13, 15] than the transient-field method [19, 20] in the
case of radioactive beam measurements where statistical
precision is limited. The advantage of the transient-field
method, however, is that it can determine the sign.

To date, the RIV method has been applied to stable
and radioactive beams of the Sn and Te isotopes to de-

termine the g factors of states with mean lifetimes in the
range from 7 ~ 0.5 ps for 12141168y [16] to 7 ~ 2.5 ps
for 132Te [12, 13] and '?®Sn [15]. In these measurements
the RIV interaction could be calibrated empirically [13]
or semiempirically [12-15, 15, 16], with similar results
[12, 13, 21]. The key ingredients determining the hyper-
fine interaction calibration and its reliability in the pre-
vious work were: (i) the independently measured g(2])
of 30Te with 7 = 3.4 ps, which serves as the primary ref-
erence value for the hyperfine interaction calibration, (ii)
the evidence that the hyperfine interaction is effectively
static during the lifetime of states with 7 < 3 ps, and (iii)
that the vacuum attenuation coefficients approach unity
as either g or 7 approaches zero. Thus the measurements
to date are anchored between the experimental attenua-
tion coefficients for 39Te and unity, with a constrained
interpolation. Additional data on *26Te (7 = 6.5 ps) and
122Te (1 = 10.8 ps) has served to guide the empirical
parametrization of the effect of RIV on the observed an-
gular correlations and give insights into the physics of the
free-ion hyperfine interactions on which the RIV method
depends [12, 13, 21].

The challenge addressed in the present work is that
the lifetime of the 2] state in '36Te is an order of mag-
nitude longer than the lifetimes of the states to which
the RIV method has been applied in the !'3?Sn region.
While the result for g(27) in '6Te has been published
in Letter form [18], along with Q(2]) and B(E2) val-
ues, the present paper reports the calibration data on
which the g-factor measurement depends, and discusses
in detail the procedures developed for the analysis of the
calibration data and the g-factor measurement.

The paper is arranged as follows. The experiment is
described in Section II. The following section presents



the results and gives details of the analysis procedures.
The angular correlations are presented first and analyzed
to obtain attenuation coefficients for the series of stable-
beam calibration measurements performed. After a brief
review of the RIV formalism, the procedure is developed
to relate the attenuation coefficients to the g factor. This
procedure is then used to obtain the ¢ factors of 136Te
and '26Te; the stable '26Te case serves as a check on
the methodology. The Discussion is divided into two sec-
tions. In section IV, the analysis procedures are discussed
in detail and the impact of these procedures on the ex-
tracted g factor is evaluated. This section concludes with
a review of the status of atomic physics calculations that
seek to determine the RIV calibration from first princi-
ples. In section V, the nuclear structure implications of
the g-factor measurement are discussed, first in terms of
the g-factor systematics in the major shell. Then follows
a comparison of experimental results with shell model
calculations. An overview of theoretical and experimen-
tal g factors and B(E2) values is presented for nuclei with
a few valence nucleons outside 132Sn.

I1I. EXPERIMENT

The principle on which the RIV method is based is
that when a free ion moves through vacuum, the hyper-
fine interaction couples the atomic spin J to the nuclear
spin I and together they precess about the total spin
F =1+ J. The precession frequency depends on the
strength of the hyperfine interaction which in turn de-
pends on the magnitude of the nuclear g factor. To mea-
sure the g factor, the nuclear state of interest is excited
by a suitable reaction and then allowed to recoil into
vacuum, typically as a highly-charged ion. The effect of
the hyperfine interaction is observed via the perturba-
tion of the angular correlation/distribution of the ~-rays
de-exciting the state. Thus, in general terms, consid-
ering the Coulomb excitation of radioactive ion beams,
the B(E2) is determined from the total y-ray intensity
whereas the g factor is determined from its angular dis-
tribution.

In the presence of vacuum deorientation, the particle-
~ angular correlation after Coulomb excitation takes the
form (see Refs. [22-24] and references therein)

W (0,0, M) = Brg(0p)QuGiFi D5 (A, 0,,0),
kq

(1)
where (0,,¢,) and (64, ¢,) are the spherical polar an-
gles corresponding to particle and ~-ray detection, re-
spectively, with the z-axis along the beam direction, and
A¢ = ¢, — ¢p. The attenuation coefficients, Gy, specify
the vacuum deorientation effect; Bj,(6,) is the statisti-
cal tensor, which defines the spin alignment of the initial
state. F} represents the usual F-coefficient for the y-ray
transition, @ is the attenuation factor for the finite size
of the v-ray detector, and D%(Aqﬁ, 6,,0) is the rotation

matrix. In the applications of interest k = 0,2, 4.

A radioactive ion beam of 36Te at an energy of
410 MeV was Coulomb excited on a 1.5-mg/cm? titanium
target, 81% 59Ti [18]. The measurement was performed
at the Holifield Radioactive Ion Beam Facility (HRIBF)
of Oak Ridge National Laboratory (ORNL). The experi-
mental setup included a HPGe Clover array, CLARION
[25], a 27 Csl array, BareBall [26], and a Bragg-Curve
detector. CLARION had 4 detectors at 6, = 90°, with
¢y = 51.4°, 102.9°, 154.3°, and 257.2°; 4 detectors at
0, = 132° with ¢, = 26°, 154°, 206°, and 334°; and 2
detectors at 6, = 154° with ¢, = 90°, and 270°. The
beam direction defines § = 0° and ¢ = 0° is vertically
upwards.

