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Observations of the Gamow-Teller resonance in the rare-earth nuclei
above 146Gd populated in β decay
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The rare-earth region of the nuclear table around the quasi-doubly magic nucleus 146Gd is one of the very few
places in which the Gamow-Teller (GT) resonance can be populated in β decay. The appropriate technique to study
such a phenomenon is total absorption spectroscopy, thanks to which one can measure the B(GT) distribution in
β-decay experiments even when it is very fragmented and lies at high excitation energy in the daughter nucleus.
Results on the GT resonance measured in the β decay of the odd-Z, N = 83 nuclei 148Tb, 150Ho, and 152Tm are
presented in this work and compared with shell-model calculations. The tail of the resonance is clearly observed
up to the limit imposed by the Q value. This observation is important in the context of the understanding of the
“quenching” of the GT strength.
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I. INTRODUCTION

β-decay studies are among the most powerful tools one can
use to understand the nuclear structure of atomic nuclei. The
process itself is well understood and has been known for many
years. The operators responsible for the transition between the
parent state and the states populated in the daughter nucleus—
the στ in the case of Gamow-Teller or the τ operator in the case
of Fermi—are simple and selective, and, therefore, when the
transition is allowed, the study of the β decay is an attractive
tool to check nuclear models. In the first case, Gamow-Teller
(GT), the transition between the parent and the final state in
the daughter nucleus can change one unit in spin as well as in
isospin; in the second case, Fermi, only the third component of
the isospin changes. If we look at this process from the shell-
model single-particle point of view, we can imagine β+ (β−)
as the process where a proton (neutron) is transformed into a
neutron (proton), and the transition can occur between identi-
cal orbits (Fermi and GT) or between spin-orbit partners (GT).
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If we restrict ourselves to β+ decay, the subject of this
article, and for nuclei with Z < N , the Fermi transitions are
forbidden, and the GT transitions are, in general, severely
hindered [1]. The reason for the hindrance is that in trans-
forming the available protons into neutrons the corresponding
allowed orbitals on the neutron side are often occupied. There
are, however, some exceptions, for instance, in N ≈ Z nuclei
around mass 70–80 [2–4], where protons and neutrons fill
orbitals with the same quantum numbers. The other possibility
is when protons fill a certain orbital J> and its spin-orbit
partner J< is still empty on the neutron side. Two such
examples are the nuclei around 100Sn [5–8], where protons
from the intruder orbital g9/2 can decay to the empty or
partially occupied g7/2 orbital on the neutron side, and the
rare-earth nuclei above 146Gd [9], in which the intruder h11/2
orbital is being filled with protons that can decay to the empty
h9/2 neutron orbital. The latter case is the subject of the
present work.

146Gd has a very special feature only shared by the doubly
magic 208Pb; it is an even-even nucleus but its first excited state
has spin-parity Jπ = 3− instead of 2+ like most of the other
even-even nuclei [10,11]. However, the transition probability
[B(E3)] from this state to the ground state is very large, a factor
of ≈37 compared with the single-particle estimate [11]. The
same effect occurs in 208Pb, and it is a clear indication of the
highly collective character of the 3− state. These similarities
between the two nuclei made people think of 146Gd as a new
doubly magic nucleus. Although this is clearly not the case, it is
possible to consider 146Gd as a doubly-closed-shell nucleus in
many respects. For instance, the existence of a double octupole
state with Jπ = 6+ and its characteristic deexcitation cascade
of two E3 electromagnetic transitions (6+ → 3− → 0+) has
long been sought in 208Pb as well as in 146Gd but it has only
recently been observed in the latter [12].
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Following the shell-model approach, there are five orbitals
between the magic numbers 50 and 82: 1g7/2, 2d5/2, 3s1/2,
1h11/2, and 2d3/2. 146Gd has 64 protons and 82 neutrons.
Obviously, it is magic in neutrons, but the filled proton orbitals
1g7/2 and 2d5/2 are well separated from 3s1/2, 1h11/2, and
2d3/2. Subtracting the separation energy for protons in 146Gd
and 147Tb and correcting for pairing correlations, an energy
gap of ≈2.4 MeV between 2d5/2 and the group of three free
orbitals 3s1/2, 1h11/2, and 2d3/2 (which lie within ≈260 keV of
each other) [13] is obtained. In this article we deal with nuclei
with Z > 64 and N > 82. These nuclei will be interpreted in
terms of a few valence particles outside the 146Gd core.

If we treat nuclei in this region as a 146Gd core plus a
number of extra active particles, then, as we add protons to
the core ( 147Tb, 148Dy , . . .), we start filling the upper orbitals
3s1/2, 1h11/2, and 2d3/2. Among them, only h11/2 presents
the possibility of an allowed GT decay πh11/2 → νh9/2. In
this work we study this allowed transition as we increase
the number of protons filling the h11/2 orbital. In principle,
one might think that the best cases to study this decay are
the N = 82 isotones. However, the odd-proton N = 82 nuclei
have two low-lying states that β decay, one of them being the
g.s. and the other an isomeric state. Any radioactive samples
produced at mass separators will be a mixture of these two
activities and consequently be difficult to disentangle in a
β-decay experiment. Thus, if we study the N = 82 cases we
are limited to the even-even cases and therefore only to the
decay of protons pairs in the h11/2 orbital. Alternatively, if
we study the N = 83 cases there is no experimental problem
because, even though the odd-Z, N = 83 isotopes also have
two β-decaying states (for the sake of simplicity we refer to
them as isomers, although one of them will be the g.s.)—
one with spin-parity Jπ = 2− and the other Jπ = 9+—they
can be produced selectively by means of fusion-evaporation
reactions. We see later that the most likely configuration
of the low-spin isomer corresponds to an even number of
protons in the h11/2, whereas the high-spin isomer will have
one more unpaired proton in this orbital. In other words,
measuring the odd-Z, N = 83 isotopes above 146Gd, namely

148Tb, 150Ho, and 152Tm, we can cover the systematics of the
πh11/2 → νh9/2 decay in the region as we fill the h11/2 orbital
with approximately 0 to 5 protons. In this work we describe
the measurement and analysis of the odd-Z, N = 83 nuclei
148Tb and 152Tm. The other odd-Z, N = 83 nucleus which
is part of the systematics is 150Ho already analyzed by Cano
et al. [14] and presented elsewhere [15].

