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The g factor of the first 2+ state of radioactive '**Te with two valence protons and two valence neutrons beyond
double-magic '*2Sn 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 '*Te 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 2% states around '*2Sn, confirming earlier

indications that '*2Sn is a good doubly magic core.
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I. INTRODUCTION

The properties of nuclei with a few nucleons beyond
neutron-rich doubly magic '*?Sn are of considerable current
interest. The excitation energies, transition rates, and static
moments are sensitive to shell structure, the strength of the
proton-neutron interactions, and to developing collectivity
[1-10]. Following the observation of an anomalously low
B(E2;07 — 27) by Radford et al. [11], the case of *°Te,
with two protons and two neutrons outside the 1326 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 '*°Te; the calculations disagree on both
the sign and magnitude of the g factor. This paper concerns 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
1328n [12-16]. One of the method’s advantages is that the
g factor of the 2 state can be measured simultaneously with
the B(E2;0" — 2%) and Q(2") [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.
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To date, the RIV method has been applied to stable and
radioactive beams of the Sn and Te isotopes to determine
the g factors of states with mean lifetimes in the range from
T ~ 0.5 ps for 121141168 [16] to T ~ 2.5 ps for *2Te [12,13]
and '2Sn [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 hyperfine interaction calibration and its
reliability in the previous work were: (i) the independently
measured g(ZT) of ®Te with =34 ps, which serves as
the primary reference 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 T approaches zero. Thus the measurements
to date are anchored between the experimental attenuation co-
efficients for '*°Te and unity, with a constrained interpolation.
Additional data on '*Te (z = 6.5 ps) and '**Te (z = 10.8 ps)
have served to guide the empirical parametrization of the effect
of RIV on the observed angular 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]L state in '¥Te is an order of magnitude longer
than the lifetimes of the states to which the RIV method has
been applied in the '*>Sn region. While the result for g(27)in
13Te has been published in Letter form [18], along with Q(ZT)
and B(E?2) values, 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 Sec. II. The following section presents the results
and gives details of the analysis procedures. The angular
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correlations are presented first and analyzed to obtain atten-
uation 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 g factors of '3®Te and 'Te; the stable '*°Te case serves
as a check on the methodology. The Discussion is divided
into two sections. In Sec. IV, the analysis procedures are
discussed in detail and the impact of these procedures on the
extracted 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 principles. In Sec. 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
experimental g factors and B(E2) values is presented for nuclei
with a few valence nucleons outside '*2Sn.

II. EXPERIMENT

The principle on which the RIV method is based is
that 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 ¥ = I + J. The
precession frequency depends on the strength of the hyperfine
interaction which in turn depends on the magnitude of the
nuclear g factor. To measure 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
perturbation of the angular correlation/distribution of the y
rays de-exciting the state. Thus, in general terms, considering
the Coulomb excitation of radioactive ion beams, the B(E?2) is
determined from the total y-ray intensity whereas the g factor
is determined from its angular distribution.

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

W(0p.0,,A¢) = Y Biy(0,) QcGiFi D5(Ag.6,.0), (1)
kq

where (0,,¢,) and (6,,¢,) are the spherical polar angles
corresponding to particle and y-ray detection, respectively,
with the z axis along the beam direction, and A¢ = ¢, —
¢p. The attenuation coefficients, Gy, specify the vacuum
deorientation effect; By,(6,) is the statistical tensor, which
defines the spin alignment of the initial state. Fj represents
the usual F coefficient for the y-ray transition, Qy is the
attenuation factor for the finite size of the y-ray detector, and
D’;E‘;(Aq&,@y,O) is the rotation matrix. In the applications of
interest k = 0,2,4.

A radioactive ion beam of '*Te at an energy of 410 MeV
was Coulomb excited on a 1.5-mg/cm? titanium target,
81% °Ti [18]. The measurement was performed at the
Holifield Radioactive Ion Beam Facility (HRIBF) of Oak
Ridge National Laboratory (ORNL). The experimental setup
included a HPGe Clover array, CLARION [25], a27 Csl array,
BareBall [26], and a Bragg-Curve detector. CLARION had
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TABLE 1. 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%). Measurements with the
same run number were performed together, with the same detector
arrangement.

