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The g factor and B(E?2) of the first excited 2% state have been measured following Coulomb excitation of
the neutron-rich semimagic nuclide '**Te (two protons outside '*?Sn) produced as a radioactive beam. The
precision achieved matches related g-factor measurements on stable beams and distinguishes between alternative
models. The B(E2) measurement exposes quadrupole strength in the 2} state beyond that predicted by current
large-basis shell-model calculations. This additional quadrupole strength can be attributed to coupling between
the two valence protons and excitations of the '*2Sn core. However, the wave functions of the low-excitation
positive-parity states in '**Te up to 6] remain dominated by the 7 (g7/,)* configuration.
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Nuclei with a few protons or neutrons outside a double-
magic closed-shell nucleus are of special interest because the
spectroscopy of their few-particle excitations gives important
insights into the properties of the nucleon orbits, as well as the
extent to which the core is inert. This Rapid Communication
reports on the Coulomb excitation of a radioactive beam of
34Te (T}, = 42 min), the semimagic N = 82 nucleus with
two protons outside the neutron-rich, double-magic nucleus
1328n. Despite the expected simple two-proton character of
134Te, the theoretical predictions of the g factor of the first ex-
cited state range from 0.5 to 0.86 [1-4]. Both the gyromagnetic
ratio (or g factor) of the 2;’ state and the reduced transition
probability, B(E?2; OT — 2?') = B(E?2) 1, were measured.

Gyromagnetic ratio measurements on excited states of
radioactive beams are challenging, and very few cases have
been measured. The recoil in vacuum (RIV) method was
first applied to a radioactive beam of '3?>Te by Stone et al.
[5]. We recently reported B(E2) 1 and g(21+) measurements
on the neutron-rich isotopes '°Sn and '“Sn [6-8]. The
B(E2) * measurement for '3*Te was a pioneering case of
Coulomb excitation on radioactive beams [9,10]. Here the
precision has been improved significantly. The present work
on '3*Te represents an advance in RIV g-factor measurements:
134Te is further from stability, only two nucleons away from
1328n, and being semimagic has a relatively low excitation
probability. Even so, the measured g factor has a precision that
rivals traditional measurements on stable beams. Moreover, it
distinguishes between the alternative models [1-4], and the
precise B(E2) measured simultaneously reveals an unexpected
level of quadrupole collectivity in the first excited state.

The measurements were performed at the Holifield
Radioactive Ion Beam Facility (HRIBF). Beams of 130Te and
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radioactive **Te (94.4% pure), at an energy of 390 MeV,
were Coulomb excited on a ~1 mg/cm? natural C target. The
130Te beam was also excited at 342.8 MeV on the C target
to check that the Coulomb excitation was “safe.” A Bragg
detector placed behind the target measured the energy loss of
the 390-MeV '*'Te beam in the target to be 86(1) MeV. The
134Te beam, with intensity near 107 ions /s, was incident on the
target for ~3 days. Some data were taken for the **Te beam
excited on an ~0.8 mg/cm? Mylar target.

Recoiling target nuclei were detected in three rings of the
“bare” HyBall array (BareBall) [11], namely, ring 2 = 14° —
28° relative to the beam direction, ring 3 = 28° — 44°, and ring
4 = 44° — 60°. BareBall is a minimum-absorber, 27 version
of HyBall. Coincident y rays were detected in three rings
of the CLARION array [12], which was configured with five
Compton suppressed Clover detectors at 90°, three at 132°, and
two or one at 154° for the '34Te and '3°Te beams, respectively.
The Clover detectors were at a distance of 21.75 cm from the
target. The experimental trigger required either scaled-down
particle singles or a particle-y coincidence.

The total particle-gated y-ray spectra for excitation of
the 390-MeV beams are shown in Fig. 1. Whereas the
B(E2) is determined primarily by the ratio of the to-
tal y-ray intensity to Rutherford scattering, the g-factor
measurement requires a detailed analysis of the particle-y
angular correlations. In the presence of vacuum deorienta-
tion, the particle-y angular correlation takes the form (see,
e.g., Ref. [13] and references therein) W(6,,6,, A¢) =1+
> kg Beg(0,) 0k G Fi Di(Ad, 6, 0), where 6, and 6, are the
polar detection angles for particles and y rays, respectively.
Ap = ¢, — ¢, is the difference between the corresponding
azimuthal detection angles. The attenuation coefficients Gy
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FIG. 1. Carbon-gated and Doppler-corrected y-ray spectra for
(a) stable *Te and (b) radioactive **Te.

specify the vacuum deorientation effect, and By, (6,,) is the
statistical tensor, which defines the spin alignment of the
initial state. F} represents the usual F coefficient for the y-ray
transition, and Qy is the attenuation factor for the finite
size of the y-ray detector. D’;S(Aqﬁ,Gy,O) is the rotation
(Wigner- D) matrix. For E2 excitation, the “rank” kisk = 2,4
and —k < g < k.