In the three odd-Z, N = 83 cases the low-spin iso-
mer (2−) can be well described by the configuration
[πd3/2 νf7/2]2−[π2n]0+ , and the high-spin isomer by the con-
figuration [πh11/2 νf7/2]9+[π2n]0+ . In both cases, the second
term represents n pairs of protons coupled to 0+ which,
owing to pairing correlations, partially occupy the three proton
orbitals d3/2, s1/2, and h11/2. Although this picture is only an
approximation to reality, it cannot be too far wrong because
in the framework of the proposed orbitals there is no other
combination of one proton and one neutron producing either
2− or 9+ low-lying states. The β decay of the low-spin isomer
can only happen by breaking a proton pair [h2

11/2]0+ , whereas
the high-spin isomeric decay (9+) will have two possible
decays, one corresponding to the breakup of the proton pair
[h2

11/2]0+ , just as in the 2− decay, and the other to the decay
of the unpaired proton in the h11/2 orbital necessary to make
the 9+. This extreme single-particle point of view is described
in Fig. 1. The proton pair of the figure represents in reality
an undefined number of proton pairs which will be close to
zero in the case of 148Tb, one for 150Ho, and two in the case
of 152Tm. Owing to pairing correlations there is always the
possibility of promotion of pairs across the gap at Z = 64.
This is the only way to have nonzero occupation in the h11/2

orbital in the case of the 148Tb 2− state and thus observe an
allowed decay.

Assuming the extreme single-particle approach explained
above, we can predict what we should observe in the decay of
these isomers. In principle, the decay of the odd proton in the
high-spin case will populate only one very well defined state
in the daughter nucleus with spin parity 8+. This state, in the
even-even daughter nucleus, is of two-particle (2p) character.
However, β decay breaking the proton pair in both the low- and
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FIG. 1. Extreme single-particle representation of the configuration of the two isomers in the odd-Z, N = 83 isotopes above 146Gd and
their allowed GT decay. Panel (a) represents the low-spin isomer and panel (b) the high-spin one. The shaded region represents the occupation
of proton pairs that may cross the gap at Z = 64 and the neutron occupation.
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high-spin cases can populate states with spins 1−, 2−, 3− in
the case of the low-spin isomer decay and 8+, 9+, 10+, in
the case of the high-spin isomer. They have four-particle (4p)
character and lie at higher excitation energy. One can make
a rough estimate of the excitation energy of these states. The
2p states will lie at twice the pairing energy for protons (the
energy necessary to break a proton pair) plus the single-particle
energies of the two protons. The 4p state energy will require
two times the proton pairing energy, plus two times the neutron
pairing energy plus the four single-particle energies. In general
terms, we can expect the 2p state at 2 to 2.5 MeV excitation
energy and the 4p states at 4 to 5 MeV.

In this work we study the decay of 2− and 9+ isomers
of 148Tb and 152Tm, and, for completeness, we include the
results from Ref. [14,15] for the decay of the two isomers
in 150Ho in our discussion. We describe in detail only the
experiment and the analysis performed in the 152Tm 2− case.
In the other cases the same accelerator facility, mass separator,
and total absorption spectroscopy (TAS) detector have been
used, and the analysis techniques are very similar. Therefore,
in the following we present a description of the experimental
facility at GSI (not anymore existing), where the experiments
were performed, a detailed description of the experiment and
analysis of the decay of 152Tm, and the results for all the
different decays studied here. Finally, we perform shell-model
calculations to compare with our results for the systematics of
the GT transition in the region.

II. THE EXPERIMENTAL TECHNIQUE

To determine the B(GT), it is necessary to know the half-life
of the parent nucleus, its QEC value, and the β population
to each excited state in the daughter nucleus, from now on
referred to as the β intensity distribution. The correct deter-
mination of the latter, which is normally extracted from the
β-delayed γ ’s, is often the most difficult part. Traditionally, it
is determined from the difference between γ intensity feeding
and deexciting each level in the decay scheme constructed
using Ge detectors. Unfortunately, in medium to heavy nuclei
this kind of measurement is often affected by the so-called
Pandemonium effect [16]. Owing to the low efficiency of
the Ge detectors, to the fragmentation of the β intensity in
regions of high-level density and to the fragmentation of the
γ intensity deexciting each level, a big part of the β intensity
at high excitation energy may be unobserved and erroneously
misplaced at low excitation energy.

The alternative experimental method used in this work,
the TAS technique [17], has been shown to overcome these
difficulties (see Ref. [18] and references therein). The main
idea is to build a detector with very high intrinsic efficiency
for γ rays and very good geometrical coverage, as close as
possible to 4π around the radioactive sample. In this way one
can detect the complete γ cascades produced after the β decay
rather than individual γ rays, and in this way determine the β
intensity at the right excitation energy.

The characteristics mentioned above were fulfilled by the
TAS coupled to the On-line Mass separator at GSI [19,20]. In
Fig. 2 this detector and the tape system which transports the
radioactive source from the collection point to the measuring
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FIG. 2. Total absorption spectrometer at the GSI on-line mass
separator (a). Simulated total and photo-peak efficiency for individual
γ rays at several energies (b). Note that in the β+/EC decays of interest
the γ multiplicity is, in general, larger than 1, which makes the total
efficiency close to 1 for most of the cases.

position inside the detector are shown schematically. As we
see, the main NaI crystal is a cylinder (∅ = h = 35.6 cm)
with a hole in the direction of the symmetry axis, forming
a well. The upper part of the well is closed by a plug
detector. The end of the plug holds the ancillary detectors: one
germanium planar detector (∅16 mm × 10 mm) to measure
the x rays and tag electron capture processes and two silicon
detectors to measure the positrons and tag β+-decay processes.
The top silicon detector (∅17.4 mm × 0.5 mm) sees the
source from above, and the bottom silicon detector, below
the source, was, in reality, a telescope (∅17.4 mm × 35 μm
and ∅27.4 mm × 0.55 mm) to measure not only positrons
but also protons or α particles. Below the bottom silicon
detector there is a piece of beryllium which acts as absorber
for the positrons. This is used to minimize the penetration of
the charged particles into the crystal. One should note that
the silicon-absorber mounting can be changed and has been
altered for the different experiments. In particular, when
measuring the 150Ho and 148Tb β decays the bottom silicon
detector was a single detector and the absorber was polyethy-
lene instead of beryllium.

