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Aims of the proposal

Investigate the β decay of 80-82Zn by total absorption 
spectroscopy using the Lucrecia setup at ISOLDE

Competition of Gamow-Teller and first-forbidden transitions
beyond 78Ni

Includes accurate measurement of g.s. feeding

Gamma-ray emission from neutron unbound states
Competition of decay modes for (n,γ) rates
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GT vs. ff transitions around 78Ni

β decay is relevant for r-process nucleosynthesis
Gamow-Teller are normally considered, but

First-forbidden transitions play a role in medium and heavy nuclei

Region above 78Ni:

· 81Zn → 81Ga (N=50)

· Decay to odd-odd Ga

Total absorption γ spectroscopy

ideal to measure beta feeding

to high-lying states
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Competition between γ and neutron decay

Important process for radiative capture rates in nucleosynthesis
· Gamma-decay of neutron-unbound states by γ rays may have a sizeable 
impact in astrophysical scenarios

Usually assumed that n decay dominates for β-fed nuclear states above Sn

· Process has been documented for a few cases
· Photon strength function increase leads to a similar increase in the (n,γ) 
cross section: r process abundance calculations!

Total absorption γ spectroscopy
is the better suited tool to 
efficiently detect γ cascades
from neutron unbound states.

J. L. Tain et al., 
PRL115, 062502 (2015)

energy up to about 2 MeV. This affects the region of interest
(see Fig. 1). To verify that the MC simulation reproduces
this energy dependence we use the information from a
separate experiment [34] measuring Pn values with the
neutron counter BEta deLayEd Neutron (BELEN) detector
and the same β detector. Several isotopes with different
neutron emission windows Qβ −Snwere measured, result-
ing in variations of the neutron-gated β efficiency as large
as 25%. GEANT4 simulations using the above mentioned
β-delayed neutron decay generator are able to reproduce
the isotope-dependent efficiency within better than 4%.
Figure 1 shows the β-gated TAGS spectrum measured

during the implantation of 88Br ions. Also shown is the
contribution of the daughter 88Kr decay, the neutron decay
branch populating 87Kr, the summing-pileup contribution,
and the accidental contamination of 94Y. About 30% of the
emitted neutrons produce a signal (light gray filled histo-
gram). Most of the signals, concentrated below 1 MeV, are
due to inelastic scattering. Only 1.5% of the neutrons
undergo capture depositing energy up to 10 MeV. Notice
the presence of net counts beyond the neutron separation
energy, which can only be attributed to the decay feeding
excited states above Sn, which deexcite by γ-ray emission.
In this region the major background contribution comes
from summing pileup, which is well reproduced by the
calculation as can be observed. Similar pictures were
obtained for the decay of 87Br and 94Rb.
The analysis of the β-gated spectra follows the method

developed by the Valencia group [35,36]. The intensity
distribution Iβγ is obtained by deconvolution of the TAGS
spectrum with the calculated spectrometer response to the
decay. The response to electromagnetic cascades is calcu-
lated from a set of branching ratios (BR) and the MC
calculated response to individual γ rays. Branching ratios
are taken from Refs. [23–25] for the low energy part of the
decay level scheme. The excitation energy range above the
last discrete level is treated as a continuum divided into

40 keV bins. Average BR for each bin are calculated from
NLD and PSF as prescribed by the Hauser-Feshbach
model. We use NLD from Ref. [37] as tabulated in the
RIPL-3 library [38]. The PSF are obtained from generalized
Lorentzian (E1) or Lorentzian (M1, E2) functions using the
parameters recommended in Ref. [38]. The electromagnetic
response is then convoluted with the simulated response to
the β continuum. The spin parity of some of the discrete
states at low excitation energy in the daughter nucleus is
uncertain. They are however required to calculate the BR
from the states in the continuum. The unknown spin
parities were varied and those values giving the best
reproduction of the spectrum were adopted. There is also
ambiguity in the spin parity of the parent nucleus, which
determines the spin parity of the levels populated in the
continuum. Here, we assume that allowed Gamow-Teller
selection rules apply. Our choices, 3=2− for 87Br, 1− for
88Br, and 3− for 94Rb, are also based on which values best
reproduce the spectrum.
As an example of the results of the analysis we show in

Fig. 2 the Iβγ intensity obtained for 88Br. The spectrum
reconstructed with this intensity distribution reproduces
well the measured spectrum (see Fig. 1). The analysis for
the other two isotopes shows similar quality in the
reproduction of the spectra. We also include in Fig. 2
the intensity obtained from high-resolution measurements
[24], showing a strong pandemonium effect. The pande-
monium effect is even stronger in the case of 94Rb and
somewhat less for 87Br. The complete Iβγ and its impact on
reactor decay heat [39] and antineutrino spectrum [40]
summation calculations will be discussed elsewhere [41].
Here, we concentrate on the portion of that intensity located
in the neutron unbound region. A sizable TAGS intensity
is observed above Sn extending well beyond the first
few hundred keV where the low neutron penetrability
makes γ-ray emission competitive. For comparison,
Fig. 2 also shows Iβn deduced from the neutron spectrum
[31] as explained above. The Iβγ above Sn adds up toP

