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The s-process follows 
the valley of stability as 
the neutron captures 
and beta decay have 
comparable 
probabilities.  

The path of the r-process 
lies very far from stability, 
exploring extreme nuclei at 
the limits of nuclear 
interaction. 
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means of standard FRS tracking detectors, which com-
prised two time-projection chambers (TPC) at the inter-
mediate focal plane (S2), another two at the final focal
plane (S4), two ionization chambers at S4 and thin plastic
scintillators at both S2 and S4 for measuring the time-
of-flight (TOF). Ion identification was carried out on an
event-by-event basis, by using the energy loss measured
in the ionization chambers for charge determination and
the measured TOF for determining the mass-over-charge
(A/Z) ratio. Changes in the magnetic rigidity of the
ions after the S2-degrader were used to identify and cor-
rect for charge states induced in the wedge [41]. A thin
Nb foil was used between the two ionization chambers
in order to induce electron stripping from possible H- or
He-like charge states. By implementing ion-trajectory
corrections enabled by the TPC-measurements, in com-
bination with the TOF- and energy-loss information it
was possible to determine the nuclear charge Z and the
A/Z ratio. The final identification diagram is shown in
Fig.1 for all the events accumulated in the experiment.
An aluminium degrader with adjustable thickness was
used at S4 in order to slow down ions and implant them
into a stack of double-sided silicon strip detectors called
SIMBA [42].

FIG. 1. Ion identification diagram showing nuclear charge Z
as a function of the mass-over-charge ratio A/Z as measured
with the FRS tracking detectors (see text for details).

Neutrons were detected using BELEN, which consisted
of an array of 30 3He-tubes embedded in a polyethylene
matrix that served as moderator and shielding from sur-
rounding background neutrons. Geant4 [48] and MC-
NPX [49] Monte Carlo simulations allowed us to deter-
mine the BELEN e�ciency as a function of the neutron
energy, which is nearly constant at a value of 40(2)% from
thermal neutrons up to 1 MeV, and decreases to 35% at
5 MeV. The simulations were validated with dedicated
measurements performed with a 252Cf-source. Data from
BELEN were acquired using a digital data acquisition
system [50], which was combined with the GSI local ac-
quisition Multi-Branch System (MBS) [51]. The latter

was used to acquire data from all tracking detectors and
SIMBA. The MBS data acquisition was triggered by a
scintillator detector at S4 upstream of the detector ar-
ray and by high energy implant and low energy �-decay
events in SIMBA. The digital data acquisition for BE-
LEN was self-triggered. Always when there was an elec-
trical signal from any of the 3He-tubes, its pulse-height
and time-stamp were acquired. Both data acquisition
systems generated time stamped data using a common
clock. In this way, ion-implant versus �-decay time-
correlations and ion-�-neutron time-correlations could be
built with a sampling-resolution of 10 ns over an arbitrar-
ily long time-window and in both forward (increasing)
and backward (decreasing) time directions. By means
of implant-� and implant-�-neutron time-correlations in
the forward (true and uncorrelated events) and backward
(only uncorrelated events) directions, it was possible to
carry out a binned maximum-likelihood analysis [52] and
thus determine �-decay half-lives and �-delayed neutron
branching ratios for the implanted nuclei. A correlation
area of 3⇥3 mm2 centred around the implantation was
used.
The results obtained for the half-lives and neutron

branching ratios are reported in Table I and displayed
in Fig. 2 and Fig. 3, respectively.

Isotope t1/2 (s) Pn (%) Isotope t1/2 (s) Pn (%)
204Au 34(15) 214Tl 11(2) 27(11)
205Au 35(17) 215Tl 10(4) 4.6(4.6)
206Au 56(17) 216Tl 6(3) < 11.5
208Hg 132(50) 215Pb 98(30)
209Hg 6(1) 216Pb 99(12)
210Hg 64(12) 2.2(2.2) 217Pb 20(5)
211Hg 26(8) 6.3(6.3) 218Pb 15(7)
211Tl 76(18) 2.2(2.2) 218Bi 38(22)
212Tl 31(8) 1.8(1.8) 219Bi 3.8(1.6)
213Tl 24(4) 7.6(3.4) 220Bi 9(3)

TABLE I. Implanted isotopes and measured half-lives and
neutron branching ratios.