One of the experimental challenges in the study of the
odd-Z, N = 83 isotopes investigated in this work was the
production of one specific isomer and not the other. For this
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purpose we made use of the fact that the 2− isomer is the
only one populated in the β decay of the even-Z, N = 82
parent nucleus. This decay proceeds mainly through a fast
GT transition to a 1+ state which, in turn, decays by an E1
transition to the 2− state of interest [9,21]. In particular, we
produced 152Tm 2− through the β decay of the even Z, N = 82
152Yb. The β decay of this nucleus proceeds with 87.2%
intensity to a 1+ state at 482 keV energy in 152Tm that decays
to the 2− isomer [21] (the remaining 12.8%, populating other
1+ states, will also deexcite to the 2− state and will never
populate the 9+ isomer). Summarising, we have produced
the 152Tm 2− isomer activity very cleanly by producing
and separating 152Yb. The fusion-evaporation reaction chosen
was 96Ru( 58Ni,2p) 152Yb. The energy of the 58Ni beam was
degraded using a Ta foil and the 92Mo target backing (facing
the beam) from 5.30 down to 4.53 MeV/u when entering
the target. The target was made of 96Ru (96.53%) and had
a thickness of 2.0 mg/cm2.

After the reaction, the products entered a FEBIAD (Forced
Electron Beam Induced Arc Discharge)-type ion source [22].
There an electron beam ionized the products to a 1+ charge
state and the ions were extracted with a 55-kV electrostatic
potential. The separator magnet was set to select mass 152.
The radioactive beam of this mass was then deflected vertically,
implanted on the tape and moved periodically to the measuring
position inside the TAS (see Fig. 2). As the measuring point
was in air and the beam came through a pipe with a quite high
vacuum, a differential pumping system was used to move the
source implanted on the tape from vacuum to 1 atm. Once every
eight cycles the separated radioactive beam was deflected to
another tape transport system coupled to a measuring station
equipped with a Ge detector at the ground level. During this
cycle the TAS was measuring background and the Ge detector
was used to monitor the production of the isotope of interest.
The collection-measurement cycle was chosen to be symmetric
and of 16 s. The trigger of the data-acquisition system required
a signal in the TAS detector (main NaI crystal or plug
detector). The direct spectra registered during the run under
the conditions explained above are shown in Fig. 3, in which
panel (a) shows the TAS spectrum, whereas the Ge-planar
spectrum is plotted in panel (b). It shows the characteristic
x rays associated with the different activities present in the
source. As can be seen, the spectrum is dominated by the x
rays of Er originating from the 152Tm EC decay, although
the Yb and Er activities are also present. In the following
we describe how we have analyzed the EC component of
the 152Tm decay. To this aim we have selected events in
the TAS in coincidence with the Er x rays, using the gates
shown in the bottom panel of Fig. 3. The analysis of the
EC component of the decay has two advantages over the
analysis of the β+ component. First, and most importantly,
the resulting TAS spectrum is very clean, and second, the
EC component extends up to 1022 keV more in excitation
energy than the β+ component. Once the EC-decay intensity
distribution is obtained, the total EC + β+ distribution can be
calculated using the tabulated EC/β+ values [23] and the QEC.
As mentioned above, the direct TAS spectrum is shown in
the top part of the figure. Even though this spectrum contains
the EC and β+ component of all the activities present in the
source plus the environmental background, one can already
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FIG. 3. Direct spectra obtained in the 152Tm 2− decay measure-
ment in the TAS (a) and in the x-ray detector (b). The shaded regions
represent the gates used in the analysis (see text).

discern a broad resonancelike structure between 4000 and
6000 keV. The TAS spectrum after setting up the gates on the
Er(Kα1) and Er(Kα2) x-ray peaks is shown in Fig. 4(a) in black.
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FIG. 4. (a) The TAS spectrum obtained by setting gates on the
characteristic Er x rays in the 152Tm2− measurement is shown in
black, and the spectrum of the relevant contaminants is shown in
gray; see text. (b) The resulting TAS spectrum of 152Tm2− after the
subtraction of the contaminants.
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Unfortunately, even with these very conservative (narrow)
gates, some counts coming from the tails of the neighboring
x-ray peaks, namely Ho(Kα1) and Tm(Kα2), are present in
the spectrum. A spectrum gated on these two contaminants
is shown in Fig. 4(a) in light gray. It was constructed using
the Tm and Ho x-ray gates, normalized with factors estimated
using the peaks at 482 keV (152Yb decay) and 180 keV (152Er
decay) visible in the TAS spectrum. In Fig. 4(b) the resulting
spectrum obtained after the subtraction of the spectrum of
contaminants is plotted.

III. ANALYSIS OF THE DATA: THE
EXPECTATION-MAXIMIZATION ALGORITHM

In ideal conditions, if the TAS had 100% peak efficiency
for γ rays over the whole energy range, the experimental
spectrum measured in the TAS would provide the β intensity
distribution folded with the energy resolution of the crystal and
the response of the detector to the positron when applicable.
In reality, it is impossible to construct such an ideal TAS
owing to the limited intrinsic efficiency of available scintillator
crystals and the limited solid angle one can cover. Moreover,
dead material inside the spectrometer such as the canning
of the NaI or the ancillary detectors further reduces the γ
efficiency. Another important point is the absorption in the
TAS of other kinds of radiation produced in the decay such
as β particles or the bremsstrahlung produced by them. In
practice, this means that what we obtained is related to the β
intensity through the response function of the spectrometer. A
nontrivial deconvolution analysis and a very well determined
response function are essential if we wish to extract an accurate
β intensity distribution. The method used to construct the
response function is explained in Ref. [24], and the method
of carrying on the deconvolution process is based on the
expectation maximization (EM) algorithm [25] adapted to the
specific case of TAS data in Refs. [26,27]. As explained there
the response function must be determined for each experiment
because it depends, first, on the specific set up and, second,
on each particular decay. In the following we explain how this
was done in the present case.