Beam Epeam MeV) Run v/c (%)

Ring 2 Ring 3 Ring 4

14-28°>  28-44°  44-60°
136 410 I 3.59 471 5.82
126 390 I 3.47 4.62 5.82
1227Te 378 I 3.32 4.54 5.73
124Te 385 I 3.41 4.57 5.75
125Te 390 I 3.53 4.65 5.79
126 390 I 3.49 4.64 5.81
130 400 I 3.54 4.65 5.84

four detectors at 6, = 90° with ¢, = 51.4°, 102.9°, 154.3°,
and 257.2°; four detectors at 6, = 132° with ¢, = 26°, 154°,
206°, and 334°; and two detectors at 8, = 154° with ¢, = 90°,
and 270°. The beam direction defines & = 0° and ¢ = 0° is
vertically upwards.

Coulomb-excitation cross sections and particle-y angular
correlations were measured at four different recoiling target
angles using rings 1 through 4 of BareBall, covering 6, =
7°—60° or .., = 166°-60°. Measurements on stable '2°Te
were also performed under the same conditions during the
same beam time, designated Run I in Table 1. Data from ring
1 were useful for determining B(E?2) values and Q(ZT), but
were of insufficient statistical 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 ten azimuthal segments in ring 2, and 12
azimuthal segments in rings 3 and 4.

To calibrate the RIV interaction, additional experiments
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 CLARION was reduced to three detectors
in the 8, = 90° ring (at ¢, = 102.9°, 154.3°, and 205.8°) and
three detectors in the 6, = 132° ring (at ¢, = 154°, 206°,
and 334°).

The v/c exit-velocity values of the excited ions reported in
Table I were measured directly from the observed Doppler-
shifted y-ray energies on a per BareBall ring basis. These
values were confirmed by comparing them with expectations
based on kinematic calculations and experimental energy-loss
measurements with the Bragg-curve detector.

III. 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 '»Te
correspond to decays from the 3/2% and 5/27 states at 444 and
463 keV, respectively, to the 1/2% ground state and 3/2% state
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FIG. 1. Examples of y-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.

at 35 keV. The 636-keV line between the 671-keV 5/2% and
35-keV 3/27 states bypasses the states of interest. As evident
in Fig. 1, there is weak feeding from higher-excited states into
the states of interest, particularly for '>>Te; this feeding was
included in the evaluation of the angular correlations, however
the difference between including and neglecting the feeding
was negligible.

Particle-y angular correlations for '**Te and '*>Te are pre-
sented 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(6,,6,,¢, —
¢p,), is normalized to the coincidence rate summed over all
of the particle detectors in the particular BareBall ring, the
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FIG. 2. Angular correlations of '2Te excited on Ti. (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 correlations. See text for details of
the normalization procedure.

correlations. The transitions are 444 keV (3/25 — 1/27), 408 keV
(3/25 — 3/2), 463 keV (5/2 — 1/2}), and 428 keV (5/2} —
3/21). See text for details of the normalization procedure.

unperturbed angular correlations can be calculated with no
free parameters. In other words, this normalization procedure
factors out the y-ray detection efficiency, giving

N(vaey"f’y - ¢p[) _ W(Qpagyv‘f’y - d)l’i)
S VK N(0),0y .0y — ¢p)/ Nk W(0,.6,)

where Ny, is the number of detectors (i.e., azimuthal segments)
in the BareBall ring and W(6,,6,) is given by Eq. (1) with
g = 0. (The subscript i is included in the designation of the
particle detection angle ¢,, in order 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
attenuation factors, G, and G4.