Iβγ ¼ 1.6ð3Þ%, to be compared with the integrated Iβn
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FIG. 1. Relevant histograms for 88Br: parent decay (dark gray
filled), daughter decay (dot-dashed line), summing pileup
(dashed line), β-delayed neutron decay (light gray filled),
accidental contamination (thin continuous line), and recon-
structed spectrum (thick continuous line).
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FIG. 2. Beta intensity distributions for 88Br: TAGS result
(continuous line), high-resolution γ spectroscopy (light gray filled
histogram), and from β-delayed neutron emission (hatched area).
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(or Pn ) of 6.4(6)%. From the TAGS analysis for the other
two isotopes we find a

P
Iβγ of 3.5(5)% (87Br) and 0.53

(16)% (94Rb) to be compared with Pn values of 2.60(4)%
and 10.18(24)%, respectively. In the case of 87Br we find 7
times more intensity than the high-resolution measurement
[21]. The uncertainty quoted on

P
Iβγ is dominated by

systematic uncertainties. We did a careful evaluation of
possible sources of systematic effects for each isotope. The
uncertainty coming from assumptions in the BR varies
from 1% to 5% (relative value) depending on the isotope.
The impact of the use of different deconvolution algorithms
[36] is in the range of 2% to 10%. The uncertainty in the
energy dependence of the β efficiency contributes with 4%.
The contribution of uncertainties in the width calibration
ranges from 2% to 6%. A major source of uncertainty
comes from the normalization of the background contri-
bution, which at the energies of interest is dominated by the
summing pileup. We estimated that reproduction of spectra
could accommodate at most a !15% variation from the
nominal value, which translates into uncertainties of 6% to
22%. The integral value

P
Iβγ is affected also by the

uncertainty in the integration range. The Sn value is known
to better than 8 keV for all three isotopes and we estimate
that the energy calibration in this region is correct to about
one energy bin. This represents an additional uncertainty
ranging from 11% to 15%.
Figure 3 shows the ratio Iβγ=ðIβγ þ IβnÞin the range of

energies analyzed with TAGS for all three cases. This ratio
is identical to the average ratio hΓγ=ðΓγ þ ΓnÞi over all
levels populated in the decay. The shaded area around the
experimental value in Fig. 3 serves to indicate the sensi-
tivity of the TAGS results to background normalization as
indicated above. The average width ratio was calculated
using the Hauser-Feshbach model. The results for the three
spin-parity groups populated in Gamow-Teller decay are
shown. The values for the NLD and PSF used in these
calculations are the same as those used in the TAGS
analysis. The new ingredient needed is the NTC, which
are obtained from the optical model (OM) with the TALYS-
1.4 software package [42]. OM parameters are taken from
the so-called local parametrization of Ref. [43]. Neutron
transmission is calculated for known final levels populated
in the decay [23–25]. In order to compute the average width
ratio we need to include the effect of statistical fluctuations
in the individual widths [22]. We use the MC method to
obtain the average of width ratios. The sampling procedure
is analogous to that described in Ref. [35]. Level energies
for each spin parity are generated according to a Wigner
distribution and their corresponding Γγ and Γn to individual
final states are sampled from Porter-Thomas distributions.
The total γ and neutron widths are obtained by summation
over all possible final states and the ratio is computed.
The ratio is averaged for all levels lying within each energy
bin. In order to suppress fluctuations in the calculated
average, the sampling procedure is repeated between 5 and
1000 times depending on level density. Very large average

enhancement factors were obtained, reaching 2 orders of
magnitude when the neutron emission is dominated by the
transition to a single final state.
In the case of 87Br 3=2− decay one can see in Fig. 3 that

the strong γ-ray emission above Sn can be explained as a
consequence of the large hindrance of l ¼ 3 neutron
emission from 5=2− states in 87Kr to the 0þ ground state
of 86Kr, as pointed out in Ref. [1]. In the case of 88Br 1−

decay a similar situation occurs for 0− states in 88Kr below
the first excited state in 87Kr at 532 keV, which require
l ¼ 3 to populate the 5=2þ ground state in 87Kr. For a more
quantitative assessment one should know the distribution of
β intensity between the three spin groups, which could be
obtained from β-strength theoretical calculations. The case
of 94Rb 3− decay is the most interesting. The final nucleus
93Sr is five neutrons away from β stability. The γ intensity
although strongly reduced, only 5% of the neutron inten-
sity, is detectable up to 1.5 MeV beyond Sn . The structure
observed in the average width ratio is associated with the
opening of βn channels to different excited states. Note that
the structure is reproduced by the calculation, which
confirms the energy calibration at high excitation energies.
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FIG. 3. Average γ to total width ratio from experiment and
calculated for the three spin-parity groups populated in allowed
decays. The shaded area around the experimental value indicates
the sensitivity to the background normalization (see text).
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Emission of n above Sn hindered by the l barrier.
Nuclear structure and β selection rules play a role

A. Spyrou et al., 
PRL117, 142701 (2016)
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r-process sensitivity studies of (n,γ) rates

R. Surman et al., WSPC Proceedings (2013)

M. Mumpower et al., AIP 
Advances 4, 041008 (2014)

r-process sensitivity studies of
(n,γ) rates point toward the key
role of the nuclei of interest