The first thing we need at this stage is to calculate the
response of the detector to γ and β radiation as a function of
energy and validate it with a well-known source. We used the
GEANT4 code [28] for the Monte Carlo simulations and a 24Na
source for the validation. In Fig. 5 we show the simulation
of the 24Na source compared with the measured one. The
gray shaded area shows the measured TAS spectrum from the
β decay of 24Na. It is overlaid with the simulated spectrum
shown as the dashed black line. The agreement is remarkably
good.

The following step is to construct the response function of
the detector for the specific case of interest. For this purpose
we need to know the decay scheme to some extent. More
specifically we need to know the deexcitation pattern of the
levels populated in the decay. In the case of 152Tm we have
used the information provided in Ref. [29] supplemented with
a preliminary evaluation of data for the same decay taken with
the six Ge-cluster detectors at GSI. This provided reliable
data up to 2129.0 keV and from that point on we have used the
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FIG. 5. Simulation of the β decay of 24Na (dashed black line)
overlaid to the measured 24Na source (gray shade). The counts beyond
the Qβ value correspond to pileup events.

statistical model. The parameters for the backshifted Fermi gas
model were a = 14.99 MeV−1 and 	 = 0.69 MeV [30,31].
These parameters were extracted from experimental data but
are also consistent with the parametrization of Ref. [32]. For
the branching ratios the parametrizations of Refs. [33,32],
and [34,35] were used for the E1, M1, and E2 transitions
respectively. The whole procedure is similar to that described
in detail in Ref. [26].

After constructing the response function we have used the
EM algorithm to unfold the experimental data. The resulting
intensity distribution is shown in Fig. 6(b). With these results
and the calculated response matrix we expect to reproduce
the experimental spectrum as a quality check on our results.
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FIG. 6. (a) Experimental spectrum measured for the 152Tm 2−

EC decay (gray shade). Overlaid, there is the recalculated spectrum
using the results after the analysis and the response function (dashed
line). (b) Resulting intensity distribution Iβ (E) after unfolding the
data. (c) 152Tm 2− β-decay B(GT) distribution. The gray shading
represents the uncertainty.
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This is shown in the top panel of the same figure (a),
where the gray shading shows the experimental spectrum
and the dashed line the recalculated one, constructed by
folding the intensity distribution obtained (b) with the response
matrix calculated previously. We can see that the recalculated
spectrum reproduces the measured spectrum remarkably well.
As anticipated earlier, a strong and very narrow resonance is
evident in the intensity distribution at ≈4.3 MeV excitation
energy in 152Er.

Once we have extracted the β intensity distribution from
the experimental data, we can calculate the β strength using
the following expression:

Sβ(E) = Iβ(E)

f (Qβ − E) T1/2
. (1)

Then from the β strength one can easily calculate the B(GT)
with Eq. (2). The units of the β strength Sβ and the B(GT) in
these equations are, respectively, s−1 and g2

A/4π ,

B(GT)(E) = K

(
gV

gA

)2

Sβ(E), (2)

where K = 6143.6(17) [36] and gA/gV = −1.270(3) [37].
It should be noted here that, even though the β intensity
distribution Iβ is defined for every possible excitation energy
in the daughter nucleus E, it has been rebinned in 40-keV
intervals during the analysis procedure. The reason is that the
response function of our detector has been calculated in bins of
40 keV and the resulting B(GT) is therefore in 40-keV energy
bins as well.

As we can see in Eq. (1), besides the β-intensity distribution
Iβ(E) extracted from the present experiments, one needs
the β-decay half-life and the QEC value. We have used the
half-life T1/2(152Tm2− ) = 8.0(10) s measured in Ref. [38]
and confirmed in Ref. [29]. For the QEC value we have
used QEC (152Tm2− ) = 8720(70) keV, taken from the Atomic
Mass Evaluation of 2012 (AME2012) [39]. Moreover, we
have extracted an independent value based on the end-point
energy of the EC spectrum in the TAS, QEC (152Tm2− ) =
8820(240) keV, which is compatible with the one given in the
AME2012 compilation but with a larger uncertainty. For the
high-spin isomer of 152Tm the situation is different: There
is no experimental measurement of its QEC value. Its mass
excess is given in the NUBASE2012 compilation [40] based
on systematics. This is the reason why, in this case, we have
used the value we obtained using the end point of the EC
spectrum in the TAS detector as in Ref. [41] (see Fig. 7):

QEC (152Tm9+ ) = 8680(240) keV,

which agrees with the NUBASE2012 value of 8834(100) keV
estimated from systematics [40].

Using the above-mentioned values and the statistical rate
Fermi integral tabulated in Ref. [23], we obtained the B(GT)
distribution shown in Fig. 6(c). We can observe the strong
resonance peaked at ≈4.3 MeV excitation energy in 152Er,
already visible in the Iβ(E), and now a tail which extends up
to the QEC value. One can observe oscillations in the strength
distributions above 6.5 MeV. These are likely to be artifacts
produced by the deconvolution procedure related to the low
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FIG. 7. End point of the EC-decay spectrum of 152Tm9+ mea-
sured with the TAS. The spectrum represents the square root of the
number of counts as a function of the energy as done in Ref. [41].
The solid line is a linear fit within the range 7000 to 8500 keV.
The dashed line is just to guide the eye to the crossing point
with the 0.

statistics at the end of the spectrum. The oscillations in the β
intensity are enhanced by the Fermi function (see discussion in
Ref. [27]). In particular, the peak at the end of the distribution
was removed from the evaluation of the B(GT) because it is
regarded unphysical. The gray shading in the figure is the
uncertainty and is mainly attributable to the uncertainties in
the QEC (largest contribution) and the half-life values. These
uncertainties also propagate to the sum of the B(GT), which

gives a value of
∑8.0 MeV

B(GT)2− = 1.3(2) g2
A

4π
.