The '*°Te angular correlation data from BareBall rings 3
and 4 are represented in Fig. 4; these data largely determine
the g factor, whereas ring 2 contributes little to the g-factor
measurement. Because the statistics of this radioactive beam
measurement are low and distributed over more than 300
individual particle-y combinations, it is difficult to judge the
shape of the angular correlation and the overall statistical
quality of the angular correlation measurement visually from
a plot showing the individual data points. For presentation,
therefore, the experimental data have been combined to
produce six or seven 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 6, =
154° data.

. @

B. Measured attenuation coefficients G

Table I indicates that the recoil velocity of the Te ions varies
strongly with the scattering angle, and hence the BareBall

014321-3



A. E. STUCHBERY et al.

W(By,A(I))

0 45

90 135 180 O

Ad (deg)

45 90 135 180

FIG. 4. Angular correlations of '*Te excited on Ti. (a), (b)
correspond to 6, =90°, (c), (d) to 6, =132°, and (e), (f) to
0, = 154°. To give a visual representation of the overall statistical
quality of the angular correlation data, individual 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.

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 calibration of the hyperfine
interaction is therefore needed for each BareBall ring. There
are small variations in recoil velocity from isotope to isotope,
but as discussed below (Sec. 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 G, and
G4 for each BareBall ring (combining data for 6, = 90° and
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0, = 132°) and for the series of calibration measurements
on stable Te isotopes (Run II), along with the previously
determined g factors and lifetimes.

C. RIV formalism

Before relating the measured attenuation coefficients, Gy, 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 electronic
configuration of spin J, which produces an effective magnetic
field B at the nucleus, is given by

Gi(t) =Y Cf (k) cos(wrpt). 3)
F.F’
where
un (F(F+1)— F'(F'+ 1)
 =g—B 4
wrr =8, 27 @
and

, QF+1DQF +)(F F k)
Ciy (= 20 +1 {1 I ]}' ®)

Note that the attenuation coefficients G, and G4 differ only
through the k value in the 6 symbol in Eq. (5). However, for
the same atomic configuration with spin J, the G are different
for different nuclear angular momenta, /, which also changes
the range of values of the total angular momentum, F, in the
above formulas.

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 excited atomic states.
Consequently, there is a superposition of many hyperfine
frequencies that gives a quasi-exponential time dependence to
the vacuum attenuation factors, G(¢). Thus the alignment of
the nuclear state, and hence the anisotropy of the y-ray angular
correlation, 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 quasiexponential time dependence for G (z),
have been given in Refs. [13,35].

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

Nuclide " E, (keV) gt ° (ps) Ring 2 Ring 3 Ring 4

G, G, G, G, G, G,
127Te 2+ 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)
124Te 2+ 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)
126Te 2+ 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)
130Te 2+ 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)
123Te 3/2% 444 0.59(5) 27.6(9) 0.252(15) 0 0.202(7) 0 0.172(6) 0
125Te 5/2* 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)

2g factors from Refs. [27-29].
Lifetimes from Nuclear Data Sheets [30—34].
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D. Calibration: Relating G, to g factor

Equation (5) indicates that G, and G4 are intimately
related to each other, although in the case of a complex
superposition of static and time-varying hyperfine interactions,
that relationship is not readily calculated from first principles.
As evident from the results in Table II, experimental G,
and G4 values can be determined independently from fits
to angular correlation data. It is advantageous to explore
the empirical relationship between G, and G4 from the
stable-beam calibration data with a view to constraining it
before fitting the much lower statistics radioactive beam data
for 0 Te.

We begin with the fluctuating-field model of Abragam and
Pound [36] for pure magnetic interactions, which does specify
a simple relationship between G, and G4, namely,

0.3G,
=— 6
YT 12076, ©
To parametrize the data we generalize this form as
aG¥
Go=—2 ™)
1 - -a)G,

which has the correct limits that G4 — 0 as G, — 0 and
G4 — las G2 — 1.