In order to have a complete picture on both sides of
the neutron shell closure in Fig. 2 we have included pre-
viously published results from another recent work [43–
45, 53], as well as half-life values reported for 208,209Hg
in Ref. [46]. The new results comprise twenty half-life
measurements in the N&126 region, nine of them re-
ported for the first time. With the exception of 212Tl
and 219Bi an excellent agreement is found with the re-
cently published work of Morales et al. [43–45, 53]. Pre-
viously published half-lives for 208,209Hg [46] are much
longer than the values reported here. A recent exper-
iment at CERN-ISOLDE [54] also concluded that the
half-life of 208Hg is less than few minutes, and much
shorter than the published value. Thus, we use the
recent half-life results to test the reliability of global
theoretical models on both sides of N = 126. The
FRDM+QRPA [22] model was until recently the only
theory available over the full network of nuclei involved
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r process universality. It is anticipated that universality may not extend to the elements Sn, Sb, I, and Cs,
making the detection of these elements in metal-poor stars of the utmost importance to determine the exact
conditions of individual r-process events.
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Introduction.—The origin of the heavy elements from
iron to uranium is one of the main open questions in
science. The slow neutron-capture (s) process of nucleo-
synthesis [1,2], occurring primarily in helium-burning
zones of stars, produces about half of the heavy element
abundance in the universe. The remaining half requires a
more violent process known as the rapid neutron-capture
(r) process [3–6]. During the r process, in environments of
extreme temperatures and neutron densities, a reaction
network of neutron captures and β decays synthesizes very
neutron-rich isotopes in a fraction of a second. These
isotopes, upon exhaustion of the supply of free neutrons,
decay into the stable or semistable isotopes observed in
the solar system. However, none of the proposed stellar
models, including explosion of supernovae [7–12] and
merging neutron stars [13–16], can fully explain abundance
observations. The mechanism of the r process is also
uncertain. At temperatures of one billion degrees or more,
photons can excite unstable nuclei which then emit
neutrons, thus, counteracting neutron captures in an
ðn; γÞ ⇄ ðγ; nÞ equilibrium that determines the r process.
These conditions may be found in the neutrino-driven wind
following the collapse of a supernova core and the accreting
torus formed around the black hole remnant of merging
neutron stars. Alternatively, recent r-process models have
shown that the r process is also possible at lower temper-
atures or higher neutron densities where the contribution
from ðγ; nÞ reactions is minor. These conditions are
expected in supersonically expanding neutrino-driven out-
flow in low-mass supernovae progenitors (e.g., 8 − 12M⊙)
or prompt ejecta from neutron star mergers [17]. The final
abundance distribution may also be dominated by post-
processing effects such as fission of heavy nuclei (A≳ 280)
possibly produced in merging neutron stars [18].
New clues about the r process have come from the

discovery of detailed elemental distributions in some
metal-poor stars in the halo of our galaxy [19,20]. A main
conclusion of these observations is that the abundance
pattern of the elements between barium (Ba, proton number
Z ¼ 56) and hafnium (Hf, Z ¼ 78) is universal. Recent
observations by the Space Telescope Imaging Spectrograph
on board of the Hubble Space Telescope [21,22] indicate
that tellurium (Te, Z ¼ 52) is also robustly produced along
with the rare earth elements.
Nuclear physics properties such as β-decay half-lives

and masses are key for predicting abundance patterns and
extract signatures of the r process from a detailed com-
parison to astronomical observations [23]. This is espe-
cially true when ðn; γÞ ⇄ ðγ; nÞ equilibrium is established.

Otherwise, ðn; γÞ cross sections or fission properties may
very well be responsible for main features of the abundance
observations. In this Letter, we report on the half-life
measurement of 110 unstable nuclei with proton number
Z ≤ 50 and neutron number N ≈ 82. These nuclei are key
in any r-process mechanism [23] because their enhanced
binding bends the r-process path closer to stability slowing
down the reaction flow—the flow has to wait at the slowly
decaying species. The half-lives of thesewaiting-point nuclei
determine the time scale of the r process and shape the
prominent r-process abundance peak of isotopes with
A ≈ 130. The precise theoretical prediction of these half-
lives is challenging because the structure evolution ofN ≈ 82
nuclei is still unknown despite the recent experimental efforts
[24–30]. The data we present in this Letter also serve as
important constraints to probe and improve nuclearmodels in
this region.
Experimental procedure.—The nuclei of interest were

produced by fission of a 238U beam induced through
collisions with a beryllium target. The U beam had an
energy of 345A MeV and an average intensity of about
6 × 1010 ions=s. After selection and identification, exotic
nuclei were implanted at a rate of 50 ions=s in the stack of
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FIG. 1 (color online). Particle identification spectrum [33]. Ions
are identified with respect to proton number Z and the mass-to-
charge ratio A=Q. Charge state contamination is significant but
well separated in A=Q for the nuclei of interest. Nuclei with
newly measured half-lives are on the right side of the red solid
line. The heaviest masses for which half-lives can be measured
are tagged for reference by red circles. The half-lives reported in
this Letter are for the elements from Rb to Sn.
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Decay spectroscopy of very neutron-rich nuclei around
A ¼ 110 was performed at the recently commissioned
RIBF facility at RIKEN. A secondary beam, composed
of a cocktail of neutron-rich nuclei, was produced by in-
flight fission of a 345-MeV=nucleon 238U beam in a
550-mg=cm2 Be target. The primary beam was produced
by the RIKEN cyclotron accelerator complex with a typi-
cal intensity "0:3 p nA at the production target position.
Fragments were separated by the first stage of the BigRIPS
separator [10] using a 1600-mg=cm2 Al achromatic energy
degrader. Contaminants that were not fully stripped were
removed from the secondary beam using a 570-mg=cm2 Al
degrader placed at the second stage. Nuclei in the second-
ary beam were identified on an event-by-event basis mea-
suring their A=Q and Z (see Fig. 1); these two quantities
were deduced by combining the projectile time-of-flight
and magnetic rigidity from BigRIPS, and from an energy-
loss measurement in an ionization chamber at the end of
the zero-degree spectrometer (ZDS), respectively.