The three rings of the BareBall array and the three rings
of the CLARION array were used to construct nine particle-
y angular correlations in A¢. Results for the '*Te beam
excited on the C target are shown in Fig. 2. The angular
correlations for '*°Te are very similar to those published
previously [5]. Examples of unperturbed angular correlations
have also been given in Ref. [5]. Analysis procedures followed
those described for the B(E2) and g-factor measurements on
124=12881 [6,7]. The stopping powers for Te in carbon used
in the analysis were chosen to reproduce both the measured
energy loss in the target and the observed y-ray Doppler
shifts. Results are summarized in Table I, which includes
comparisons with previous B(E?2) values [9,10,14,15]. It can
be seen that the present results are in excellent agreement
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FIG. 2. Angular correlations for '**Te excited on C. The unper-
turbed correlation is shown by the dashed curve; solid lines show the
best fit to the attenuated correlations.

with the previous measurements, and that the precision of
the B(E2) for '**Te has been improved by a factor of
three.

The product of the g factor and level lifetime, |g|z,
was determined directly from fits to the angular correlations
by expressing the attenuation coefficients G, and G4 as a
function of |g|t. To calibrate the hyperfine interactions, the
present results for 390-MeV 130Te excited on C, under the
same experimental conditions as the '3*Te measurement, were
combined with previous RIV calibration data for Te ions
obtained using the BareBall and CLARION arrays [5,7]. The
fitting procedure is illustrated in Fig. 3. A model-based fit
to the calibration data on '22Te, '°Te, and '*°Te has been
used to extrapolate towards |g|t = 0, as described in Ref. [7].
The resultant g factor for **Te is not very sensitive to the
exact functional form assumed for the G versus |g|t curve.
For example, in a previous analysis of the g factor of '3?Te,
it was assumed that G, = C;/(Cr + |g|t), where the Cj
parameters were fitted to the calibration data on the stable Te
isotopes [16]. An analysis of the '*Te data using this purely
empirical approach gives results that differ by a negligible
amount (about 1%) from the present, more refined, procedures.

TABLE I. Summary of results.

Nuclide Epeam (MeV) Target B(E2) 1 (? b?) lglT (ps) t(2)) (ps) 22
Present Previous?®

130T 343 C 0.280(12) 3.50(15)
390 C 0.292(10) 3.36(11)

0.291(10)° 0.295(7) 3.37(11)°

134T 390 C 0.104(4) 0.116(12) 0.83(9) 1.14(5)

Mylar 1.0(2)
0.87(8)° (4+)0.76(9)¢

aValue for '**Te from [14]; value for '**Te is an average of 0.114(13) [9,15], and 0.13(4) [10].

® Average value.
‘Includes 6% uncertainty in hyperfine field strength.
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FIG. 3. (a) Total x? (for both targets) versus |g|t for '**Te.
sz(min) = 1.03. (b) G, versus |g|t calibration curves for BareBall
ring 3. The best fit |g|t value for '**Te, and its uncertainty, is projected
onto the curves (filled circles). Also shown are the present BareBall
ring-3 data (squares) and the data from [5] (triangles) for *°Te which,
together with additional measurements [7], define the calibration
curves [16].

An additional cross-check on the reliability of the calibration
procedures is provided by the comparison, in Ref. [7], of our
recent RIV g-factor measurement on '>Sn with independent
transient-field measurements. In the case of 12#Sn, the required
extrapolation is much larger than required here.

An uncertainty of 6%, which originates mainly from the
uncertainties in the adopted g factors of '3Te and *0Te [17],
is assigned to the calibration of the hyperfine field strength
[7]. The present g(2;") measurement on the radioactive beam
matches the typical precision of the g(Zf) measurements on
the stable N = 82 isotones between lggXe and l‘é‘;Sm [18].
Although the RIV method does not determine the sign of the
g factor, a positive value for g(2]) in **Te is beyond dispute.