Coulomb-excitation cross sections and particle-y angu-
lar correlations were measured at four different recoiling
target angles using rings 1 through 4 of BareBall, cover-
ing O1a, = 7° — 60° or 6., = 166° — 60°. Measurements
on stable 126Te were also performed under the same con-
ditions during the same beam time, designated Run I in
Table I. Data from ring 1 were useful for determining
B(E2) values and Q(2]), but were of insufficient statis-
tical precision to contribute to the g-factor measurement.
The present work therefore focuses on data collected in
rings 2-4, corresponding to 6., = 14° — 60°. BareBall
has 10 azimuthal segments in ring 2, and 12 azimuthal
segments in rings 3 and 4.

To calibrate the RIV interaction, additional experi-
ments on the stable Te beams listed in Table I were
performed in a separate beam time, designated Run II.
In these stable-beam measurements the same apparatus
was used but the number of Clover detectors in CLAR-
ION was reduced to 3 detectors in the 6, = 90° ring (at
¢, = 102.9°, 154.3°, and 205.8°) and 3 detectors in the
6, = 132° ring (at ¢, = 154°, 206°, and 334°).

The v/c exit-velocity values of the excited ions re-
ported in Table I were measured directly from the ob-
served Doppler-shifted ~-ray energies on a per BareBall
ring basis. These values were confirmed by compar-
ing them with expectations based on kinematic calcu-
lations and experimental energy-loss measurements with
the Bragg-curve detector.

IITI. RESULTS AND ANALYSIS
A. Angular correlations

Examples of y-ray spectra are shown in Fig. 1. The
four transitions of interest between 408 and 463 keV
in 125Te correspond to decays from the 3/2 and 5/2F
states at 444 and 463 keV, respectively, to the 1/2T
ground state and 3/2% state at 35 keV. The 636-keV line
between the 671-keV 5/2% and 35-keV 3/2" states by-
passes the states of interest. As evident in Fig. 1, there is
weak feeding from higher-excited states into the states of
interest, particularly for 12°Te; this feeding was included
in the evaluation of the angular correlations, however the



TABLE I: Experimental details. The same *°Ti target was
used for all measurements. v/c is the average velocity with
which excited beam ions enter vacuum as determined from the
observed Doppler shift (uncertainties are £0.03%). Measure-
ments with the same run number were performed together,
with the same detector arrangement.

Beam Epeam (MeV) Run v/c (%)
Ring2 Ring3 Ring 4
14-28°  28-44°  44-60°
75Te 410 I 3.59 4.71 5.82
12Te 390 I 347 4.62 5.82
122Te 378 I 332 454 573
24 Te 385 I 341 4.57  5.75
25T 390 Il 353 465 5.79
129Te 390 I 349 464 581
199 400 11 3.54 4.65 5.84
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FIG. 1: Examples of «-ray spectra in coincidence with Ti
ions detected in rings 2, 3 and 4 of BareBall from (a) 390
MeV *?°Te and (b) 400 MeV **°Te.

difference between including and neglecting the feeding
was negligible.

Particle-y angular correlations for 122Te and '2°Te are
presented in Figs. 2 and 3. In these figures, the angular
correlations are normalized as follows: If the coincidence
count rate in a chosen pair of particle and y-ray detectors,
N(6p,0., ¢y — &p,), is normalized to the coincidence rate
summed over all of the particle detectors in the particular
BareBall ring, the unperturbed angular correlations can
be calculated with no free parameters. In other words,
this normalization procedure factors out the y-ray detec-
tion efficiency, giving

N(Gp,97,¢7—¢pi) _
SV N (0, 0,6y — &)/ Nr

_ W(epvo’v’d)’y — (bpq:)
W0y 6,)
(2)
where Npg is the number of detectors (i.e. azimuthal
segments) in the BareBall ring and W (0,,0.) is given
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FIG. 2: Angular correlations of '*?Te excited on Ti. Panels
(a)-(c) correspond to 6, = 90°, (d)-(f) to 6, = 132°. The
unperturbed correlations are indicated by the dotted curves;
solid red lines show the fit to the attenuated angular correla-
tions. See text for details of the normalization procedure.
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FIG. 3: Angular correlations of '**Te excited on Ti with Ti
recoils detected in BareBall ring 3. Panels (a)-(d) correspond
to 6, = 90°, (e)-(h) to 6, = 132°. The unperturbed correla-
tions are indicated by the dotted curves; solid red lines show
the fit to the attenuated angular correlations. The transitions
are 444 keV (3/25 — 1/27), 408 keV (3/24 — 3/27), 463
keV (5/2F — 1/2]), and 428 keV (5/27 — 3/27). See text
for details of the normalization procedure.

by Eq. (1) with ¢ = 0. (The subscript 4 is included in
the designation of the particle detection angle ¢, in or-
der to designate the sum over segments in the BareBall
ring. The relative efficiencies of the BareBall segments
are nominally identical; this assumption can be checked
against the observed Rutherford scattering rates.) By
this procedure, the only free parameters required to fit
the perturbed angular correlations are the vacuum atten-
uation factors, G2 and Gjy.