The experimental data for '2%124126.130T¢ are displayed
in Fig. 5, along with fits to Eq. (7). For comparison, the
Abragam-Pound expression, Eq. (6), is shown, along with
the relationship between G, and G4 implied by the empirical
static model used in recent work to obtain g factors in *>1**Te
[13,14]. The parameters resulting from the fits are included in
Table II1.

The approach to relate the observed attenuation coefficients
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 ¢4 at the
limit of long times

Gi(t) = ag + (1 — ap)e ™. ®)

The experiments considered here determine the time-integral
attenuation factors

GP(r) = /00 Gr(t)e /*dt/, )
0

where 7 is the mean life of the nuclear state. Thus the integral
attenuation coefficients have the form

Gr(m=oar+ (1 —a) (10)

14+ Tkt

TABLE III. Parameters a and p of G4 versus G, fits, Eq. (7), and
parameters of G, versus gt fits, Eq. (10), for each BareBall ring.

ng a D (0%) Cz Oy C4

2 023  0.60 0.16(2) 1.10(7)  0.09(1)  0.50(3)
3 043 0.86 0.14(1) 0.71(3) 0.08(1) 0.37(2)
4 048 0.86 0.13(1) 0492) 0.09(1) 0.30(2)
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FIG. 5. Experimental data and G4 parametrized as a function of
G, 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”t used in the g-factor analysis give the red dot-dashed
lines, which are almost indistinguishable 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).

The dependence on the g factor is given by
Iy =18"1/Cx, an

where Cj 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 transitions) corresponds

014321-5



A. E. STUCHBERY et al.

to n =2 [36]. The parameters C», Cy4, o3, o4, and n were
determined based on experimental data for the excited states
with known g factors and level lifetimes in the Te isotopes, as
listed in Table II. On the one hand, the relationship between
G, and G4 is constrained by the data on the even isotopes,
as presented in Fig. 5, while on the other, the 125Te data are
particularly important to determine the value of » and to set
the value of a;. More specifically, the 3/2%, 444-keV state in
125Te, with mean life T = 27.6 ps and g factor g = +0.59(5)
[27-29], allows calibration of the RIV interaction out to the
necessary lifetime and determines the hard core, at least for
k =2. The 5/2% 463-keV state in '®Te, with ¢ = 19.1 ps
and g = +0.207(22) [27-29], has nearly the same g7 value as
the 2] state in '**Te (t = 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 G4 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 = 2.3703, n = 2.2704, and
n = 2110, 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 precedent 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 *°Te
g-factor analysis.

E. g-factor results

The g factor of **Te was determined by fitting the angular
correlation data (cf. Fig. 4) using Eq. (1) with the Gy
coefficients related to g2t through Eq. (10) and the parameters
for each BareBall ring as given in Table III. The result of the
fit to determine g2t for '*°Te is indicated in Fig. 6. A g factor
of (+)0.3470% was then determined using T = 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 y -ray detector
rings, albeit with larger statistical uncertainties. For example
analysis of data for BareBall rings 2, 3, and 4 individually gave
g =039 ¢ = 037705, and g = 0.30™) 02, respectively.

The g factor of the first-excited state of '*Te was
determined by the same procedures from the *°Te data taken
during Run I. The result is g(2%) = 0.318(10), including
statistical errors and the uncertainty in the lifetime, but no
uncertainty in the parametrization of G, versus g>t. The
adopted experimental value of the g factor is g = +0.339(13)
[27]. The difference between the adopted and extracted
g factors, 0.021 £0.016, gives an indication of the
uncertainty in the RIV calibration procedure. By adopting
a calibration that excludes the '»Te 3/2" state, which in
effect gives a better interpolation of the G; coefficients 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.
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FIG. 6. (a) Total x? versus g>t. (b)—(d) Gy versus gt calibration
curves (solid lines) for BareBall rings 2—4. The best fit g2t value for
136Te, and its uncertainty, is projected onto the curves (red filled). Also
shown are the calibration data for the stable Te isotopes that define
the G, curves [13]. Results for '*>Te are blue filled. Note that there is
no G4 term for I = 3/2 states and that the differences in G values
for I = 3/2,2,5/2 are negligible within the experimental uncertainty
(Sec. IV A). The dotted lines indicate the calibration curves that result
if the '®Te 3/2% state (extreme right data point) is ignored, which
effectively sets the hard core parameter oy = 0.