The nuclei transported through the ZDS were implanted
in a nine-layer double-sided silicon-strip detector (DSSSD)
system [11,12] with a combined thickness of 9# 1 mm,
which was positioned downstream from a stack of Al
degraders of total thickness 6 mm. Each DSSSD was
segmented into 16 strips, horizontally on the front side
and vertically on the back, each with a width of 3 mm.
All strips of the middle 7 were readout for reconstruction
of projectile trajectories and timing of low-energy ! par-
ticles using high-gain readout electronics with an energy
range spanning to 2 MeV. The implantation position and

timing of the identified nuclei were reconstructed, event-
by-event, using their momenta and the energy deposited in
each strip of the second DSSSD. Because of the relatively
large energy deposition of individual nuclei in the second
DSSSD, a low-gain readout system with a dynamical
energy range above 4 GeV was used in parallel to the
one with high gain.
The positions of an implanted nucleus and its associated

! decay were deduced by calculating the average strip
position on each side of the relevant DSSSD, weighted
by the amplitude of the energy signal. The ion implantation
rate throughout the 8 h of beam time was about 8 particles
per second. A decay curve was constructed for each nu-
clide by measuring the correlation between heavy-ion
implantations and subsequent ! particles detected within
3.3 mm of each other, and in the same DSSSD layer. The
maximum-likelihood analysis technique was used to ex-
tract !-decay half-lives (T1=2) from the decay spectra; bin
widths of 10 ms were adopted in all cases [9]. All necessary
components were taken into consideration during the fit-
ting procedures: the !-detection efficiency, background
rate, daughter and granddaughter half-lives, including the
nuclides populated by !-delayed neutron emission, and
!-delayed emission branches (Pn). Experimentally un-
known Pn values for some of the very exotic isotopes
were taken from Ref. [1] with uncertainties of 0% to
100% for caution. The detection efficiency was found to
range from 40% to 80%, depending on whether the ions
were implanted near the surface or the center of a silicon
layer. The typical rate of !-like background events was
less than "0:5 counts=s. Systematic errors on Pn and
experimental half-lives were estimated and combined
with statistical uncertainties. Figures 2(a)–2(d) show
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FIG. 1 (color online). Particle-identification plot from 8 h of
accumulated beam time. The lowest-mass isotope from each
isotopic chain was tagged for reference purposes. Isotopes
with previously known half-lives lie to the left of the black solid
line. The shaded area represents the r-process waiting points
predicted by the ETFSI-Q mass model, within the classical
r-process model [19].
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FIG. 2. Fitted decay curves for (a) 111Nb, (b) 108Zr, (c) 106Y,
and (d) 103Sr. The data are presented with variable bin widths
ranging from 10 to 5000 ms, with normalized counts per 10 ms.
The dashed lines correspond to contributions from the parent
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! and !n branches, and background components.
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Fig. 4. Comparison with theoretical predictions. In the upper row the half-lives are
given as function of mass number A for Tl (left) and Bi (right) isotopes. Open circles
refer to previously known data while filled ones to the current analysis. The lower
panels show the comparison in terms of ratio between experimental and theoreti-
cal values. The predictions shown by squares are obtained using the FRDM +QRPA
approach while the ones shown with triangles by the DF3+ cQRPA one. (See text
for discussion.)
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In some nuclei the decay is 
quite simple and can be 
described with just one state.  
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Large-scale calculations 
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In 1997. the first large scale 
calculation of beta-decay half-lives 
was published based on finite range 
droplet model + QRPA. 
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decay as a function of neutron number N. There are no systematic Figure 23. Ratio between calculated and experimental half-lives for b0
effects versus N. decay as a function of Qb . The region of relevance for far-from-

stability applications corresponds to large Q values and is indicated
approximately in light gray. The model error here is quite small,
for reasons discussed in the text.

b/ decay and electron capture and use Qb to mean the
maximum energy release. Because the calculated pairing
gap affects o–o, o–e, and e–e decays differently we

analyze these decays separately to differentiate between
effects due to pairing and due to other causes.