The 3%Te angular correlation data from BareBall rings
3 and 4 are represented in Fig. 4; these data largely de-
termine the g factor, whereas ring 2 contributes little to
the g-factor measurement. Because the statistics of this
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FIG. 4: Angular correlations of *%Te excited on Ti. Panels
(a)-(b) correspond to 6, = 90°, (c)-(d) to 6, = 132°, and,
(e)-(f) to 6, = 154°. To give a visual representation of the
overall statistical quality of the angular correlation data, in-
dividual data points have been combined and projected onto
the interval 0 < A¢ < 180°. The red solid line indicates the
best fit to the data (not combined). The black dotted line
indicates the unperturbed angular correlation and the blue
dashed line indicates the angular correlation that would be
associated with g = 0.1.

radioactive beam measurement are low and distributed
over more than 400 individual particle-y combinations,
it is difficult to judge the shape of the angular correla-
tion and the overall statistical quality of the angular cor-
relation measurement visually from a plot showing the
individual data points. For presentation, therefore, the
experimental data have been combined to produce 6 or
7 data points in the interval 0 < A¢ < 180° for each
Clarion and BareBall ring. (Note that these combined
data were not used in the g-factor analysis.) It is clear
from Fig. 4 that the 6, = 90° data are most sensitive to
the magnitude of the vacuum deorientation, and hence
to the g factor, followed by the 6., = 132° data and then
the 0, = 154° data.

B. Measured attenuation coefficients Gy,

Table I indicates that the recoil velocity of the Te ions
varies strongly with the scattering angle, and hence the
BareBall ring number. There is a consequent variation
in the average charge-state of the ions and hence of the
strength of the hyperfine interactions. A separate cali-

bration of the hyperfine interaction is therefore needed
for each Bareball ring. There are small variations in re-
coil velocity from isotope to isotope, but as discussed
below (section IV), these have consequences well below
the precision of the g-factor measurements and can be
ignored in the present analysis.

Table II gives the measured attenuation coefficients
Go and G4 for each BareBall ring (combining data for
6, = 90° and 0, = 132°) and for the series of calibration
measurements on stable Te isotopes (Run IT), along with
the previously determined g factors and lifetimes.

C. RIV formalism

Before relating the measured attenuation coefficients,
G, to the g factors, it is useful to review the fundamental
relationship between them that applies in the simplest
case where there is a single atomic state that persists
throughout the lifetime of the nuclear level of interest.

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

Gi(t) =Y CFF' (k) cos(wrpit), (3)
F,F’
where
F(F+1)— F'(F +1
wFF,:g%NB( ( )2J ( ) @)
and
pr o QF+DQF +1) [F F k)

CIJ (k)_ 2J—‘,—1 I I J . (5)

Note that the attenuation coefficients G5 and G4 differ
only through the k value in the 6J symbol in Eq. (5).
However, for the same atomic configuration with spin
J, the Gy, are different for different nuclear angular mo-
menta, I, which also changes the range of values of the
total angular momentum, F', in the above formulae.

In the experiments performed here, the Te ions emerge
from the Ti target with a distribution of charge states
and with the atomic electrons distributed in many ex-
cited atomic states. Consequently, there is a superpo-
sition of many hyperfine frequencies that gives a quasi-
exponential time dependence to the vacuum attenuation
factors, G (t). Thus the alignment of the nuclear state,
and hence the anisotropy of the ~-ray angular correla-
tion, decreases approximately exponentially with time
at a rate that depends on the magnitude of the nuclear
g factor. More detailed descriptions, and examples which
illustrate the emergence of a quasi-exponential time de-
pendence for Gy (t), have been given in Refs. [13, 35].

D. Calibration: relating G to g factor

Equation (5) indicates that G2 and G4 are intimately
related to each other, although in the case of a complex



TABLE II: Excited state g factors, lifetimes and time-integrated vacuum attenuation coefficients.

Nuclide I™ E, (keV) g“ 7% (ps) Ring 2 Ring 3 Ring 4
G- G, G- G4 Ga G4

122 27 564 0.353(14) 10.76(7) 0.503(24) 0.319(15) 0.410(10) 0.284(7)  0.338(9)  0.243(8)
124 9t 603 0.326(18) 8.95(14) 0.592(41) 0.363(27) 0.513(18) 0.324(12) 0.402(15) 0.286(13)
126mg 9t 666 0.339(13) 6.52(14) 0.693(50) 0.463(32) 0.603(22) 0.409(15) 0.520(18) 0.332(17)
180e 9t 839 0.351(18)  3.32(7) 0.811(54) 0.669(35) 0.694(25) 0.609(19) 0.604(23) 0.535(26)
125Te  3/2% 444 0.59(5) 27.6(9)  0.252(15) 0O 0.202(7) 0 0.172(6) 0
125e  5/2t 463 0.207(22)  19.1(7) 0.638(35) 0.465(49) 0.533(4)  0.409(26) 0.454(3)  0.336(3)
og factors from Refs. [27-29].