IV. DISCUSSION OF ANALYSIS PROCEDURES

The adopted g factor of *®Te 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 examine 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
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FIG. 7. Toy model Monte Carlo calculations of (a) G4(I =
5/2)/G4(1 =2), (b) G2(I =5/2)/G>(I =2), and (¢) G.(I =
3/2)/G,(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.

discuss the impact of the parametrization of Gy as a function
of g27,' rather than as a function of gr. 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 calculations
that might ultimately make empirical calibrations of the RIV
interaction unnecessary.

A. Nuclear spin dependence of G

Figure 7 shows toy model Monte Carlo calculations of
Gi(I =3/2)/G(I =2) and Gy(I =5/2)/G(I =2) as a
function of the nuclear mean life. The nuclear g factor was
setto 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 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 arule,
the variation of the attenuation coefficients for nuclear spins
I1=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 Gy values for the 3/2" and 5/2% states
in 'Te can be compared directly with those measured for
the 2" states of the even isotopes. Further insights into this
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o 1 2 3 4 5 6
atomic spin J

FIG. 8. Atomic spin (J) dependence of the hard-core vacuum
attenuation coefficients for nuclear spins I = 3/2, 2, 5/2.

equivalence can be gained from Fig. 8, which indicates that
the hard core values for the alternative nuclear spins converge
once the atomic spin exceeds J = 2.

B. Parametrization of G,: g>t versus gt

If the data for the 5/2% level of '*Te are ignored (not
a justified procedure, particularly as consistent G values
are extracted from both the 463-keV E2 transition and the
mixed multipolarity M 1/E?2 428-keV transition), then the G
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 *°Te g factor extracted based on this parametrization
is then g = 0.28™0 2. (The uncertainty in the lifetime is not

1.0 ‘
Ring 3
I 1257¢ 5/2* 1
o 05 © 4
: G
L ‘ ) |
L Gy
0.0 : : ‘
0 5 10 15 20
gt (ps)

FIG. 9. Gy versus gt calibration curves for BareBall ring 3
ignoring data for the 5/2" state in '®Te. The best fit g7 value for
136Te, and its uncertainty, is projected onto the curves (red filled). See
also Fig. 6.
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FIG. 10. Dependence of the parameters (a) o« and (b) Cy,
Egs. (10) and (11), on ion velocity. Lines indicate linear fits.

: : 0.0
included.) This value should be compared to g = 0.3470(7

from the equivalent analysis assuming G is a function of g*t.
The two values overlap within uncertainties.

C. Influence of hard core on g factor

If the data for the 3/2% level of '*Te are ignored, the
hard core value is not well defined experimentally and indeed
fits to the remaining data favor oy = 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 G
is parametrized as a function of g?z. 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 ex-
tracted 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 kinematic
conditions by adjusting the beam energy, the different 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, Eqs. (10) and (11),
as a function of ion velocity, as shown in Fig. 10. The hard
core values, oy, are insensitive to the ion velocity, whereas the
Cy values decrease with increasing velocity, approximately
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linearly. Noting that the extracted value of g? 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 C;
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 multiconfig-
uration Hartree-Fock (MCHF) atomic structure package [15],
[19] and GRASP2K [20], it has become reasonable 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 deori-
entation coefficients for the calculated hyperfine interactions
up to a cut-off in excitation energy, assuming a weighting
factor of (2J + 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 5450Fe jons at v /c ~ 0.08 [40]. This static model
can then be improved by including the effect 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 effect of atomic transitions and
applying it to the tellurium 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 recognition,
based on atomic calculations, that many electronic states have
lifetimes comparable to or shorter than the nuclear lifetime and
that atomic transitions may therefore contribute strongly to the
observed average hyperfine interaction. Indeed the empirical
modeling of the hyperfine 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 calculations
impractical at present is that the initial population 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 hyperfine interactions for Ge and
Se ions carrying ~12-15 electrons, as reported in Ref. [35].
The difference in the G versus gt dependence is prominent in
the hard-core region, and apparently stems from a difference in
the average atomic angular momentum in the range between
J =1and J =2 for Ge versus Se ions within about 10 ps
of the ions entering vacuum. This observation implies 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
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FIG. 11. First-excited 2" state g factors as a function of the
valence proton fraction, N,/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 Ry = E,(4])/E.(2]). Note that only the N =
82 and N = 84 isotones have Ry, < 2.