INTC November 2020

L.M. Fraile

Beta-decay of 81Zn

Allowed Gamow-Teller decays to positive parity states
→ core excited states
→ may appear close to Sn = 6.5 MeV

First-forbidden decays to negative parity states
→ lower energies
→ sizeable (apparent) feeding in the region

Spin-parity 81Ga g.s is 5/2–

Cheal et al., PRL 104, 252502 (2010)

81Zn g.s.

products of fission decay by beta emission. Thus, it is important for an understanding of
radioactive decay heat since 7%–8% of the reactor power is generated in the decay of the
fission products [1]. Reactors are intense sources of antineutrinos because of these beta
decays, with a typical intensity of ∼2 × 1019 antineutrinos per second. As a result they are of
considerable interest for studies of neutrino oscillations (Double Chooz [2], Daya Bay [3] and
Reno [4]).The antineutrino spectrum is also sensitive to the mixture of fuel in the reactor.
Accordingly it is proposed that each reactor might have a relatively small antineutrino
detector placed close to it in order to monitor the reactor fuel content to ensure that it is not
being manipulated to produce material for weapons [5]. In terms of nuclear structure one
important quantity to be determined is the beta strength function, or the directly related
quantity Fermi or Gamow–Teller beta-strength, B(F) or B(GT), because it relates to the
transition matrix elements between the ground state of the parent nucleus and the excited
states in the daughter nucleus. The two quantities are defined as follows

åå s= Y Y
m

m o( ) ∣⟨ ∣ ∣ ⟩∣ ( )B tGT , 1f
k

k k i
2

= Y Yo( ) ∣⟨ ∣ ∣ ⟩∣ ( )B tF , 2f i
2

where σ and t are the beta decay operators that can change the nuclear spin and the isospin by
one unit. The same quantity, from the experimental point of view has a very different form,
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where = ( )K 6143.6 17 s, l = = - ( )g g 1.270 3A V and dc is the Coulomb correction factor.
b ( )I E is the β-feeding, f is the Fermi function, bQ is the β-decay Q value or energy available
in the daughter nucleus, and T1 2 is the β-decay half-life.

Consequently, if we are to deduce the beta strength function one must measure three
quantities: T1 2, bQ and the direct population in beta decay of all the individual states in the
daughter nucleus. It is not straightforward to measure this quantity since the individual
transitions do not have discrete energies as is the case in alpha and gamma decay. Each beta
spectrum takes a continuous form because the energy released is shared between the β particle
and a neutrino/antineutrino. In general the approach is to determine the feeding for individual
levels indirectly from the difference in the sum of the intensities of all the gamma rays feeding
a level and the corresponding sum of the intensities of all those de-exciting it.

The root of the problem of measuring the β feeding lies in the fact that most studies of
this kind rely on the use of the ubiquitous Ge detectors. They are ideally suited to the kind of
multiple coincidence studies needed to establish level and decay schemes. In general, how-
ever, even in the form of large arrays of detectors they have limited detection efficiency and
the efficiency has a strong dependence on the γ-ray energy. As a consequence there is a
significant probability that a γ ray is not observed in the spectrum. We are then unable to tell
whether it does not exist or whether it lies below the detection sensitivity level at that energy.
It is obvious that in such a measurement we may be unable to measure the direct feeding to a
level in β decay because of the energies of the γ rays involved and the fragmentation of both
the feeding in β decay and the γ de-excitation of the levels. In other words our measures of
the balance of feeding and de-excitation will become inaccurate. Looked at overall this means
that some real feeding to higher excited states is shifted systematically to become apparent

J. Phys. G: Nucl. Part. Phys. 44 (2017) 084004 B Rubio et al

2
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Beta decay of 81Zn
β DECAY OF 81Zn AND MIGRATIONS OF . . . PHYSICAL REVIEW C 82, 064314 (2010)
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FIG. 2. Level scheme of 81Ga, populated in the β decay of 81Zn. The placement of γ transitions in this level scheme are supported by both
coincidence data and half-life measurements. Relative intensities of each γ transition, shown above each arrow, are normalized to the 351-keV
transition. Solid circles mark transitions with observed coincidences. There is weak evidence of a state at 4368 keV of 1.3% branching ratio
and because of the uncertainty it was not added to the level scheme. See Fig. 1 for more details.

fact was observed for nuclei in this region [6,19 ,35]. The
empirical selection rules for the forbidden decays [36] reveal a
dependence of the log f t values on the spin and parity changes
occurring between states and can be used to establish spins and
parities in mother or daughter nuclei.

The systematics in the N = 51 isotones and nuclear models
do not give a very clear indication for the ground-state spin of
81Zn. The simple extrapolations from trends observed in this
region may result in a spin of 1/2+, which was favored by
Verney et al. [16]. The calculations of single-particle energies
in the HFB framework presented in the recent work by Winger
[6] and the N = 51 systematics [5] support a 5/2+ assignment
for 81Zn ground state with crossing predicted for lighter nuclei.
Both possible spin assignments of 1/2+ and 5/2+ are of
positive parity, which has a significant consequence for the
decay pattern. In the case of the ground-state spin of 81Ga the
simple extrapolations from the behavior of neutron-rich copper
isotopes favors the 5/2− assignments because of the observed
monopole migration of single-particle orbitals. The I = 5/2
assignment was recently confirmed for the 81Ga ground state
by Cheal et al. [37].