We should mention here that the observation of the tail of the
GT resonance has considerable importance in the discussion
of the “quenching” of the GT strength. One of the arguments
in this discussion is that the strength is not quenched but
hidden in the long background underneath the resonance and
extending up to high energies as one sees in charge-exchange
reaction experiments [42] and references therein. The present
case and the other cases discussed here show for the first time
the tail of the resonance measured in β decay and therefore
free of background ambiguities, in particular the isovector spin
monopole (IVSM) contribution. Reaction experiments carried
out with hadronic probes always contain some IVSM strength
mixed with the GT excitations spreading along the tail above
the GT resonance, this one being of the major uncertainties in
identifying the B(GT) strength in the continuum (see Ref. [42]
and references therein).

IV. SYSTEMATICS OF THE GT RESONANCE
IN THE REGION

In this work (together with Ref. [14]) we have studied the
β decay of the odd-Z, N = 83 152Tm, 150Ho, and 148Tb
nuclei. In this way we have covered the systematics of the
πh11/2 → νh9/2 decay in the region as we fill the h11/2 orbital
with approximately 0 to 5 protons (which from now on we
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FIG. 8. GT strength distribution in the β decay of the odd-Z, N = 83 nuclei above 146Gd pertinent to the present discussion. The left
column (a),(c),(e) corresponds to the 2− isomer and the right column (b),(d),(f) to the 9+ isomer. From the bottom to the top we have first
the decay of 148Tb, which covers the cases with 0 (e) and 1 (f) proton in the h11/2, then the decay of 150Ho, corresponding to the cases with
2 (c) and 3 (d) protons and at the top 152Tm, covering the cases with 4 (a) and 5 (b) protons in the h11/2. The shading at the right-hand side
of each graph represents the region beyond the QEC value which is inaccessible in the decay. The circles at the top of each graph represent
schematically the number of protons above the Z = 64 gap involved in the decay in an extreme single-particle approximation.

will call 0, 1, 2, . . . protons in the h11/2). In Fig. 8 we present
the results of our measurements for the B(GT) distribution
using the TAS technique in the six cases. The left column
corresponds to the 2− isomer and the right column to the 9+
isomer. From the bottom to the top we have first the decay
of 148Tb, which covers the cases with 0 and 1 proton in the
h11/2, then the decay of 150Ho, corresponding to the cases with
2 and 3 protons and studied in Refs. [14,15], and at the top
152Tm, covering the cases with 4 and 5 protons in the h11/2.
The shading at the right-hand side of each graph represents the
region beyond the QEC value which is inaccessible in the decay.
The circles at the top of each graph represent schematically
the number of protons above the Z = 64 gap involved in the
decay. They have been separated into two different categories:
the odd valence proton in the h11/2 orbital and the 0+ proton

pairs shared among the three orbitals s1/2, d3/2, and h11/2. As
mentioned in the Introduction, from the shell-model point of
view, any GT transition can only originate from the protons
occupying the h11/2 orbital; thus, for simplicity, we refer to
these decays as the decay of the odd proton or the decay of
the proton pairs. When the decay involves the odd proton,
it populates mainly one single 8+ state of two-particle (2p)
character; however, the decay of a proton pair populates
states of four-particle (4p) character in the broad distribution
at higher energy. The amount of B(GT) to the 2p state or
to the 4p states is given in Fig. 8 in units of g2

A/4π . The
first common feature in all cases apart from 148Tb 2− is the
relatively narrow resonance with its maximum at ≈4.5 MeV
in the daughter nucleus. The position of the resonance is
in agreement with our first-order estimate of 4–5 MeV; see
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Sec. I of this article. The resonance in 148Tb requires the
promotion of proton pairs from below to above the energy gap
at Z = 64 in the core and its position is discussed later. The
width of the resonance has two different components (besides
the experimental resolution): spreading width and escape
width. The former is attributable to configuration mixing and
the latter is given by the half-lives of the states populated
which can be very short if they are particle unbound. In our
case, the GT state decays mainly by γ emission instead of
particle emission; therefore, the corresponding escape width
is negligible for the present discussion. In fact, the β-delayed α
emission has been measured in the case of 150Ho 2− and 152Tm
2− [43], and it was found that it makes a small contribution
to the B(GT) compared with the γ emission and affects the
half-life of the levels very little. The fact that the GT state
is mixed with many other states of particle character (1p, 2p,
3p, . . . ) or particle-hole character (1p1h, 2p2h, 3p3h, . . . ) is
what we regard as configuration mixing and we conclude
that this is the main contribution to the observed width. In
Fig. 8 we see a full width at half maximum (FWHM) of
the order of 400–500 keV for the decay of 152Tm 2− and
250 keV for the decay of 150Ho 2−. The corresponding
high-spin cases seem to have part of the B(GT) resonance
shifted towards higher energies increasing the area in the tail
of the resonance beyond the main peak. In the case of 148Tb
we observe a bigger spread of the resonance in the decay
of the 2− isomer and an extremely narrow resonance in the
high-spin case with a FWHM of 120–150 keV. We conclude
that the spreading width, owing to configuration mixing, grows
rapidly with the number of particles in the final nucleus.
This is because, as the number of valence particles increases,
there are more possible combinations of particles to build up
complex configurations with the proper Jπ which can mix;
therefore, some B(GT) goes to these states. This mixing is also
responsible for the long tail beyond the peak which is cut by
the QEC window in most of the cases. According to Ref. [44],
this tail can reach ≈200 MeV, carrying up to 50% of the total
GT strength. This is in accord with our observations even in
the restricted energy range accessible in our measurements.

Let us now take a closer look at the B(GT) values shown in
Fig. 8 and summarized in Table I.