bLifetimes from Nuclear Data Sheets [30-34].

superposition of static and time-varying hyperfine inter- where 7 is the mean life of the nuclear state. Thus the

actions, that relationship is not readily calculated from integral attenuation coefficients have the form

first principles. As evident from the results in Table II,

experimental G2 and G4 values can be determined inde- o . 1

pendently from fits to angular correlation data. It is ad- Gi(r) = o+ (1 o) 1+ |Tglr (10)

vantageous to explore the empirical relationship between
Go and (G4 from the stable-beam calibration data with
a view to constraining it before fitting the much lower
statistics radioactive beam data for 136Te.

We begin with the fluctuating-field model of Abragam
and Pound [36] for pure magnetic interactions, which
does specify a simple relationship between G5 and Gy,
namely,

0.3G2

Gy = —272
T 20.7G,

(6)

To parametrize the data we generalize this form as

P
aGh

Ga= 1—(1—a)GE’

(7)

which has the correct limits that G4 — 0 as G2 — 0 and
G4 — 1 as GQ — 1.

The experimental data for 122:124:126,130T¢ are dis-
played in Fig. 5, along with fits to Eq.(7). For compar-
ison, the Abragam-Pound expression, Eq. (6), is shown,
along with the relationship between G5 and G4 implied
by the empirical static model used in recent work to ob-
tain g factors in 132:134Te [13, 14]. The parameters re-
sulting from the fits are included in Table III.

The approach to relate the observed attenuation co-
efficients to the g factor, i.e. to calibrate the hyperfine
interaction, in the present work is largely empirical, as
described in Ref. [13]. The time-dependent attenuation
coefficients are assumed to decay exponentially with time
to a hard core value ay, at the limit of long times

Gk(t) =ar+(1- Ozk)e_rkt. (8)
The experiments considered here determine the time-
integral attenuation factors

G2(r) = /O ~ Gr(t)etdt /1, )

The dependence on the g factor is given by

Ly = [g"|/Ch, (11)
where C}, is the parameter that determines the strength
of the interaction, and hence deorientation. The static
limit (no atomic transitions) corresponds to n = 1 [13]
whereas the fluctuating limit (continuous atomic transi-
tions) corresponds to n = 2 [36]. The parameters Cs,
Cy, as, aq and n were determined based on experimen-
tal data for the excited states with known ¢ factors and
level lifetimes in the Te isotopes, as listed in Table II.
On the one hand, the relationship between G5 and G4
is constrained by the data on the even isotopes, as pre-
sented in Fig. 5, while on the other, the 2°Te data are
particularly important to determine the value of n and to
set the value of a. More specifically, the 3/2%, 444-keV
state in 12°Te, with mean life 7 = 27.6 ps and g factor
g = +0.59(5) [27-29], allows calibration of the RIV inter-
action out to the necessary lifetime and determines the
hard core, at least for k = 2. The 5/2% 463-keV state
in 12°Te, with 7 = 19.1 ps and g = +0.207(22) [27-29],
has nearly the same g7 value as the 27 state in 122Te
(1 =10.8 ps, g = +0.353(14) [27]), but as the two levels
have very different g factors and lifetimes, the value of n
can be determined. In fact it can be seen by inspection of
the very different G values for these two states, shown
in first and last rows of Table II, that n # 1.

Fits to the data in Table II were performed with n as a
parameter, giving for rings 2-4, n = 2.3Jj8:§, n= 2.2f8:i,
and n = 2.1f8ff, respectively, in all cases consistent with
n = 2. As the difference between the inferred g factor for
n = 2.2 and n = 2 is negligible, and as there is a prece-
dent for n = 2 in the literature (see e.g. [36-38]), n = 2
was adopted for subsequent analysis. The parameters for
n = 2 are given in Table III. The resulting calibration
curves are shown in Fig. 6, along with the experimental
data and results of the 36Te g-factor analysis.
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FIG. 5: Experimental data and G4 parametrized as a func-
tion of G2 for each BareBall ring: (a) ring 2, (b) ring 3 and
(c) ring 4. Fits to Eq. (7) are shown as the black solid line.
The parametrizations of G versus g>7 used in the g-factor
analysis give the red dot-dashed lines, which are almost in-
distinguishable from the solid black lines. The static model
used previously to analyze RIV data on Sn and Te isotopes
[14-16] is shown for reference (blue dashed line), as is the
Abragam-Pound formula, Eq. (6), (green dotted line).

TABLE III: Parameters a and p of G4 versus G fits, Eq. (7),
and parameters of G, versus g7 fits, Eq. (10), for each Bare-
Ball ring.