Moreover, our shell-model calculations predict the ground
state of 81Ga to have Iπ = 5/2−. These calculations utilize the
residual interaction developed by Lisetskiy et al. [12] for the
f p g orbitals. They also use a 56Ni core and take into account
systematics in the region such as the f5/2-p3/2 migration. The
same calculations have been tested to correctly predict the
energy spacing between the 3/2− and 5/2− excited states for
the odd-Z nuclei N = 48 79 Ga and N = 50 83As.

Several decay scenarios have to be considered in the decay
of 81Zn from the possible single-particle configurations of 81Zn
and 81Ga ground states: first forbidden decays of 5/2+ to 5/2−,
5/2+ to 3/2−, and 1/2+ to 3/2− with log f t > 5.1 or first
forbidden unique decay 1/2+ to 5/2− with log f t > 7.5. As
mentioned earlier, there is strong evidence of a 5/2− spin and
parity assignment for the ground state of 81Ga. This knowledge
enables us to use β decay to suggest the ground-state spin of
81Zn as two clearly distinct possibilities remain. They are the
first forbidden decay in the case of 5/2+ and first forbidden
unique for 1/2+.

Previous study of 81Zn decay [16] suggested that the
ground-state spin of 81Zn is 1/2+ with the dominant

064314-5

S. Padgett et al., PRC 82, 064314 (2010)  @ORNL
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Results from ISOLDE: decay of 81Zn

V. Paziy et al., Phys. Rev. C102, 014329 (2020) 

FF transitions to low-
lying (negative) states

Revised compared to 
previous high-
resolution paper

Apparent beta-feeding
to ground state revised

Need for TAS
Direct measurement of 
g.s. feeding
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Results from ISOLDE: decay of 81Zn

V. Paziy et al., Phys. Rev. C102, 014329 (2020) 

48(2)% “new” beta feeding
Allowed GT populates
high-energy states

Breaking of odd proton
orbitals

Large Pn value suggests
a relevant role of those

Levels known up to Sn

TAS  measurement
required
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FIG. 7. Levels in 80Ga populated in the ��n decay of 81Zn from our work. The half-lives of the

21.9-keV and ground state were previously reported in [39].

under these conditions. The time difference between their centroids shown in the figure is

not yet corrected by the effect of prompt position and the Compton background response.

After corrections, the centroid shift method gives the values of ⌧ = 92(15) ps for the first

LaBr3(Ce) detector and 80(13) ps for the second one. We take the average of both values

and uncertainties, which leads to a T1/2 = 60(10) ps half-life.

As a cross-check we have tried to de-convolute the slope in the time spectra in ��(t)

and ���(t) coincidences by selecting the 351-keV transition in the LaBr3(Ce) detectors and

fixing the prompt distribution to that given by the 452-keV transition. Although the result

is limited by statistics, it is consistent with a slope that yields a half-life of the order of

50 ps.

A similar procedure to that described above for the 351-keV level is applied to measure

the lifetime of the 1936-keV state, using in this case the coincident 1585- and 2358-keV

transitions. The results are at the limit of sensitivity and yield ⌧ = 20(18) ps and ⌧ = 6(16)

ps respectively. We take the average value of ⌧ = 13(17) ps resulting in a one-sigma upper

limit of T1/2  21 ps for this level.

The half-life of the second excited state at 802 keV is measured by absolute comparison

23

Beta-n decay of 81Zn to 80Ga

V. Paziy et al., Phys. Rev. C102, 014329 (2020) 

Large Pn value: feeding to states
in 80Ga

Information available to take care
of TAS response to beta-delayed
neutrons
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M.F. Alshudifat et al., Phys. Rev. C 93, 044325 (2016)

REEXAMINING GAMOW-TELLER DECAYS NEAR 78Ni PHYSICAL REVIEW C 93 , 044325 (2016)
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FIG. 7. Decay scheme of 82Zn including all the observed γ -ray transition energies in keV followed by the intensities relative to strongest
observed transition given in square brackets along with a theoretically calculated B(GT) matrix values vs the excitation energy in this decay.
The experimentally calculated B(GT) for the 2978 keV level (0.06) is consistent with the theoretically predicted one. Note the scale change
above and below Sn. The neutron’s separation energies and neutron emission probability were taken from Ref. [25].

We conclude that the beam contained less than 10% of 82Zn,
and the rest (90%) was 82Ga.

B. β decay of 83 Zn and 83 Ga

The β-gated γ -ray spectrum of the 83Zn β-decay exper-
iment is shown in Fig. 8. It is clearly seen that despite the
suppression of 83Ga activity through high-resolution mass
separation, its β decay is dominant in this spectrum. The
complexity of the 83Ga precluded us from being able to
determine the β-delayed neutron emission probability using
the analysis of γ -ray intensities in the decay chain. However,
a few new γ -ray transitions were identified in this experiment
and the information on the low-energy levels in 83Ga populated
by the decay of 83Zn is presented.