We have limited the comparison to nuclei whose
experimental half-lives are shorter than 1000 s. Because
the relative error in the calculated half-lives is more sensi-
tive to small shifts in the positions of the calculated single-β− decay
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expected, we find a very strong correlation between the error and
the experimental b-decay half-life. The region of relevance for far-
from-stability applications corresponds to short half-lives and is
indicated approximately in light gray. The model error here is quite
small, for reasons discussed in the text. An analysis of the results Figure 24. Ratio between calculated and experimental half-lives for b/

decay and electron capture as a function of neutron number N.in this figure is presented in Table B and is also discussed in the
text. There are no systematic effects versus N.
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Nucleosynthesis simulations require 
data on a large number of nuclei – 
systematic calculations are needed.  
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where Mr l is the average position of the points and !r l is the
spread around this average. When we prefer to represent the
error by a single number we use the measure 'r l

10 for the
‘‘total’’ error factor. The spread !r l can be expected to be
related to uncertainties in the positions of the levels in the
underlying single-particle model. The use of a logarithm in
the definition of r l implies that these two quantities corre-
spond directly to distances as seen by the eye in, for ex-
ample, Fig. 4, in units where one order of magnitude is 1.
After the error analysis has been carried out we want to
discuss its result in terms like ‘‘on the average the calculated
half-lives are ‘a factor of 2’ too long.’’ To be able to do this
we must convert back from the logarithmic scale. Thus, we
realize that the quantities Mr l

10 and !r l
10 are conversions back

to ‘‘factor of’’ units of the quantities Mr l and !r l, which are
expressed in distance or logarithmic units.
We are now in a position to analyze the deviations be-

tween our calculations and experiment. An analysis of the
half-life comparisons in Fig. 4 is given in Table I and of the
(-delayed neutron-emission probability comparisons in Fig.
5 in Table II. The half-life comparison shows, as earlier
%8,9&, that the mean deviation of the calculated half-lives
from the experimental values is approximately zero, that is,
Mr l)0. Thus, no ‘‘renormalization’’ of the calculated (
strength is indicated. This is true both for the GT calculation,
and in particular for the GT#ff calculation. A large mean
error is obtained for the GT calculation when nuclei with
very long half-lives are included. This does not indicate a
need for a general renormalization, because the calculated
half-lives of nuclei with short half-lives are correct on the
average. Rather, the deviations of the mean half-lives occur
because the effect of ff strength is not considered in GT-only
calculation. When the ff strength is included, the mean de-
viation is always very close to zero. In addition, in the GT
#ff case the total error factor 'r l

10 increases only very slowly
when nuclei with very long half-lives are included in the
calculations. This increase is expected because when the Q(
window becomes increasingly small the calculated half-life
values are more sensitive to small errors in the calculated
positions in energy of the GT transitions.
For delayed-neutron emission there are fewer data points

available than for (-decay half-lives. However, the more
than 100 data points %41& are sufficient to allow us to draw
several conclusions. First, just as for the half-lives we find
that the calculations are more accurate for decays corre-
sponding to large Q( values; that is, far from stability, where
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In 2003. the reference dataset is published, 
again based on the FRDM + QRPA, but 
also including the first-forbidden transitions 
using a gross statistical calculation. 
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FIG. 7. !Color" Plot of the ratio of calculated to experimental #!-decay half-lives for nuclei from 16O to the heaviest known. In this case
first-forbidden transitions, as given by the statistical gross theory, are taken into account.
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PETER MÖLLER, BERND PFEIFFER, AND KARL-LUDWIG KRATZ PHYSICAL REVIEW C 67, 055802 !2003"

055802-10

The first-forbidden transitions contribute to 
the decay rate mostly in nuclei close to the 
valley of stability. 

P. Möller et al., Phys. Rev. C 67, 055802 (2003) 



QRPA calculations 
Transitions are obtained by solving the pn-(R)QRPA 
equations 
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Decay rate  is of the form 

�i = D

Z W0,i

1
W

p
W 2 � 1 (W0,i �W )2 F (Z,W )C(W )dW

T1/2 =
ln 2

�
, D =

(GFVud)
2

2⇡3

�
mec2

�5

~

Allowed decay shape factor: 

C(W ) = B(GT )

First-forbidden transitions shape factor 

C(W ) = k
�
1 + aW + bW�1 + cW 2

�



r̄ =

1

N

X

i

log

T
calc.

T
exp.

� =

"
1

N

X

i

(r
i

� r̄)2
#1/2

r̄ = 1
N
P

i log Tth.
Texp.

� =
h

1
N
P

i (ri � r̄)2
i1/2

D3C* FRDM
Texp. [s] r̄ � r̄ �
< 1000 0.011 0.889 0.021 0.660
< 100 0.057 0.791 0.040 0.580
< 10 0.061 0.645 0.046 0.515
< 1 0.011 0.436 0.019 0.409
< 0.1 0.041 0.195 0.021 0.354

G. Audi et al., CPC 36, 1157 (2012)
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D3C*

r̄ �
even-even -0.037 0.331

odd-Z 0.054 0.328
odd-N -0.086 0.387

odd-odd 0.089 0.582
total 0.011 0.436

FRDM

r̄ �
even-even 0.333 0.226

odd-Z -0.128 0.288
odd-N 0.124 0.436

odd-odd -0.179 0.409
total 0.019 0.409

T. Marketin (Uni Zagreb) Edinburgh, May 2015 12 / 28
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•  recent experiment 
with 110 half-lives 