Ring a P s Cs oy Cy

2 023 060 0.16(2 7 1 3
3043 086 0.14(1) 0.71(3) 0.08(1) 0.37(2)
4 048 0.86 0.13(1 (2 (1 (2

E. g-factor results

The g factor of '35Te was determined by fitting the
angular correlation data (cf. Fig. 4) using Eq. (1) with
the G, coefficients related to g?7 through Eq. (10) and
the parameters for each BareBall ring as given in Ta-
ble III. The result of the fit to determine g7 for 13Te is
indicated in Fig. 6. A g factor of (4+)0.34700% was then
determined using 7 = 27.5(23) ps from the simultaneous
B(E2) measurement [18]. The sign (+) is tentatively
set by systematics, and on the basis that no standard
theory can predict a negative g factor of the observed
magnitude. Consistent g factors were obtained from an
analysis of the data for individual particle and ~-ray de-
tector rings, albeit with larger statistical uncertainties.
For example analysis of data for BareBall rings 2, 3 and
4 individually gave g = 0.39706 ¢ = 0.3775:15 and
g =0.30T002 respectively.

The g factor of the first-excited state of 125Te was de-
termined by the same procedures from the '?Te data
taken during Run I. The result is g(2%) = 0.318(10), in-
cluding statistical errors and the uncertainty in the life-
time, but no uncertainty in the parametrization of Gy
versus ¢°7. The adopted experimental value of the g fac-
tor is ¢ = +0.339(13) [27]. The difference between the
adopted and extracted g factors, 0.021 4+ 0.016, gives an
indication of the uncertainty in the RIV calibration pro-
cedure. By adopting a calibration that excludes the '2°Te
3/2% state, which in effect gives a better interpolation
of the Gy, coeflicients in the relevant range (see Fig. 6)
yields ¢g(2%) = 0.332(9) - in excellent agreement with
the adopted g factor. This agreement also demonstrates
that RIV experiments performed some time apart yield
consistent results.

IV. DISCUSSION OF ANALYSIS PROCEDURES

The adopted g factor of 36Te results from a state of
the art analysis procedure subject to the limitations of
the current knowledge of the RIV interaction. It is useful
to evaluate the sensitivity of the extracted g factor to the
analysis procedures and approximations. Here we exam-
ine first the statement above that the difference between
the attenuation coefficients for nuclear spins I = 3/2, 2,
and 5/2 can be neglected. Second, we discuss the impact
of the parametrization of Gy as a function of g?7 rather
than as a function of g7. Third, we assess the influence
of the value of the hard core of the attenuation coefficient
on the extracted g factor. Fourth, we examine the effect
of the small differences in the velocity with which ions of
the different Te isotopes emerge into vacuum. Finally we
discuss progress toward ab initio atomic structure calcu-
lations that might ultimately make empirical calibrations
of the RIV interaction unnecessary.
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FIG. 6: (a) Total x? versus g°7. (b-d) G versus g*7 cali-
bration curves (solid lines) for BareBall rings 2-4. The best
fit g27 value for *®Te, and its uncertainty, is projected onto
the curves (red filled). Also shown are the calibration data
for the stable Te isotopes that define the Gy curves [13]. Re-
sults for 12°Te are blue filled. Note that there is no G4 term
for I = 3/2 states and that the differences in Gy, values for
I =3/2,2,5/2 are negligible within the experimental uncer-
tainty (section IV A). The dotted lines indicate the calibra-
tion curves that result if the **>Te 3/27 state (extreme right
data point) is ignored, which effectively sets the hard core
parameter aj = 0.

A. Nuclear spin dependence of G

Figure 7 shows toy model Monte Carlo calculations of
Gr(I =3/2)/Gx(I =2) and G,(I =5/2)/Gr(I = 2) as
a function of the nuclear mean life. The nuclear g factor
was set to g = 0.35 and the nuclear lifetime varied. The
black line, which represents the model parameters that
best fit the RIV data for Te ions in Ref. [13], shows very
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FIG. 7: Toy model Monte Carlo calculations of (a) G4(I =
5/2)/G4(I = 2), (b) G2(I =5/2)/G2(I =2) and (c) G2(I =
3/2)/G2(I = 2). The nuclear g factor was set to g = 0.35 and
the nuclear lifetime varied. The thick black line represents the
model parameters that best fit the RIV data for Te ions in
Ref. [13]. The other lines examine sensitivity to the average
atomic spin and the rate and duration of atomic transitions.

little deviation from unity. The other lines explore the
consequences of varying the average atomic spin and the
rate and number of atomic transitions. The most extreme
case (for which the individual Gy values do not fit the
experimental data) has a reduced average atomic spin
and very few nuclear transitions. As a rule, the variation
of the attenuation coefficients for nuclear spins I = 2+ %
is small when the average atomic spin increases and/or
if there are an increased number of atomic transitions.
These calculations make it clear that, to the precision
of the present data, the G}, values for the 3/2% and 5/2%
states in 1?°Te can be compared directly with those mea-
sured for the 27 states of the even isotopes. Further
insights into this equivalence can be gained from Fig. 8,
which indicates that the hard core values for the alterna-
tive nuclear spins converge once the atomic spin exceeds