The γ spectrum in Fig. 8 represents the β- and βn-decay
chain beginning from 83Zn and 83Ga, and ending with 83,82As
as shown in Fig. 9. The γ -γ coincidence spectra and/or the

half-life calculation were used to identify the β-decay parents
for each single γ -ray transition in this spectrum.

1. Decay of 83 Zn

There is very little information available about 83Zn except
for the half-life and the observation of the 109 keV γ -ray
transition [11]. From the analysis of γ -γ coincidence spectra
shown in the top of Fig. 10, we concluded that the 109 keV
line is a doublet γ -ray transition. Unfortunately, we cannot
determine the exact energy values or intensities for each
transition because the γ -ray detection resolution in this
analysis is about 2 keV FWHM. We assign this doublet to
be a cascade in 83Ga based on the fact that neither of these
transitions was previously reported in 82Zn decay spectra.
We did not observe a crossover transition with 218 keV, nor
did we see any other γ -ray transition feeding 82Ga energy
states except the 141 keV isomeric γ -ray transition, which was
fed into the β-delayed neutron emission branch. Because the
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• A large NaI cylindrical crystal 
38 cm Ø, 38 cm length

• An X-ray detector (Ge)
• A β detector
• Possibility of collection point 

inside the crystal
Well-known technique

Lucrecia – the ISOLDE TAS

Total absorption spectroscopy
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Measurement

Beta transition probability to daughter nucleus levels

Use of a high-efficiency device to detect gamma rays
→ Sum energy in the detector (calorimeter)
→ Detect gamma-ray cascades

Gamow-Teller beta strength: Beta feeding

Half life of parent
Fermi function

products of fission decay by beta emission. Thus, it is important for an understanding of
radioactive decay heat since 7%–8% of the reactor power is generated in the decay of the
fission products [1]. Reactors are intense sources of antineutrinos because of these beta
decays, with a typical intensity of ∼2 × 1019 antineutrinos per second. As a result they are of
considerable interest for studies of neutrino oscillations (Double Chooz [2], Daya Bay [3] and
Reno [4]).The antineutrino spectrum is also sensitive to the mixture of fuel in the reactor.
Accordingly it is proposed that each reactor might have a relatively small antineutrino
detector placed close to it in order to monitor the reactor fuel content to ensure that it is not
being manipulated to produce material for weapons [5]. In terms of nuclear structure one
important quantity to be determined is the beta strength function, or the directly related
quantity Fermi or Gamow–Teller beta-strength, B(F) or B(GT), because it relates to the
transition matrix elements between the ground state of the parent nucleus and the excited
states in the daughter nucleus. The two quantities are defined as follows

åå s= Y Y
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k k i
2
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where σ and t are the beta decay operators that can change the nuclear spin and the isospin by
one unit. The same quantity, from the experimental point of view has a very different form,
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where = ( )K 6143.6 17 s, l = = - ( )g g 1.270 3A V and dc is the Coulomb correction factor.
b ( )I E is the β-feeding, f is the Fermi function, bQ is the β-decay Q value or energy available
in the daughter nucleus, and T1 2 is the β-decay half-life.

Consequently, if we are to deduce the beta strength function one must measure three
quantities: T1 2, bQ and the direct population in beta decay of all the individual states in the
daughter nucleus. It is not straightforward to measure this quantity since the individual
transitions do not have discrete energies as is the case in alpha and gamma decay. Each beta
spectrum takes a continuous form because the energy released is shared between the β particle
and a neutrino/antineutrino. In general the approach is to determine the feeding for individual
levels indirectly from the difference in the sum of the intensities of all the gamma rays feeding
a level and the corresponding sum of the intensities of all those de-exciting it.

The root of the problem of measuring the β feeding lies in the fact that most studies of
this kind rely on the use of the ubiquitous Ge detectors. They are ideally suited to the kind of
multiple coincidence studies needed to establish level and decay schemes. In general, how-
ever, even in the form of large arrays of detectors they have limited detection efficiency and
the efficiency has a strong dependence on the γ-ray energy. As a consequence there is a
significant probability that a γ ray is not observed in the spectrum. We are then unable to tell
whether it does not exist or whether it lies below the detection sensitivity level at that energy.
It is obvious that in such a measurement we may be unable to measure the direct feeding to a
level in β decay because of the energies of the γ rays involved and the fragmentation of both
the feeding in β decay and the γ de-excitation of the levels. In other words our measures of
the balance of feeding and de-excitation will become inaccurate. Looked at overall this means
that some real feeding to higher excited states is shifted systematically to become apparent

J. Phys. G: Nucl. Part. Phys. 44 (2017) 084004 B Rubio et al

2

0

1

2
3

Taín, Cano et al., NIM A 571, 710 (2007), NIM A 571, 728 (2007)
Rubio et al., Phys. G: Nucl. Part. Phys. 44 (2017) 084004

di = Rij f j or d =R(b) ⋅ f
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Dealing with neutrons in the TAS
V. GUADILLA et al. PHYSICAL REVIEW C 100, 044305 (2019)
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FIG. 2. Comparison of the effect in the simulation of the β-
delayed neutron branch in the decay of 95Rb of two different In

distributions. The experimental β-gated TAGS spectrum for this
decay is shown together with MC simulations of the β-n branch. See
text for details. The MC spectra are normalized to the experimental
spectrum around 6.8 MeV (the neutron capture peak indicated with
an arrow). The 836.9-keV γ -ray peak from the first excited state in
94Sr is highlighted.