The second row of the table shows the occupation of the
h11/2 orbital expected in an extreme single-particle picture,
and the third row shows the experimental B(GT) values. As

mentioned above, the total B(GT) going to the lower state and
to the resonance must be related to the occupation of protons
in the h11/2 orbital, but clearly the extreme single-particle
approximation is too simplistic. To obtain a more realistic
estimate of these quantities we have performed a shell-model
calculation using the OXBASH code [45]. In this calculation we
have taken 146Gd as a core for the 150Ho and 152Tm cases and
we have included the s1/2, h11/2, and d3/2 orbitals above the
core. We return to 148Tb later. We have used empirical single-
particle energies and two-body interaction matrix that were
estimated from experimental data (see Ref. [9] for a description
of the method originally developed by Blomqvist [46]). All
the nondiagonal matrix elements have been neglected
except for those related to the pairing correlations, i.e.,
the three 0+ two-body interactions 〈πs2

1/2|V |πd2
3/2〉0+ ,

〈πs2
1/2|V |πh2

11/2〉0+ , and 〈πd2
3/2|V |πh2

11/2〉0+ . These three,

and the three diagonal terms 〈πs2
1/2|V |πs2

1/2〉0+ ,

〈πd2
3/2|V |πd2

3/2〉0+ , and 〈πh2
11/2|V |πh2

11/2〉0+ have been
adjusted to reproduce the 0+, 2+, . . . , 10+ yeast levels in
148Dy1. Looking at the wave functions obtained in this
calculation we can estimate the number of protons in the h11/2

orbital for the isomers in both 150Ho and 152Tm and these
numbers are given in the fourth row of the table.

To estimate the proton occupation probability for the case
of 148Tb we could perform shell-model calculations similar to
those for the other cases but this would require the inclusion
of the d5/2 and g7/2 orbitals, thus making the calculations
more complicated. A possible alternative is to turn the problem
around and try to deduce the scattering of pairs across the
Z = 64 gap from a comparison of the decays of 148Dy and
148Tb2− . Assuming that the B(GT) is directly proportional to
the number of pairs in the h11/2 orbital, we can write

B(GT)148Dy

B(GT)148Tb 2−
= 0.67 + p

p
, (3)

where in the second term we have “0.67”, the number of proton
pairs in the h11/2 orbital in the ground state of 148Dy from our
shell-model calculation, which does not include the scattering
of pairs across the Z = 64 gap, and “p”, which is the number

1These calculations predict two 0+ states at 2.85- and 3.26-MeV
excitation energy so far not identified.

TABLE I. B(GT) values measured and calculated for the six isomeric decays studied in this work. The first row lists the six cases studied.
The second row shows the occupation of the h11/2 orbital expected in an extreme single-particle picture. The third row shows the experimental
B(GT) values. For the 9+ isomers, the total B(GT), as well as the amount of B(GT) going to the lower state and to the resonance, are specified.
The fourth row shows the proton occupation of the h11/2 orbital estimated empirically for 148Tb and from a shell-model calculation for the
others (see text). The last row shows the experimental B(GT) value normalized to the 148Tb9+ case (see text).

148Tb 2− 148Tb 9+ 150Ho 2− 150Ho 9+ 152Tm 2− 152Tm 9+

N (h11/2)s.p. 0 1 2 3 4 5

B(GT) (g2
V /4π ) 0.10(1) 0.34(4) {0.20(2)

0.14(2)
0.56(4) 0.66(7) {0.09(1)

0.57(7)
1.3(2) 1.26(3) {0.06(1)

1.2(3)
N (h11/2)calc 0.3 1.3 1.5 2.3 3.0 3.6

B(GT)norm(a.u.) 0.29(3) 1.0(1) {0.59(6)
0.41(6)

1.7(1) 1.9(2) {0.26(3)
1.7(2)

3.8(6) 3.7(8) {0.17(3)
3.5(9)
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of extra scattered pairs that we want to calculate. We are
neglecting the small blocking effect of the proton in the d3/2

in 148Tb2− , which allows us to assume that the number of
scattered proton pairs p is the same for 148Dy and 148Tb2− .
We can solve Eq. (3) for p:

p = 0.67 ×
[

B(GT)148Dy

B(GT)148Tb 2−
− 1

]−1

. (4)

If we use our results for the total B(GT) measured for
the decay of 148Tb2− and the B(GT) in the decay of 148Dy
taken from Ref. [47], we find that the number of proton pairs
scattered upwards from the 146Gd core is

p = 0.15(3).

This number multiplied by two gives a good estimate for the
number of protons in the h11/2 orbital in the 148Tb2− case.
For the 148Tb9+ isomer we have to add one extra proton;
consequently, the estimated number of protons in this case
is 1 + 0.30. These two numbers complete the fourth row of
the table.

Incidentally, we note that the obtained p = 0.15(3) can be
compared with the same number for 144Sm, which is 0.80(15)
according to Ref. [48]. This comparison indicates that, owing
to the increase in the gap at Z = 64 in 146Gd with respect to
144Sm, the scattering of proton pairs across the gap is much
smaller (a factor of 5) in the nuclei above the 146Gd core than
in the nuclei below the core. This reinforces the quasi-doubly
magic character of 146Gd.

To compare the estimated number of protons in the h11/2

orbital with the measured B(GT), we have renormalized the
B(GT) values arbitrarily to one unit for the 148Tb9+ case. These
values are given in the fifth row of Table I. Comparing the
fourth and the fifth rows in the table, we conclude that there is
a good agreement between the calculated occupational number
for the h11/2 orbital and the measured B(GT) values.

Let us now inspect how the B(GT) is distributed in the
case of the high-spin isomer between the low-lying 8+ state,
identified as 2p state, and the broad resonance at 4.5 MeV,
identified as consisting of 4p states. Again in the extreme
single-particle picture one would expect the B(GT) to the low
8+ state to remain constant for the three cases and the ratio
between the B(GT) to the lower state and to the resonance to
be 1/0 in Tb, 1/2 in Ho, and 1/4 in Tm. How different these
expectations are from the reality is best discussed looking at the
fifth row of the table where the values for the lower state and the
resonance are given separately. We observe that the strength
to the lower 8+ state does not stay constant; on the contrary,
it decreases as we increase the number of protons in the h11/2

orbital (0.59 → 0.26 → 0.17). Moreover, the missing strength
from the lower 8+ is shifted to the resonance region.