J =2

B. Parametrization of G: g°7 versus gr

If the data for the 5/27 level of ?5Te are ignored (not
a justified procedure, particularly as consistent G val-
ues are extracted from both the 463-keV E2 transition
and the mixed multipolarity M1/E2 428-keV transition),
then the GGy, data can be parametrized quite well as a
function of g7, as indicated in Fig. 9, which shows the
results for BareBall ring 3. The '26Te ¢ factor extracted
based on this parametrization is then g = 0.287052. (The
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FIG. 8: Atomic spin (J) dependence of the hard-core vacuum
attenuation coefficients for nuclear spins I = 3/2, 2, 5/2.
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FIG. 9: Gy versus g7 calibration curves for BareBall ring 3
ignoring data for the 5/27 state in > Te. The best fit g7 value
for 135Te, and its uncertainty, is projected onto the curves (red
filled). See also Fig. 6.

uncertainty in the lifetime is not included.) This value
should be compared to g = 0.341‘8:82 from the equiva-
lent analysis assuming Gy, is a function of g?7. The two
values overlap within uncertainties.

C. Influence of hard core on g factor

If the data for the 3/2F level of 12°Te are ignored, the
hard core value is not well defined experimentally and
indeed fits to the remaining data favor as = a4 = 0.
Although this is evidently unphysical, its impact on the
extracted g factor was investigated, yielding g = 0.29 £
0.03 for the case where Gy, is parametrized as a function

of g?7. It is evident that as the hard-core value increases,
the extracted g factor increases, as does its uncertainty,
which becomes asymmetric.

Here, as in the preceding subsection, where alternative,
arguably unphysical, analysis procedures are used, the
extracted g factor remains near g = 0.3, which is a typical
value for heavy collective nuclei. It can be concluded
that the uncertainties in the RIV calibration are small
compared with the statistical uncertainty.

D. Velocity dependence of the RIV interaction

As evident in Table I, despite efforts to match the kine-
matic conditions by adjusting the beam energy, the differ-
ent Te isotopes emerge from the target into vacuum with
slightly different average velocities. These differences in
velocity are small compared to the differences in velocity
from ring to ring of BareBall. The effect of the small
variations with isotope can be assessed by examining the
variation of the parameters of the hyperfine interaction
calibration, Egs. (10) and (11), as a function of ion ve-
locity, as shown in Fig. 10. The hard core values, oy,
are insensitive to the ion velocity, whereas the C} values
decrease with increasing velocity, approximately linearly.
Noting that the extracted value of g2 scales with C}, and
taking the range of variation in v/c with isotope from
Table I, together with the slope of the line that describes
Cy versus v/c in Fig. 10, it can be shown that the error
on the extracted g factor associated with ignoring the
variation in velocity across the range of isotopes is below
the level of 0.5%. This error is negligible compared to
other sources of uncertainty.

E. Status of ab initio RIV calculations

With the computer power available today, along with
comprehensive atomic structure codes such as the mul-
ticonfiguration Hartree-Fock (MCHF) Atomic Structure
Package [15, 19] and GRASP2K [20], it has become rea-
sonable to attempt ab initio calculations of the free-ion
hyperfine interactions of relevance to RIV and magnetic
moment measurements.

The simplest microscopic approach to model the RIV
attenuation for many electron ions is to superimpose the
deorientation coeflicients for the calculated hyperfine in-
teractions up to a cut-off in excitation energy, assuming a
weighting factor of (2J 4 1) for each atomic state. Stone
et al. [39] have reported such calculations for Mo, Ru and
Pd ions recoiling into vacuum with velocity v/c ~ 0.05,
and more recently for °%%Fe ions at v/c ~ 0.08 [40]. This
static model can then be improved by including the ef-
fect of atomic transitions, based on the calculated atomic
level lifetimes, which Stone et al. also explored [39, 40].
Chen et al. [21] have taken the calculations further by
implementing a Monte Carlo method to evaluate the ef-
fect of atomic transitions and applying it to the tellurium
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FIG. 10: Dependence of the parameters (a) Cy and (b) o,
Egs. (10) and (11), on ion velocity. Lines indicate linear fits.

isotopes. In their work, rather than an energy cut-off, the
maximum number of electrons excited from the ground-
state configuration is treated as a free parameter.

The most important outcome of the work of Chen et
al. for the present work on the Te isotopes is the recogni-
tion, based on atomic calculations, that many electronic
states have lifetimes comparable to or shorter than the
nuclear lifetime and that atomic transitions may there-
fore contribute strongly to the observed average hyperfine
interaction. Indeed the empirical modeling of the hyper-
fine interactions for Te ions recoiling into vacuum with
v/c ~ 0.06 reported in Ref. [13] indicated that there is
evidence for several atomic transitions taking place on
the time-scale of ~ 10 ps (see Fig. 7 of [13]).