spectra above 6.8 MeV, mainly due to neutron capture on the
127I of the NaI(Tl) crystals, that can be seen in Fig. 2. On
the other hand, γ rays from inelastic scattering, less evident,
concentrate at low energy. This contamination was treated in
two different ways. In the first method it is calculated using
dedicated MC simulations. In the second method we exploit
the fact that γ rays from neutron interactions are delayed, due
to the low velocity of the neutrons, with respect to prompt γ
rays emitted after the decay.

1. MC simulation of β-delayed neutrons

The simulation of the contamination due to the β-n branch
was done using the Geant4 simulation code [41] and the
DECAYGEN event generator, as described in Ref. [36]. The
generator uses the β-intensity distribution followed by neu-
tron emission, Iβn , that was reconstructed from the measured
neutron spectra using the information on neutron branching
ratios to the excited levels in the final nucleus, In . The neu-
tron spectra are obtained from ENDF/B-VII.0 [42], based
on an evaluation of experimental data [43]. In the case of
95Rb the experimental information is complemented at high
energies (from 1.8 MeV) with QRPA and Hauser-Feshbach
theoretical calculations [44]. For 137I the neutron spectrum
directly provides Iβn since neutron emission proceeds to the
136Xe ground state (g.s.) only. For 95Rb there are several
measurements of the neutron branching In to the different
levels in 94Sr [45–47], and they are summarized in Table I.
The values quoted in ENSDF [48] are based on the work of
H. Gabelmann [47] that supersedes the results of K.-L. Kratz
et al. [46], a previous work by the same group. However, we
observe that our experimental spectrum is compatible with the
simulation performed using the intensities coming from the
earlier work but not with the one using the In from ENSDF, as

TABLE I. β-delayed neutron intensities (In ) for the decay of 95Rb
into 94Sr. Different experimental results are presented together with
the ENSDF evaluation [48] based on the results of H. Gabelmann
[47]. In the work of K.-L. Kratz et al. an intensity of ! 2.0% to
levels above 2.650-MeV excitation energy is also mentioned.

Energy In (%)

(keV) Hoff [45] Kratz [46] Gabelman [47] ENSDF [48]

0.0 67.0(40) 66.5(25) 68.0(20) 67.6(20)
836.9 29.0(40) 28.8(26) 21.0(10) 20.9(10)
1682.0 − ≈1.5 − −
1926.3 2.6(5) 1.3(4) ! 0.5 !0.5
2055.0 − ≈0.5 − −
2146.0 − 1.2(4) !0.1 !0.5
2271.2 − 0.9+0.3

−0.6 − −
2414.1 < 2.0 0.7(3) 2.0(5) 2.0(5)
2603.9 < 0.3 0.3(2) 1.9(5) 1.9(5)
2614.1 − − 1.3(5) 1.3(5)
2649.8 − 0.2(2) 1.0(5) 1.0(5)
2703.9 − − 1.3(5) 1.3(5)
2710.6 − − 0.8(5) 0.8(5)
2739.2 − − 0.9(5) 0.9(5)
2929.8 − − 0.9(5) 0.9(5)
3438.6 − − 1.0(5) 1.0(5)

shown in Fig. 2. The data from P. Hoff [45] give also a good
reproduction of our spectrum, although they are considered
less complete. As presented in Table I the In to levels above
2649.8 keV amounts 4.9% in the work of H. Gabelmann [47],
while in the work of K.-L. Kratz et al. [46] it is stated to be
!2.0%. The γ rays emitted in the deexcitation of these levels
above 2649.8 keV are summed with the γ rays produced after
the neutron capture in the 127I of the NaI(Tl) crystals, thus
producing the bump at high energies (8–10 MeV) not followed
by our experimental data.

As discussed in Ref. [36], a 500-ns time window for
accumulation of the energy deposited in DTAS was used for
both the experimental spectra and in the MC simulations.
This time is enough to allow the full energy deposition of β
delayed neutron-induced γ rays. The simulated β-n branch
has been normalized to match the low-energy tail of the
experimental neutron capture peak at ≈6.8 MeV (see Fig. 2).
In 95Rb this normalization matches at the same time the peak
corresponding to the 836.9 keV γ ray, emitted from the first
excited state in 94Sr, which is populated in the β-n decay (see
Fig. 2).