•  40 new 
measurements 

Comparison with the 
latest measurements is 
consistent with the 
previous results. 



distributions belowQβ, canceling the effect of about 2 MeV
increase in Qβ [see Figs. 4(c), 4(d)]. Since the ground-state
(GS) deformation changes very little along this sequence of
isotopes, we can understand these strength-function
changes from level spins and GT selection rules. The level
schemes here are calculated in the folded-Yukawa model
with ground-state deformations [32]. Each level is doubly
degenerate. The 31st proton, 49th and 50th neutron levels
have the spins of 5=2−, 5=2−, and 1=2−, respectively. For
157Nd97 and 158Nd98, the neutron in level 49 can decay to
the (GS) proton level 31 (5=2− → 5=2−) in the daughter.
But the single neutron in level 50 (1=2−) cannot decay to
the GS proton level 31 (5=2−) for 159Nd99, because the spin
difference is 2. Therefore, a (paired) neutron in level 49
decays instead, which leaves 3 unpaired particles in the
daughter: one in proton level 31, one in each of neutron
levels 49 and 50. Two more unpaired particles than in the
GS of 159Pm98 leaves it in an about two-MeVexcited state.
The situation in nuclei near N ¼ 105 is similar. Although
different spins are involved, the selection rules lead to
analogous effects. These effects, which are clear in the data
and predicted by the QRPA calculations are not always as
easy to disentangle as in the above examples, because
additional factors come into play, for example, deformation
changes, occupation numbers due to pairing, and wave
functions consisting of several asymptotic components.
Concerning the interesting case of N ¼ 100, where

evidence for a deformed subshell gap was discussed [8],
we could not find a convincing signature in the half-life
trend. The half-life of 161

61 Pm100 is longer than that of

160
61 Pm99, which is somewhat intriguing (see Fig. 3), but
similar features were not found in other elements.
To evaluate the impact of the newlymeasured half-lives on

the r-process modeling, fully dynamic r-process network
calculations [33] were performed. As to the role of half-lives
in the dynamical REE peak formation we intend to study,
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recent half-life results to test the reliability of global
theoretical models on both sides of N = 126. The
FRDM+QRPA [22] model was until recently the only
theory available over the full network of nuclei involved
in r-process calculations. Presently, two additional com-
plete �-decay calculations are available: The KTUY
model, based on the gross theory with improved even-
odd and shell-terms [47, 55], and the proton-neutron rel-
ativistic quasiparticle phase approximation based on the
Hartree-Bogoliubov model (RHB+RQRPA) [25]. As al-
ready pointed out in Ref. [44], in theN  126 mass region
the measured half-lives are on average a factor of 20 lower
than FRDM+QRPA predictions. This e↵ect has been ex-
plained on the basis of detailed calculations [24, 56, 57],
which reveal an increasing contribution of FF transi-
tions toward higher Z-values. This occurs because the
Gamow-Teller (GT) transitions get progressively Pauli

blocked by the filling of the h11/2 proton orbital, which
reduces contributions from allowed ⌫h9/2-⇡h11/2 transi-
tions. This behaviour in the N  126 mass region seems
to be properly reproduced by the latest global calcula-
tion RHB+RQRPA, where the average discrepancy is
only a factor of three with respect to the experimen-
tal results. The performance of the highly parametrized
KTUY scheme is worse, with half-lives which are, on av-
erage, a factor of six higher.
The situation, however, is reversed beyond N = 126.

In this region FRDM+QRPA predicts half-lives which
are, on average, in good agreement with the experi-
mental values. This is particularly true for the chain
of Tl isotopes, where only minor discrepancies between
FRDM+QRPA and experiment can be observed over the
mass range from 211 up to 216. The decay systematics of
the Tl isotopic chain, from 211Tl up to 213Tl, have been
thoroughly investigated on the basis of half-life and spec-
troscopy measurements [43, 44, 53]. With the results of
the present work, this can be extended three mass units
further, i.e. to 214,215,216Tl. Our new results confirm
the systematic behaviour described in [44] for the Tl iso-
topic chain, which is consistent with DF3+cQRPA cal-
culations published for 211�214Tl[23] (Fig. 2). This was
also interpreted [43, 44, 53, 58] as an indication of the
predominance of allowed ⌫i11/2 ! ⇡i13/2 GT-transitions
in the N > 126, Z  82 mass-region “south-east” from
208Pb. This explanation also holds for the �-decay of
206Au, where our result is in agreement with the value
reported recently [45]. Whether the anomalously high oc-
cupation of the ⌫i11/2 orbital is due to a weakening of the

94 measured half-
lives from Cs (Z = 
55) to Ho (Z = 67). 

20 half-lives of heavy 
elements from Au to 
Bi. 
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Position of the peak around A ≈ 190 
depends critically on the amount of 
neutrons available after freeze-out. 
 