Actually, this effect has been observed for some years in
charge-exchange reaction experiments, but not as clearly as in
the present case and never in β-decay studies. It is normally
attributed to a residual repulsive interaction which mixes the
pure states, moves them apart, and redistributes the strength.
One example is presented in Ref. [49], in which the authors
show some experimental results from the 48Ca( 3He,t) 48Sc
reaction and explain the distribution of the GT strength in

terms of shell-model calculations. To a first approximation
the strength is shared between the two pure states, namely
πf7/2νf

−1
7/2 and πf5/2νf

−1
7/2. As soon as one considers the

mixing between both states using a particular particle-hole
interaction extracted from Ref. [50] both states are pushed up,
and the GT strength originally placed in the low-lying state is
reduced by a factor of three and moved to the upper state.

How this effect depends on the number of valence particles
is discussed in Ref. [51], where the authors find, for the
42Ca(p,n) 42Sc reaction, that the strength is concentrated in
the lower state and only a small fraction of it moves towards
higher energy. However, as one adds neutrons to the system
[e.g., the 48Ca( 3He ,t) 48Sc reaction mentioned above] the
GT strength moves from the lower to the higher states. The
authors of Ref. [51] attribute this effect to the fact that
the particle-particle matrix elements relevant for 42Sc are
attractive, whereas the particle-hole matrix elements relevant
for 48Sc are repulsive. A similar discussion can be found in
the more recent work of Fujita et al. [52]. In the present case
we have observed in our data that the GT strength moves up
gradually from the lower state (the 8+ 2p state) to the higher
states (the 4p ones at ≈4.5 MeV) as the number of protons
is increased, which is exactly the same effect as found in
Ref. [51] with the increase in the number of neutrons. We note,
however, that in our case we are dealing with states of particle
character and not with holes so we conclude that the residual
interaction increases its repulsive character with the number of
protons.

So far the discussion has been focused on the relative B(GT)
values more than on the absolute values. At this point one can
compare the results obtained in this work for the total B(GT)
with theoretical estimates of Towner in Ref. [53]. It is worth
noting here that the calculations of Ref. [53] refer to N = 82
and we compare them with our results for N = 83 nuclei. In
this we assume that the valence neutron in the parent state is
in the f7/2 orbital, which does not take part in the decay and
consequently does not affect the B(GT). The comparison of
the expected values for the total B(GT) using Ref. [53] and our
measurements is shown in Fig. 9. On the x axis of the graph
we show the number of protons in the h11/2 proton orbital in
the extreme single-particle picture and on the y axis the total
B(GT). The black vertical bars represent the calculation [53].
The lengths of the bars represent the range of possible B(GT)
values depending on the choice of the effective interaction
in the evaluation of the core polarization in Ref. [53]. The
gray squares with error bars are the values measured for the
total B(GT) using the total absorption technique. The points
corresponding to the decay of the two isomers in 150Ho have
been taken from Ref. [14], and the remainder are the results of
this work. Although the experimental points follow a similar
trend to the theory, they are systematically lower. There can be
at least two reasons for this. From the theoretical point of view
the calculation is performed using a very limited configuration
space in the sense that the author only takes into account the
h11/2 orbital for the protons and the h9/2 for the neutrons.
This extreme picture is corrected using pairing correlation
corrections, core polarization, and higher order effects, but not
by the possible mixing of the originally assumed states of 2p
character (in our case of 2p or 4p character) with many other
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FIG. 9. Evolution of the total B(GT) as a function of the occupancy number of the proton orbital h11/2. The results from this work (gray
squares) are compared with the theoretical estimates of Ref. [53] (black bars).

more complex configurations lying at higher excitation energy.
However, from the experimental point of view we assume that
we measure all the B(GT) which lies inside the QEC window.
If the strength is shifted to higher energies and lies beyond the
QEC, we will miss this fraction. This is also what we expect ob-
serving the tail of the resonance extending up to the QEC value
and agrees with the postulate of Bertsch and Hamamoto [44],
giving the same argument but from a theoretical point of
view. In summary, we conclude that the discrepancy observed
in Fig. 9 between calculation and experiment is attributable
to the strength that is shifted towards higher energies by
configuration mixing, thus producing the tail clearly observed
in the experiments that is cut off by the QEC. This idea is
reinforced by the fact that the discrepancy is more marked for
the high-spin isomer decay. As discussed above, it is for these
cases that the tail of the resonance is more prominent.

V. DISCUSSION OF THE B(GT) DISTRIBUTION AND
COMPARISON WITH SHELL-MODEL CALCULATIONS

In the previous section we discussed the B(GT) strength
extracted from our data in detail. So far, however, we have
not discussed the position of the resonance in accurate terms;
we have only given an indication of the expected excitation
energy. In this section we estimate the excitation energy of
the states primarily populated in the β decay. This is done in
the framework of shell-model calculations described before.
However, for the decay of 148Tb we cannot use the same
core as this would require the inclusion of the d5/2 and g7/2

orbitals making the calculations considerably more complex
as stated before. To avoid this complexity we have used a
different core: 144Sm. Using the same approach developed in
Ref. [46], we constructed a two-body interaction matrix for
the calculation of the states in 148Gd that are populated in the
β decay of 148Tb. These states are, in the low-spin case, 4p
states with the configuration [πd3/2πh11/2νf7/2νh9/2]1−,2−,3−

[see Fig. 1(a)]. In the high-spin case the configurations will
be the 4p states populated in the breakup of a proton pair,

[πh11/2πh11/2νf7/2νh9/2]8+,9+,10+ , and the 2p state populated
in the decay of the odd proton, [πh2

11/2]0+ [νf7/2νh9/2]8+

[see Fig. 1(b)]. As the nucleus that acts as a core for
this shell-model calculation is 144Sm, the values for the
single-particle excitations and for the residual two-body
interaction are taken from experimental data relative to this
core. We neglected all the nondiagonal terms of the interaction
matrix except the ones related to the pairing correlations of the
protons, which are 〈πs2

1/2|V |πd2
3/2〉0+ , 〈πs2

1/2|V |πh2
11/2〉0+ ,

and 〈πd2
3/2|V |πh2

11/2〉0+ . These three and the three

diagonal terms 〈πs2
1/2|V |πs2

1/2〉0+ , 〈πd2
3/2|V |πd2

3/2〉0+ ,

and 〈πh2
11/2|V |πh2

11/2〉0+ have been adjusted to reproduce the
146Gd level scheme.