2. Time discrimination of neutrons

As discussed in Ref. [34], one can use the timing informa-
tion between γ rays detected in DTAS and β particles detected
in the plastic scintillation detector in order to distinguish
whether γ rays are coming from neutron interactions or from
the β decay. Time correlation spectra #t = tDTAS − tplastic
were reconstructed for the individual modules as shown in
Fig. 3. For convenience the peak positions of all spectra are
aligned to zero applying an offset. We found that a time gate
of 20-ns length (i.e., ±10 ns with respect to zero) is adequate
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FIG. 3. Individual time correlation spectra between each of the
18 modules and the plastic detector for the decay of 137I. The prompt
gate of 20 ns (± 10 ns) is indicated with vertical dashed lines.

to separate prompt contributions and delayed ones (those with
|"t | > 10 ns). As shown in Fig. 4 the neutron capture peak
disappears when we use the prompt gate. Unfortunately this
gate impairs the reconstruction of the low energy part of
the spectra [compare the light gray and the black spectra in
Fig. 4 (top)]. This is related to the relatively poor individual
timing resolution of around 20 ns, which was not properly
optimized in the present measurements and is much worse
than the 5 ns reported in Ref. [34] for the DTAS prototype
module. As a consequence, the effective energy threshold is
increased, affecting the sum energy reconstruction. In fact,
in the measurement of 95Rb the intense γ ray of 204.0-keV
energy is cut with this procedure [as can be seen in Fig. 4
(bottom)], and we estimate that the effective threshold is about
280 keV instead of 90 keV. As we will show later, this has an
impact on the determination of the β intensity distribution.
In the future, a proper optimization of the individual timing
resolution and the use of narrower gates, could make this a
better method than the MC simulation method for the study
of isotopes with very large neutron emission probabilities or
unknown β-n decay properties.

III. TAGS ANALYSES

In the analysis we follow the method developed by the
Valencia group to determine the β-intensity distributions in
TAGS experiments [49–51]. For that, we have to solve the
following inverse problem [50]:

di =
∑

j

Ri j (B) f j + Ci, (1)

where di represents the number of counts in channel i of the
experimental spectrum, f j is the number of events that feed
level j in the daughter nucleus, Ci is the contribution of all
contaminants to channel i, and Ri j is the response function
of the spectrometer, that depends on the branching ratios (B)
between the states in the daughter nucleus. The branching
ratio matrix is calculated using the known decay information
for the levels at low excitation energy complemented with
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FIG. 4. Effect of different time correlation windows "t =
tDTAS − tplastic on the β-gated DTAS spectrum for the decays of 137I
(top) and 95Rb (bottom). Prompt gate ("t ! 20 ns) in light gray
and delayed gate ("t > 10 ns) in dark gray. The spectrum in red
corresponds to a gate of "t = 500 ns that covers both the prompt
and the delayed signals.

an estimate based on the nuclear statistical model at high
excitation energy.

According to the Reference Input Parameter Library
(RIPL-3) [52], the level scheme of 137Xe is complete up to
a level at 2726.1 keV, whereas for 95Sr it is only considered
complete up to a level at 1259.7 keV (from these energies
E cut

x onward RIPL-3 considers that levels are missing in the
known level scheme). These limits define the known parts of
the branching ratio matrices for the two cases studied (we
will refer to known part of the level scheme equivalently to
complete part of the level scheme in the sense of RIPL-3). For
137Xe we considered, in addition, two alternative known parts
of the level scheme: up to the level at 2244.1 keV, where there
is good agreement between the experimental number of levels
and the prediction of the statistical model (see Fig. 5), and
up to the level at 1534.3 keV, where there is a substantial gap
to the next level at 1621.1 keV.

In all cases, from the last known level included in the
known level scheme up to the Qβ value (maximum decay
energy window), a continuum region with 40 keV bins is
defined. The branching ratios in this continuum region are de-
termined with the statistical model, as presented in Ref. [51].
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FIG. 6. Comparison of the β intensities obtained for the decay of
137I using three different excitation energy limits in the 137Xe known
level scheme considered (E cut

x ).

A. Decay of 137I

The tentative spin-parity value of the ground state (g.s.)
of 137I, according to ENSDF, is (7/2+), based on systematics
[30]. In the analysis we used the value 7/2+ as the primary
choice and we considered decays by allowed transitions and
first forbidden transitions to states in the known part of the
level scheme, while only allowed transitions were considered
to states in the continuum. Alternative g.s. spin-parity values
of 7/2− and 5/2+ were also used to construct alternative
branching ratio matrices that also gave a reasonable repro-
duction of the total absorption spectrum. The associated β
intensities were considered in the evaluation of uncertainties.
The three different choices for the known part of the level
scheme in 137Xe mentioned above were also investigated.
They were found to be equivalent, although the best re-
production of the total absorption spectrum was obtained
with the known level scheme extending up to 2726.1 keV.
Moreover, this choice was shown to reproduce better the
module-multiplicity gated spectra, as will be discussed later.
A comparison of the β intensities obtained with the three level
schemes is shown in Fig. 6.