Figure 4 shows the experimental [5,15—17] and theoretical
[1-4] g(27) systematics for the Te isotopes near N = 82.
There is good agreement between theory and experiment for
130Te and '32Te; however, the theories do not agree for 3*Te.
Nevertheless, the two shell-model calculations [1,3] and the
quasiparticle random phase approximation (QRPA) calcula-
tion [2] in fact predict similar wave functions, dominated
by the m(g7 /2)2 configuration. The difference in predicted
g factors comes from the use of different M1 operators. The
M 1 operator can be written as

= (g +og)l+ (g +3g)s + gpl¥2, s, (1)

where g; and g, are the bare-nucleon orbital and spin g factors,
respectively. The anomalous orbital magnetism of the nucleon
8g; arises principally from meson-exchange effects, whereas
the anomalous spin g factor §g; and the tensor component
gp are mainly from first-order core-polarization effects. In
principle, 8g;, dgs, and g, all vary from orbit to orbit and
from nucleus to nucleus. In practice, it is common to adopt
“universal” values of §g; and 6g; across a range of nuclei. It
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FIG. 4. Theoretical g factors in the even Te isotopes near N = 82
compared with experiment [5,15-17]. Jakob et al. [1] and Brown
et al. [3] performed shell-model (SM) calculations. Terasaki et al. [2]
used the quasiparticle random phase approximation (QRPA), and
Shimizu et al. [4] used a Monte Carlo shell-model (MCSM) approach.

is also common to ignore the tensor term, i.e., put g, = 0, as
well as to set §g; = 0, and choose dg; so that the effective
spin g factor is quenched to about 0.7 times that of the free
nucleon [2,4].

The earlier shell-model calculations on the Te isotopes
[1] ignored the tensor term and chose the orbital and spin
g factors, 8g; = 0.13 and 8g; = —1.55 (or gy + 8g; = 4.04 =
0.72gf™¢), to reproduce the g factors of the low-lying 7/2F
(g7,2) and 5/2% (7t ds)2) states in the odd-Z, N = 82 isotones
near '32Sn. The more recent work of Brown er al. [3]
explicitly calculated the orbit-dependent core-polarization and
meson-exchange corrections to the M1 operator for nuclei
adjacent to '32Sn. For the mg;/» and 7ds), orbits, Brown
et al. [3] have quite different values of dg;(wg7/2) =0.113
and 8g;(mwds;) = 0.047, whereas the values of dg, ~ —2.1
and g, ~ 1.6 are similar for both orbits.

Despite the simplification of orbit-independent corrections
in Ref. [1], the calculated g factors for the lowest 2%, 4T, and
67 states in '3>Te and '3*Te are in close agreement with those
of Brown et al. [3]. This agreement comes about because the
g factor of the g7/, orbit (£ = 4) is strongly affected by dg;,
whereas the g factor of the wds, orbit (£ = 2) is less sensitive.

In contrast with these shell-model calculations, the QRPA
calculations of Terasaki et al. [2] use g, =0, §g; =0, and
quench the spin g factor to 0.7 times the free-nucleon spin
g factor. The g factor of the g7/, proton is thus ~0.84 in the
two shell-model calculations and 0.677 in the QRPA, mainly
due to the difference in the §g; values. Once these differences
are considered, the QRPA can be brought into agreement with
the shell model. In contrast, the Monte Carlo shell model
(MCSM) [4] used the same M 1 operator as the QRPA, so the
difference in predicted g factors for these two models implies a
difference between the wave functions, which requires further
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investigation, particularly as the MCSM calculation is two
standard deviations below the measured g factor.

The g factors of the longer-lived 4] and 6] states in
134Te have been measured previously [19,20]. To the extent
that these states can be associated with pure (g7 /2)2
configurations, their g factors should be the same as those of
the ZT state. Simple rules then also govern the E2 transitions
connecting these states.

Additional shell-model calculations, using OXBASH [21],
were therefore performed to enable comparisons of E2
transition rates along with g factors in '3#Te. The interactions
and model space were those of Brown er al. [3], but the
empirical M1 operator of Jakob et al. [1] was used. E2
transition rates were evaluated using an effective proton charge
of e, = 1.5e. Calculations were performed for the full model
space, which included all orbits in the major shell (g7/2, ds2,
8172, hi12, d32), and also for the simplified case wherein the
two protons were restricted to the g7/, orbit.