evident in Fig. 8, the hard core attenuation 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 dominated 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 cal-
culations can reliably calculate the RIV hyperfine interaction
for complex many-electron ions. Experimental 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 27 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 **Te
with two valence protons and two valence neutrons outside
1328n is in excellent agreement with the g factors of other
nuclei with equal numbers of valence protons and neutrons (or
proton holes and neutron holes) in the major shell. For these
nuclei N, = N, and N, = N, + N, so N,/N; = 0.5, where
N,(N,) is the number of valence protons (neutrons) and N; is
the total number of valence nucleons. Besides *®Te the other
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nuclides with N,/N, = 0.5 are 'Xe, '*Ba, '**Ce, '°Gd,
164Dy, and '*Er.

The g factor of 136Te however, is not in agreement with
the g factors of the other N = 84 isotones '“*Ce and '**Nd.
A reduced g factor, well below Z/A, when two neutrons
are added outside N = 52 has been observed for *°Sr [42],
271 [43], and **Mo [44]. In these cases the added neutrons
occupy mainly the vds,, orbit. Several theoretical calculations
[2,3,18] anticipated similar behavior for 136Te which is not
observed. The change in the behavior of the g factors, which
decrease along N = 84 from 136Te to 1**Nd, can be related
to differences 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 coupling
model calculations by Copnell et al. [47] predicted decreasing
g factors from '*®Xe to **Nd, which track with a de-
creasing particle-core (i.e., neutron-proton) coupling strength
along the sequence. The N = 86 isotones with measured g
factors, namely 140xXe 48], '“*Ba [49], *°Nd [50], and "*¥Sm
[51,52], show a similar but possibly less-pronounced trend.
The fact that the proton Fermi surface is moving through the
7 87,2 subshell into the 7 ds/, subshell and toward the Z = 64
subshell closure, while the neutrons remain mainly in the
V7,2 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 iso-
topes with two and four neutrons or neutron holes rel-
ative to '3>Sn. All proton single-particle orbits in the
Z = 50-82 shell (JT1g7/2,2d5/2,2d3/2,3sl/2,1]’111/2) were in-
cluded. For the cases with N < 82 all neutron orbits in
the N = 50-82 shell (U]g7/2,3d5/2,3d3/2,3sl/2,1]111/2) and
for N > 82 all neutron orbits in the N = 82-126 shell
(U1h9/2,2f7/2,2f5/2,3[)3/2,3[)1/2, 1i13/2) were included. Single
particle energies were set by reference to the low-excitation
spectra of '3*Sb and '*3Sn for protons and neutrons, re-
spectively, and '*!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, = 1.5¢ and ¢, =
0.5e. The effect of raising the neutron effective charge to
e, = 0.8e for N < 82 was also explored.

The effective M1 operator applied a correction §g;(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 M 1 oper-
ator is then similar to that of Jakob er 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 '*2Sn
with theoretical g factors evaluated with the bare and effective
M1 operators. The effective operator is essential to describe
states with a dominant g7/, configuration. Fortunately it
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TABLE IV. g factors of few-nucleon states near '**Sn.