In Fig. 7 we show the quality of the analysis by comparing
experimental spectra with the spectra reconstructed using
Eq. (1) for different β-gating conditions. In the top panel
of the figure we show the analysis of the β-gated spectrum
with the 500-ns coincidence gate. In the central panel we show
the analysis of the background subtracted singles spectrum
(no β gated). In the bottom panel we show the analysis
of the β-gated spectrum with the 20-ns coincidence gate
that eliminates the majority of neutron-induced γ rays. The
relative deviations between experimental and reconstructed
spectra are shown in each case. They are small up to 5.2 MeV,
except for the 20-ns gated spectrum in the first few hundred
keV. This reflects the difficulty of reproducing the effective
module threshold in the MC simulation. All three analyses
were performed with the reference branching ratio matrix. It
should be noted that the result of the analysis of the singles
spectrum does not depend on the simulated β-efficiency of the
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FIG. 7. Relevant histograms for the analysis of the decay of 137I:
experimental total absorption spectrum (solid gray), summing-pileup
contribution (dashed blue), 137Xe daughter spectrum (dashed-dotted-
dotted green), β-n decay branch (dotted red), and reconstructed
spectrum (solid black). The analyses of three different experimen-
tal spectra are shown: β gated with a 500-ns gate (top), singles
background subtracted (middle), and β gated with a gate of 20 ns
to cut neutron-induced γ rays. See text for further details. The
relative deviations between experimental and reconstructed spectra
are shown for each case.
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Beam time request

· UC2/graphite target + neutron converter
· Temperature-controlled quartz glass transfer line
· RILIS

� rays from neutron interactions, as indicated in Ref. [29]. Additionally, the technique
described in Ref. [28] can be applied. It combines the measured TAS � spectrum with
the �n-daughter �-feeding pattern to extract schematic yet valuable information on the
�-delayed neutron energy spectrum using simulations of the neutron interactions with the
TAS detector. Luckily �-rays in the �-n daughters have been measured both for 81Zn [16]
and 82Zn [17].

4 Yields and beam time request

Table 1 compiles the basic information on the requested ion beams, the daughter isotopes
and the possible contaminants. The selectivity and e�ciency for the production of Zn
ion beams was optimized in Ref. [32] and successfully used in Refs. [15, 16]. We request
the use of a UC2/graphite target equipped with a neutron converter with a temperature-
controlled quartz glass transfer line. The ISOLDE Resonance Ionization Laser Ion Source
(RILIS) [33] is requested for ionization.
The use of the quartz transfer line suppresses surface-ionized Ga and strongly reduces Rb
isobar contamination. In Ref. [16], the 81Rb beam content amounts to 80% of the A = 81
beam, but owing to the much longer Rb half-life its activity was negligible. For 82Zn
the presence of Rb contamination needs to be assessed. Given that a mass resolution of
⇠2250 is needed to separate 82Zn and 82Rb the use of the high resolution mass separator
may be beneficial.

Table 1: Isotope properties of Zn, Ga and Rb [16, 34] and expected production yields [32]

Nuclide T1/2 (ms) ABRABLA Exp. yield/µC Q� (keV) Q�n (keV) Pn (%)
80Zn 562(3) 1.40E+05 1.0E+04 7575(4) 2828(3) ⇠1
81Zn 290(4) 2.50E+03 6.0E+02 11428(6) 4953(6) 23(4)
82Zn 155(26) — ⇠1.5E+01 10617(4) 7243(4) 69(7)

Nuclide T1/2 (ms) ABRABLA DB yield / µC Q� (keV) Q�n (keV) Pn (%)
80Ga 1900(100) 1.80E+07 6.7E+04 10312(4) 2230(40) 0.9
81Ga 1217(5) 5.80E+06 7.9E+03 8664(4) 3836(4) 12
82Ga 599(2) 3.30E+05 1.8E+03 12484(3) 5290(3) 20

Nuclide T1/2 (min) ABRABLA DB yield / µC QEC (keV)
80Rb 0.557(12) 1.60E+08 1.1E+05 5718(2)
81Rb 30.5(3) / 274.3(2) 5.70E+08 1.7E+05 2240(5)
82Rb 1.2575(2) / 388.3(4) 1.1E+09 4.50E+06 4404(3)

The yields for Zn isotopes are based on data acquired under similar conditions during
experiment IS441, which are consistent with the ISOLDE yield data-base values. For the
beam-time estimates, an average 2 µA intensity is used. A conservative value of 70%
transmission to Lucrecia is employed, which accounts both for beam transport and col-
limation losses. The � and � detection e�ciencies were assumed to be 80% and 40%,
respectively. In addition to the decays under investigation, the daughter decays and the
contaminants need to be measured under the same conditions. This can be performed by
adapting the proton sequence in the supercycle and the measurement cycles. For 80Zn

6

Optimization of transfer line: 1 shift
80Zn and 81Zn: 4 shifts (including background and daughter activities)
82Zn: 10 shifts (including RILIS off) 
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1Grupo de F́ısica Nuclear & IPARCOS, Universidad Complutense de Madrid, E-28040, Spain
2Instituto de F́ısica Corpuscular, CSIC - Universidad de Valencia, E-46071 Valencia, Spain
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Abstract: We propose to investigate the � decay of 80�82Zn by total absorption
spectroscopy using the Lucrecia setup at ISOLDE. The technique will allow us to
identify the �-decay feeding to states in the daughter 80�82Ga nuclei in order to
investigate the competition of Gamow-Teller and First-Forbidden transitions, of

relevance for nuclear structure and modeling in nuclear astrophysics. Furthermore, the
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competition of neutron and � decay in the 78Ni region, of interest to experimentally
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