L a t e s t  c a l c u l a t i o n s p r o v i d e 
systematically shorter half-lives in the 
region of heavy nuclei – significant 
consequences for the r-process. 
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matter as well. Here we utilized only the conditions for the
dynamical ejecta of NSM within the treatment of Korobkin
et al. (2012) or Bauswein et al. (2013). However, these
dynamical ejecta can also be affected by neutrino interactions
and NSM ejecta also include, apart from the dynamical
channel, matter ejected via neutrino-driven winds (e.g., Dessart
et al. 2009; Just et al. 2014; Perego et al. 2014; Rosswog et al.
2014) and matter from unbinding a substantial fraction of the
late-time accretion disk (e.g., Beloborodov 2008; Metzger et al.
2008; Lee et al. 2009; Fernández & Metzger 2013a, 2013b;
Just et al. 2014). These additional channels yield larger electron
fractions, since matter stays substantially longer near the hot
central remnant and therefore positron captures and neutrino
absorptions are likely. A number of recent studies (Just
et al. 2014; Perego et al. 2014; Wanajo et al. 2014) find a
broader range of Ye-values that may be beneficial for the
production of r-process elements and may also contain
substantial “weak” r-process contributions (for a parametric
study of possible neutrino and antineutrino luminosities and
average energies see Goriely et al. 2015). These would be
closer to conditions from investigations for matter ejected in
the jets of magneto-rotationally powered core-collapse super-
novae (Winteler et al. 2012), leading to less fission cycling
and less final neutron captures from fission neutrons. Both
aspects, improvements in the nuclear structure input as well
as the complete description of the astrophysical conditions

encountered in NS-NS, and also NS-BH mergers, should be
followed in the future.
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In nuclei with small Sn an additional process is possible:  

Beta-delayed neutron emission contributes neutrons at the late stages of 
the r-process, after the initial neutron flux has dissipated.  

Beta-delayed neutron emission 
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Beta-delayed neutron emission in neutron-rich nuclei

Beta-delayed neutron emission is the process of 
emission of one or more neutrons, after β-decay, from 
the excited daughter nucleus. The neutron emission is 
an important physical process in a variety of nuclear 
physics applications, from the simulations of heavy 
element nucleosynthesis to control of reactor power 
levels and nuclear waste management. It is, however, 
quite difficult to measure - requiring theoretical input 
from models that can reliably describe nuclei far from 
the valley of stability.

Calculations based on microscopic models, such as 
FRDM + QRPA [1] or RHB + RQRPA [2] rely on a simple 
assumption that the excited nucleus will emit as many 
neutrons as energetically allowed, neglecting 
competition between different decay channels. In this 
work we present a calculation of beta-delayed neutron 
emission probabilities in neutron-rich nuclei obtained 
with a microscopic model, combined with a statistical 
calculation of decay channel cross sections. 
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The nuclear ground state properties are described using 
the relativistic Hartree-Bogoliubov (RHB) model, which 
properly describes the pairing effects in open-shell 
nuclei. We use the D3C* parametrization [3], which has 
been shown to provide a good description of β-decay 
half-lives in medium and heavy nuclei. 

The β-decay rate for a transition between an initial and 
final nuclear state is equal to:

The excited states are obtained with the proton-neutron 
relativistic quasiparticle phase approximation using the 
same interaction as at the RHB level. Assuming spherical 
symmetry, we solve the equations:

where W is the electron energy in units of mec2 with W0 
being the maximum electron energy that is equal to the 
difference in nuclear masses between initial and final 
nuclear states, and F(Z,W) is the Fermi function.

Tha shape factor C(W) equals the Gamow-Teller reduced 
transition probability in the case of allowed decay, and 
depends on electron energy and interference between 
transition operators in the case of first forbidden 
transitions.

β-decay rates

β-decay neutron emission 

Daughter nuclei are usually found in excited states. For 
excitation energies higher than the neutron separation 
energy, these nuclei can decay by neutron emission as 
well as by EM transitions. This process is called the β-
delayed neutron emission.

To describe the competition between various processes, 
we combine the transition energies and rates from the β-
decay calculations, including the first-forbidden 
transitions, with the cross-sections for various processes 
available in the daughter nucleus such as gamma 
emission, single or multiple neutron emission, etc. 
obtained with statistical de-excitation codes ABLA07 [4] 
and SMOKER [5].

The β-decay half-lives are obtained from the decay rate 
as:

The results agree well with the data for N = 82 nuclei, 
and with the recent measurements at RIBF on 110 
nuclei, where half-lives of 40 nuclei were measured for 
the first time [6]. Compared to FRDM, the largest 
differences appear in the region of heavy nuclei, where 
the shorter half-lives have a very strong impact on the r-
process, and the resulting distribution of elements [7].

where the decay rate includes contributions from both 
allowed and first-forbidden transitions.

If the excitation energy of the daughter nucleus is higher 
than the neutron separation energy, it may de-excite by 
neutron emission. In very neutron-rich nuclei multiple 
neutron emissions are energetically allowed.