Nuclide J* Main configuration g factor
Bare SM Exp [41]
s 7/2f g2 +0.491 +0.821 +0.857(3)
B34Te 2f w(gr2)? +0.514 +0.836 40.76(9)
4f +0.509 +0.832 +0.70%03
67 +0.514 +0.842 +0.847(25)
1351 7/2f w(gr2)® +0.492 +0.822 40.840(1)
BTe  7/27  m(grpk @ vy,  —0238 —0.272 —0.197(14)
B1%e  7/27  m(gip)e®vfin  —0240 —0251 —0.277(2)

is less important for vf;/,, configurations, for which there
is little experimental data, and moreover there is also a
discrepancy between the experimental 7/2~ ground-state mo-
ments of *Te and '¥’Xe, which are expected to have similar
values.

The g factors and B(E?2; 2;“ — OT) values for the Te and
Xe isotopes between N = 78 and N = 84 are compared with
experiment [1,7,12,14,18,27,48,55-57] in Fig. 12. Overall
the description of these electromagnetic 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 neutron 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(E?2) was observed in 136Te [11]. The new B(E?2) data are
seen to agree well with expectations, and the shell model
calculations also describe the g factors and energy levels
well (see Refs. [4,54]). In all, the results affirm the evidence
from mass measurements and neutron-separation energies

£ 1000 (@) 4+ 4
3
2 sool 4k ]
s
o 0f o 4+ 4
N 400} 4 4
3
Y 2001 4k ]

0.8 Te L

—~ 06 -

0.0 I I I I I I I I I I
78 80 82 84 86 78 80 82 84 86

N N

FIG. 12. Reduced transition rates and g factors of Te and Xe
isotopes spanning N = 82. The dotted lines in (a) and (b) correspond
to an increased neutron effective charge of ¢, = 0.8 for N < 82.
Experimental data from Refs. [1,7,12,14,18,27,48,55-57].
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[58-61], decay spectroscopy [62-66], Coulomb excitation
[14,15,17,67,68], and transfer reactions [69,70], that '**Sn
is a good doubly magic nucleus. They furthermore indicate
that the nucleon-nucleon interactions based on a G matrix
derived from the CD Bonn potential with renormalization
carried to third order [4] are appropriate for neutron-rich nuclei
near 132Sn.

VI. SUMMARY AND CONCLUSIONS

The g factor of the first-excited state of '**Te with two
proton and two neutrons outside of the *2Sn double shell
closure has been measured by the recoil in vacuum method,
following Coulomb excitation of the radioactive **Te beam.
A detailed description of the analysis procedures has been
given. The approximations employed in the analysis have
been described and assessed, demonstrating a robust resultant
g factor.

The experimental g factor fits well with systemat-
ics of other nuclei with equal numbers of valence pro-
tons and neutrons in the 50 < Z < 82 and 82 < N <126
major shell but an unexpected trend in g(2]) for the
N = 84 isotones, which decrease from 'Te to '**Nd, is
exposed.

Shell model calculations with interactions derived from the
CD Bonn potential show good agreement with the g factors
and E?2 transition rates of 2% states around '*2Sn, confirming
earlier indications that *>Sn is a good doubly magic core.

The methodology described here could be applied for
similar simultaneous measurements of B(E2), Q(2%), and
g(2%) in other regions of the nuclear chart. For example,
applications to few-nucleon 27 states around 2**Pb would be
of considerable interest. The shell structure in the neutron-rich
1328n region can be compared with that in the vicinity of
stable 2Pb [71,72]. While the high-spin structure has been
quite thoroughly studied experimentally around 2°*Pb, the
electromagnetic properties of low-excitation, low-spin states
associated with a few pairs of valence nucleons outside
208pb have not. Thus direct comparisons of the related
few-particle states around '*Sn and 2®Pb are currently
limited by the lack of experimental data on electromagnetic
properties near 2Pb rather than near '*>Sn. Measurements
of the type proposed here on 2!°Pb, ?!°Po, and ?'*Po would
géable comparison with their equivalents, 1348n, 13 Te, and

Te.
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