The calculation in the restricted basis serves two purposes.
First, by comparison with the calculations in the full valence
space, the (g7 /2)2 model gives a reference to measure the
importance of configuration mixing in the valence space.
Second, it also provides a benchmark for the particle-vibration
model calculations to be discussed below, which aim to test
the impact of '32Sn core vibrations on the low-excitation
structure of '**Te. Both the large-basis shell model and the
particle-vibration model collapse to the 7 (g7 /2)2 model in their
limiting cases. It therefore provides a common link between
these two models, which taken together allow an assessment
of the quality of '3>Sn as an inert double-magic core.

The results of the calculations are presented in Fig. 5. The
shell model accurately predicts the experimental g factors and
points to rather pure 77 (g7/2)* configurations for the 27, 41, and
6;“ states in '3*Te. However, this conclusion is challenged by
the B(E2)data, where the shell model is in excellent agreement
with experiment for the 6 — 47 and 4 — 2 transitions,
but the theory falls short by ~30% for the 2] — 07 transition.

Adjusting the proton effective charge cannot account for
this added collectivity in the 2| state without spoiling the
agreement for the decays of the 47 and 6 states. In the
following discussion we therefore consider the effect of core
excitations on the E?2 transitions and g factors.

The first excited state of '3?Sn at 4.041 MeV is a 2*
state, with an E?2 transition strength to the ground state
of 7(3) W.u. [22,23]. The effect of this core excitation on
the valence nucleons was evaluated by performing particle-
vibration model calculations in which two g7,, protons were
coupled to a 2 core vibration using the formalism of Heyde
and Brussaard [24]. The excitation energy and E?2 transition
strength of the 2;“ state in '32Sn set the parameters of the core
vibration. Nucleon-nucleon interactions were described by a
surface-§ interaction. The strength of the coupling between
valence nucleons and the core vibration was set to & = 1.5,
a value applicable for nuclei with A ~ 140 [24]. The E2
transitions were evaluated using e, = 1.3¢, a value somewhat
smaller than that needed in the absence of core excitations, as
expected. No attempt was made to further tune the parameters.
In the limit of no coupling between the valence nucleons
and the core, the particle-vibration wave functions become
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FIG. 5. Electromagnetic properties of the 27, 47, and 6] states
in 1*Te: (a) g factors and (b) B(E2;J — J — 2). The dark solid line
shows the shell-model calculation in the full valence space, including
all proton orbits in the major shell between Z = 50 and Z = §2. The
dashed line is the shell model with the two protons restricted to the
7 g7, orbit. The gray line is a particle-vibration model calculation in
which two protons in 7 g7/2 are coupled to the 2 excitation of '*2Sn.

identical to the restricted shell model with the two protons
confined to g7 /5.

Results of the particle-vibration calculations are shown
in Fig. 5. The g factors are affected very little by the
core vibration, but the E2 transition strengths are increased
significantly, especially for the 2] — 0] transition. Coupling
between the core vibration and the valence nucleons accounts
for the shortfall in the shell-model calculation for the 2] — 07
transition. We therefore have clear evidence that the single-
particle orbits outside '3>Sn are affected by vibrations of the
core. Nevertheless, the influence on the wave functions of the
states in '**Te, and hence the g factors, is small. The 2T state
remains ~95% (g7 /2)2, while the 4T and 6?’ states are ~98%
7(g72)*.

To sum up, we have measured the g factor of the 27
state in the N = 82 nucleus '**Te simultaneously with a
precise measurement of B(E2; OT — 2?’). Differences in
theoretical predictions for g(2f) arise because the g factor
is sensitive to both the wave function and the M1 operator.
When an appropriate M 1 operator is used, the electromagnetic
properties of the low-excitation states of '3*Te are generally
well described by the shell model, even in the approximation
that the two protons are restricted to the g7, orbit. However,
there is evidence of additional quadrupole collectivity in the
2] state that can be attributed to coupling between the two
valence protons and excitations of the '*2Sn core. The present
work demonstrates the power of combined B(E2) and RIV
g-factor measurements on radioactive beams.
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