The main limitation that makes first-principles calcu-
lations impractical at present is that the initial popu-
lation of atomic states, when the ion enters vacuum, is
not well known. For example, the calculations described
above do not describe atomic structure effects that are
seen in otherwise similar measurements of free-ion hyper-
fine interactions for Ge and Se ions carrying ~ 12 — 15
electrons, as reported in Ref. [35]. The difference in the
G, versus g7 dependence is prominent in the hard-core
region, and apparently stems from a difference in the av-
erage atomic angular momentum in the range between
J =1 and J = 2 for Ge versus Se ions within about
10 ps of the ions entering vacuum. This observation im-
plies that there is a strong preference to populate lower-
excited atomic states soon after the ions enter vacuum

and that for these ions J is rather sensitive to the charge
state of the ion. As evident in Fig. 8, the hard core at-
tenuation coefficients vary somewhat with atomic spin
for J < 2 but become insensitive to J for J > 2. The
discontinuous behavior of the Ge and Se ions carrying
~ 12 — 15 electrons gives insight into the RIV atomic
interactions, and more detailed atomic calculations are
in progress. Fortunately similar effects are not expected
in the present work. The Te ions enter vacuum typically
carrying ~ 22 — 32 electrons, with the majority of ions
for BareBall rings 3 and 4 carrying ~ 22 — 27 electrons.
The low-excitation atomic states of these ions are domi-
nated by relatively high spin (J ~ 4) 3d™ configurations,
which together with Fig. 8 then suggests that the RIV
interaction will be less sensitive to the charge states of
such ions.

Thus although there has been considerable progress,
the point has not yet been reached whereby ab initio
atomic calculations can reliably calculate the RIV hyper-
fine interaction for complex many-electron ions. Experi-
mental data on similar atomic systems for isotopes with
known g factors are still needed to define the hyperfine
interaction, and, in essence, the calibration procedures
remain empirical.

V. NUCLEAR STRUCTURE AND THE
g FACTOR OF °TE

A. g-factor systematics in the major shell

Figure 11 shows the g factors of the first 2T states in
the major shell with 50 < Z < 82 and 82 < N < 126
plotted as a function of the valence proton fraction. The
g factor of 13%Te with two valence protons and two va-
lence neutrons outside '32Sn is in excellent agreement
with the g factors of other nuclei with equal numbers of
valence protons and neutrons (or proton holes and neu-
tron holes) in the major shell. For these nuclei N,, = N,
and Ny = N, + N,, so N,/N; = 0.5, where N,(N,,) is the
number of valence protons(neutrons) and Ny is the total
number of valence nucleons. Besides '36Te the other nu-
clides with N,/N; = 0.5 are '1%Xe, 144Ba, 148Ce, 15°Gd,
164Dy, and %4Er.

The ¢ factor of !36Te, however, is not in agreement
with the g factors of the other N = 84 isotones *2Ce
and 4Nd. A reduced g factor, well below Z/A, when
two neutrons are added outside N = 52 has been ob-
served for 90Sr [42], 92Zr [43], and %*Mo [44]. In these
cases the added neutrons occupy mainly the vds/, or-
bit. Several theoretical calculations [2, 3, 18] anticipated
similar behavior for '36Te, which is not observed. The
change in the behavior of the g factors, which decrease
along N = 84 from '3%Te to 144Nd, can be related to dif-
ferences in the relative excitations of the 2+ excitations in
the proton and neutron subsystems, and to the strength
of the coupling between them [44-46]. Particle-core cou-
pling model calculations by Copnell et al. [47] predicted
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FIG. 11: First-excited 27 state g factors as a function of the
valence proton fraction, Np/N¢, for nuclei with 50 < Z < 82
and 82 < N < 126. The broken line indicates the trend for
N, /N < 0.7. Data points (from Refs. [14, 41] and present
work) are colored (shaded) to indicate Rz = F.(47)/E.(27).
Note that only the N = 82 and N = 84 isotones have R4z < 2.

decreasing g factors from '2®*Xe to '44Nd, which track
with a decreasing particle-core (i.e. neutron-proton) cou-
pling strength along the sequence. The N = 86 isotones
with measured g factors, namely 140Xe [48], 142Ba [49],
16Nd [50] and ¥Sm [51, 52], show a similar but pos-
sibly less-pronounced trend. The fact that the proton
Fermi surface is moving through the mgy /5 subshell into
the mds/p subshell and toward the Z = 64 subsell clo-
sure, while the neutrons remain mainly in the v f7 5 orbit,
might play a role in changing the proton-neutron balance.
Additional model calculations and experimental g factors
for ¥Xe and °Ba would be of value to illuminate this
unexpected behavior.

B. Shell model calculations and electromagnetic
properties around '*2Sn

Shell model calculations were performed with the
NuShellX@MSU code [53] for the Te and Xe isotopes
with two and four neutrons or neutron holes relative to
1328n. All proton single-particle orbits in the Z = 50—82
shell (71gz/2,2ds5/2,2d3/2,381 /2, 1h11/2) were included.
For the cases with N < 82 all neutron orbits in the
N = 50— 82 shell (Vlg7/27 3d5/27 3d3/27 381/2, 1h11/2) and
for N > 82 all neutron orbits in the N = 82 — 126 shell
(V1hg)2,2f7/2,2f5/2, 3P3/2, 3P1/2, Li13/2) Were included.
Single particle energies were set by reference to the low-
excitation spectra of '33Sb and !33Sn for protons and
neutrons, respectively, and '3'Sn for neutron holes. As
described in Refs. [4, 18, 54], the interactions were based
on the CD Bonn potential with the renormalization of
the G matrix carried to third order, and a Coulomb term
added to the proton-proton interaction. The effective
charges were e, = 1.5e and e,, = 0.5e. The effect of rais-
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ing the neutron effective charge to e,, = 0.8e for N < 82
was also explored.