To compare with data, we use the ratio of the relative 
differences between the calculated and measured 
values:

Because the process requires very large Q-values, there 
is less data available than for half-lives. It is mostly 
found for small emission probabilities (< 20%) [8], where 
all models tend to underestimate the measurements. 

The present models provides a good description of one 
neutron emission in nuclei with large experimental 
emission probabilities (high Q-values). 

β-decay rates and the related β-delayed neutron 
emission are vital for the understanding of heavy 
element nucleosynthesis. To overcome the difficuties 
involved in the description of post-decay nuclear de-
excitation we combine the nuclear spectra from a large 
scale calculation of β-decay rates with results of 
statistical de-excitation codes.

With such a method it became possible to obtain good 
agreement with the available data, in particular for the 
very exotic, neutron-rich nuclei that have an important 
role in the heavy element nucleosynthesis. The resulting 
β-decay properties have a significant impact on the final 
abundance pattern with a good reproduction of the 
position of the A ≈ 190.

In the r-process simulations, the effect of β-delayed 
neutron emission is subtle and mostly limited to 
smoothing the abundance distribution in the final stages 
of the heavy element nucleosynthesis.
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β-decay half-lives obtained in the present study for N = 82 isotonic chains in comparison 
to available data and results from other models.

The ratio of the calculated and experimental half-lives for the recently measured 110 
isotopes at RIBF [6].

Comparison of relative differences between calculated and measured probabilities of β-
delayed one neutron emission for different models.

Average relative differences and their respective standard deviations, calculated by 
taking into account all nuclei with experimental P1n > 20%.

Comparison of abundances produced in a simulated neutron star merger, obtained using 
the calculated table of β-decay half-lives and β-delayed neutron emission probabilities, 
and with no emission.

Ratio of the β-decay half-lives computed with the present approach and those based on 
the FRDM + QRPA approach [1]. Black lines indicate the position of (predicted) closed 
proton and neutron shells.
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This may be ascribed to the fact, that state-of-the-art
self-consistent nuclear models are not expected to provide
accurate single-particle energies, particularly near closed-
shell nuclei, where the Q� is not large and the strength
may be dominated by only one or few transitions. In ad-
dition, the strength of the T=0 proton-neutron pairing
is included in Ref. [25] using a single and rather sim-
ple parameterization [63]. In the DF3+cQRPA [23], the
e↵ective mass m⇤=1 and a moderate mass-independent
strength of the T=0 proton-neutron pairing is used, re-
sulting in a more satisfactory description of the Tl to Bi
isotopes. Interestingly, in the FRDM+QRPA where the
T=0 pairing is absent, the description of the semi-magic
Z=82±1 isotopes, for which it is not that important, is
better compared to other isotopic chains.

FIG. 3. Measured neutron emission probability (%) or upper
limit (216Tl) for the Hg- and Tl-isotopes (solid red circles and
arrows). Theoretical predictions from Refs. [22, 25] and phe-
nomenological models [30, 31] are shown with open symbols.

Additional constraints when comparing microscopic
models with experiment can be found in the neutron-
branching ratios of the Tl-isotopes, which are shown
in Fig. 3. The discrepancies found between the
RHB+RQRPA predictions and the measured Tl-decay
half-lives (Fig. 2) are at variance with the quite good
agreement that is found with the measured neutron
branching ratios. As the GT and FF decays are treated
in a single RQRPA framework, this may reflect that the
integral of GT+FF strength is overestimated both in
Q�n and Q� windows. The good agreement between the
experimental half-lives and the FRDM+QRPA predic-
tions for the entire Tl-isotopic chain (Fig. 2) is in con-
trast with the factor of five discrepancy found for the
FRDM+QRPA predicted branching ratios of 215,216Tl.
Such inconsistency might be ascribed to the QRPA de-
scription of the GT and statitical treatment of the FF
transitions. The KTUY predicted neutron branching ra-
tios seem reasonable, but with a clear tendency to un-
derestimate them.

Finally, Fig. 3 also shows a comparison between mea-

sured neutron branching ratios and phenomenological
models [30, 31]. Agreement is found only with the
neutron branching ratios measured for 210,211Hg and
211,212,215,216Tl, which have a rather large uncertainty.
This feature points to an accidental coincidence rather
than a predictive power. Again, more measurements will
be important in order to extend the parameterized mod-
els to the heavy mass region.
In summary, the present work reports experimental