Once we know the single-particle energies and the two-
body interaction matrix is constructed, one can run the OXBASH

code to calculate the wave functions and energies of the
states in the daughter nucleus. For the decay of 148Tb 2−
we only needed to calculate the 1−, 2−, and 3− states in 148Gd
(because other states are not directly populated in allowed GT
transitions). In the next step one calculates the wave function
of the parent state, and finally the matrix elements of the στ
operator between the parent and daughter states. The squares of
these matrix elements are proportional to the reduced transition
probabilities: B(GT).

The results of our shell-model calculation for the low-spin
isomeric decays are presented in Fig. 10. The direct results
from the OXBASH calculation have been folded with a Gaussian
distribution (FWHM ≈ 165 keV) to account for the width
of the experimental distribution, which is attributable to
mixing of configurations not included in the calculation. The
normalization of the total area of the shell-model results is
completely arbitrary; it has been chosen to give the same
height for the measured and the calculated resonance. We can
see that even with a very restricted phase-space calculation
we can reproduce the position of the measured GT resonance
within less than half MeV in the worst case ( 152Tm2− in the
top panel).
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FIG. 10. GT strength distribution for the low-spin isomer of the odd-Z, N = 83 nuclei above 146Gd. The results from the TAS measurement
(black/gray) are compared with a shell-model calculation (red).

To calculate the high-spin cases we proceeded in the same
way: We took the two-body interaction matrix elements from
Ref. [9] and, using 146Gd as a core, we calculated the 8+,
9+, and 10+ states in the daughter nuclei 152Er and 150Dy.
Afterwards we calculated the wave functions of 152Tm9+

and 150Ho9+ , and then we ran the code to obtain the GT
amplitudes. After that, we used the two-body interaction
matrix that we used for the 148Tb2− case and we took 144Sm
as the core to perform a similar calculation for the decay of
148Tb9+ . The results of these calculations for the high-spin
isomeric decays are presented in Fig. 11. One can observe

that the calculated strength actually moves from the lower
state to the upper ones as we add protons to the h11/2 orbital.
This is the effect we discussed in the previous section in
reference to our work and to the results from Ref. [51].
Besides that, the agreement between theory and experiment
is not as good as in the low-spin cases. For the case of
152Tm9+ and 150Ho9+ decays, it is still acceptable in terms
of the position of the centroid of the resonance; however,
the calculated distribution presents a splitting that we do
not observe experimentally, especially in the case of 150Ho9+

decay.
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FIG. 11. Same as Fig. 10 but for the high-spin isomers.
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The case that presents the largest difference between theory
and experiment is the decay of 148Tb9+ , in which the centroid
of the theoretical distribution is shifted by almost 1 MeV with
respect to the measured one. Actually, in different sections we
have made clear that the B(GT) distribution in the decay of
148Tb should be shifted with respect to the same distribution
in the other decays of the odd-Z, N = 83 nuclei above 146Gd
because one proton pair must be promoted from the core in
the case of 148Tb and this requires some extra energy. In fact,
the shell-model calculation reproduces very well the position
of the resonance in the decay of the low-spin isomer of 148Tb
(see Fig. 10). However, the decay of the high-spin isomer does
not present the same distribution shifted with respect to the
other decays and it is difficult to imagine why in this case
the breakup of a proton pair promoted from the core should
be different from the same breakup of a proton pair in the
low-spin case. One possible explanation lies in the reduced
configuration space we are using, in particular on the absence
of the d5/2 and g7/2 orbitals below the Z = 64 gap. This blocks
the possibility of building two-hole states that are part of the
4p states populated in the resonance and above.

VI. SUMMARY AND CONCLUSIONS

We have measured the distributions of GT strength to states
populated in the β decay of the low- and high-spin isomers
in 148Tb, 152Er, and 152Tm using the TAS technique at the
GSI On-line Mass-Separator. The measurements also provided
the first experimental value for the excitation energy of the
152Tm 9+ isomer.

These decays can be viewed as being attributable to the
allowed decay of protons occupying the h11/2 orbital into
the empty neutron h9/2 orbital where we vary the number
of protons involved from 0 to 5. In the data we could clearly
identify the decay of the unpaired proton to a single state in
the daughter nucleus at ∼2 MeV and the decay of the paired
protons to a GT resonance at ∼4.5 MeV.

The strength, as well as the position of the resonance, is
well understood based on simple considerations and the help
of shell-model calculations (except for the case of 148Tb 9+
decay).

To our knowledge these are the cases where the GT
resonance has been most clearly seen in β decay. A similar
resonance is observed in charge exchange reactions at higher
excitation energy where the GT resonance has been studied
intensively.

Another important result is that in the four cases where the
resonance is strong, the tail is seen extending up to the limit
imposed by the QEC value. These are the first cases where
the tail of the resonance has been clearly seen in β decay.
This observation is of great importance because it has been
discussed in the framework of the quenching of the GT strength
that part of the missing strength could be hidden in the tail of
the resonance. In charge exchange reactions, however, where
most of these studies have been carried out, the background at
high excitation energy is difficult to interpret despite careful
analyzes that have been performed, e.g., in Ref. [42]. In our
case, the tail of the resonance is observed without background
ambiguities.

The total B(GT) measured in our experiments has been
compared with the calculations of Towner [53]. He calculated
how the B(GT) should change as a function of the occupation
of the πh11/2 orbital. The general behavior calculated by
Towner is well reproduced by the measurements, although
strength is missing systematically when we compare exper-
iment with theory. This can be related to the fact that we
observed the tail of the resonance up to the QEC value and
there is probably still strength beyond this limit that we cannot
reach. This interpretation is corroborated by the fact that the
missing strength is more pronounced in the decay of the 9−
isomers where the tail is higher.
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