The effective M1 operator applied a correction
dg1(p) = 0.13 to the proton orbital g factor and quenched
the spin g factors for both protons and neutrons to 70%
of their bare values. (The tensor term was ignored.) The
effective M1 operator is then similar to that of Jakob et
al. [1] and in reasonable agreement with that of Brown
et al. [4]. Table IV compares the experimental g factors
[41] of some ‘simple’ states near 32Sn with theoretical
g factors evaluated with the bare and effective M1 opera-
tors. The effective operator is essential to describe states
with a dominant 7g;/, configuration. Fortunately it is
less important for v f7/, configurations, for which there
is little experimental data, and moreover there is also a
discrepancy between the experimental 7/2~ ground-state
moments of 13°Te and '3"Xe, which are expected to have
similar values.

The g factors and B(E2;2] — 07) values for the Te
and Xe isotopes between N = 78 and N = 84 are com-
pared with experiment [1, 7, 12, 14, 18, 27, 48, 55-57]
in Fig. 12. Overall the description of these electromag-
netic observables is very good, especially for the limited
data available for N > 82. The description of the B(E2)
values is improved for N < 82 by increasing the neu-
tron effective charge to e,, = 0.8, although there remains
some shortfall in E2 strength. Most recent theoretical
work has focused on the neutron-rich isotopes beyond
N = 82 where an anomalously low B(E2) was observed
in 136Te [11]. The new B(FE2) data are seen to agree
well with expectations, and the shell model calculations
also describe the ¢ factors and energy levels well (see
Refs. [4, 54]). In all, the results affirm the evidence
from mass measurements and neutron-separation ener-
gies [58-61], decay spectroscopy [62-66], Coulomb exci-
tation [14, 15, 17, 67, 68], and transfer reactions [69, 70],
that 132Sn is a good doubly magic nucleus. They fur-
thermore indicate that the nucleon-nucleon interactions
based on a G matrix derived from the CD Bonn poten-
tial with renormalization carried to third order [4] are
appropriate for neutron-rich nuclei near 32Sn.

TABLE IV: g factors of few-nucleon states near '32Sn.

Nuclide J™ Main configuration g factor
Bare SM  Exp [41]
1385Sb 7/27 Tg/2 +0.491 +0.821 +0.857(3)
134Te  2f m(g7/2)* +0.514 +0.836 +0.76(9)
4f +0.509 +0.832 +0.70%9:35
61 +0.514 +0.842 +0.847(25)
1851 7 2f m(g7/2)* +0.492 +0.822 +0.840(1)
15 Te 7/27  7(g7/2)8 @ vfre —0.238 —0.272 —0.197(14)
8TXe 7/27 7(gr/2)6 ®Vvfr2 —0.240 —0.251 —0.277(2)
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FIG. 12: Reduced transition rates and g factors of Te and
Xe isotopes spanning N = 82. The dotted lines in panels (a)
and (b) correspond to an increased neutron effective charge
of e, = 0.8 for N < 82. Experimental data from Refs. [1, 7,
12, 14, 18, 27, 48, 55-57].

VI. SUMMARY AND CONCLUSIONS

The g factor of the first-excited state of 3%Te with
two proton and two neutrons outside of the 132Sn double
shell closure has been measured by the recoil in vacuum
method, following Coulomb excitation of the radioactive
136Te beam. A detailed description of the analysis proce-
dures has been given. The approximations employed in
the analysis have been described and assessed, demon-
strating a robust resultant g factor.

The experimental g factor fits well with systematics of
other nuclei with equal numbers of valence protons and
neutrons in the 50 < Z < 82 and 82 < N < 126 major
shell but an unexpected trend in g(27) for the N = 84
isotones, which decrease from 3%Te to 144Nd, is exposed.
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Shell model calculations with interactions derived from
the CD Bonn potential show good agreement with the
g factors and E2 transition rates of 2% states around
13280, confirming earlier indications that '32Sn is a good
doubly magic core.

The methodology described here could be applied for
similar simultaneous measurements of B(F2), Q(2%) and
g(2%) in other regions of the nuclear chart. For exam-
ple, applications to few-nucleon 2% states around 2°®Pb
would be of considerable interest. The shell structure in
the neutron-rich 32Sn region can be compared with that
in the vicinity of stable 2°®Pb [71, 72]. While the high-
spin structure has been quite thoroughly studied experi-
mentally around 2°8Pb, the electromagnetic properties of
low-excitation, low-spin states associated with a few pairs
of valence nucleons outside 2°®Pb have not. Thus di-
rect comparisons of the related few-particle states around
13281 and 2%8Pb are currently limited by the lack of ex-
perimental data on electromagnetic properties near 2°6Pb
rather than near !'3?Sn. Measurements of the type pro-
posed here on 21%Pb, 219Po and ?!?Po would enable com-
parison with their equivalents, 134Sn, 34Te and 36Te.
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