results for nine new �-decay half-lives and eight new
�-delayed neutron emission probabilities (or upper lim-
its) in the heavy mass region beyond N = 126. These
new data have allowed us to get an insight into the
�-decay performance of the only three nuclear mod-
els that are applicable over the full nuclear landscape,
FRDM+QRPA [22], KTUY [47] and RHB+RQRPA [25].
One can conclude that, presently, there exist no global
model which provides satisfactory �-decay half-lives and
neutron branchings on both sides of the N = 126 shell
closure. The RHB+RQRPA framework predicts fairly
well the �-decay half-lives in the N  126 region (al-
though not beyond the shell-closure) as well as the neu-
tron emission probability, at least in the region where new
data are reported. It is worth noting that in the N  126
region, where the new RHB+RQRPA model and the pre-
vious self-consistent study [23, 32, 56, 64] perform better,
is more relevant than the nuclei beyond the neutron shell
closure because it involves all the species produced dur-
ing the r-process freeze-out. Thus, the new experimen-
tal data support the rather good agreement predicted in
Ref. [25] for the r-process abundances around the third
r-process peak at A = 195.
The next important step toward a fully self-consistent

description of the �-decay rates including nuclear de-
formation has been done within the Finite Amplitude
Method (FAM) [65, 66]. In this respect, a remaining
challenge of prime importance for the QRPA is the im-
pact of the 2p-2h configurations on the �-decay rates and
Pn values [67–69]. Further measurements of these two
gross properties of �-decay and possibly spectroscopic
measurements in the heavy mass region around A⇠200
are highly desirable in order to further improve theoret-
ical models and r-process calculations.
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Beta-delayed neutron emission in neutron-rich nuclei

Beta-delayed neutron emission is the process of 
emission of one or more neutrons, after β-decay, from 
the excited daughter nucleus. The neutron emission is 
an important physical process in a variety of nuclear 
physics applications, from the simulations of heavy 
element nucleosynthesis to control of reactor power 
levels and nuclear waste management. It is, however, 
quite difficult to measure - requiring theoretical input 
from models that can reliably describe nuclei far from 
the valley of stability.

Calculations based on microscopic models, such as 
FRDM + QRPA [1] or RHB + RQRPA [2] rely on a simple 
assumption that the excited nucleus will emit as many 
neutrons as energetically allowed, neglecting 
competition between different decay channels. In this 
work we present a calculation of beta-delayed neutron 
emission probabilities in neutron-rich nuclei obtained 
with a microscopic model, combined with a statistical 
calculation of decay channel cross sections. 
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The nuclear ground state properties are described using 
the relativistic Hartree-Bogoliubov (RHB) model, which 
properly describes the pairing effects in open-shell 
nuclei. We use the D3C* parametrization [3], which has 
been shown to provide a good description of β-decay 
half-lives in medium and heavy nuclei. 

The β-decay rate for a transition between an initial and 
final nuclear state is equal to:

The excited states are obtained with the proton-neutron 
relativistic quasiparticle phase approximation using the 
same interaction as at the RHB level. Assuming spherical 
symmetry, we solve the equations:

where W is the electron energy in units of mec2 with W0 
being the maximum electron energy that is equal to the 
difference in nuclear masses between initial and final 
nuclear states, and F(Z,W) is the Fermi function.

Tha shape factor C(W) equals the Gamow-Teller reduced 
transition probability in the case of allowed decay, and 
depends on electron energy and interference between 
transition operators in the case of first forbidden 
transitions.

β-decay rates

β-decay neutron emission 

Daughter nuclei are usually found in excited states. For 
excitation energies higher than the neutron separation 
energy, these nuclei can decay by neutron emission as 
well as by EM transitions. This process is called the β-
delayed neutron emission.

To describe the competition between various processes, 
we combine the transition energies and rates from the β-
decay calculations, including the first-forbidden 
transitions, with the cross-sections for various processes 
available in the daughter nucleus such as gamma 
emission, single or multiple neutron emission, etc. 
obtained with statistical de-excitation codes ABLA07 [4] 
and SMOKER [5].

The β-decay half-lives are obtained from the decay rate 
as:

The results agree well with the data for N = 82 nuclei, 
and with the recent measurements at RIBF on 110 
nuclei, where half-lives of 40 nuclei were measured for 
the first time [6]. Compared to FRDM, the largest 
differences appear in the region of heavy nuclei, where 
the shorter half-lives have a very strong impact on the r-
process, and the resulting distribution of elements [7].

where the decay rate includes contributions from both 
allowed and first-forbidden transitions.

If the excitation energy of the daughter nucleus is higher 
than the neutron separation energy, it may de-excite by 
neutron emission. In very neutron-rich nuclei multiple 
neutron emissions are energetically allowed.

To compare with data, we use the ratio of the relative 
differences between the calculated and measured 
values:

Because the process requires very large Q-values, there 
is less data available than for half-lives. It is mostly 
found for small emission probabilities (< 20%) [8], where 
all models tend to underestimate the measurements. 

The present models provides a good description of one 
neutron emission in nuclei with large experimental 
emission probabilities (high Q-values). 

β-decay rates and the related β-delayed neutron 
emission are vital for the understanding of heavy 
element nucleosynthesis. To overcome the difficuties 
involved in the description of post-decay nuclear de-
excitation we combine the nuclear spectra from a large 
scale calculation of β-decay rates with results of 
statistical de-excitation codes.

With such a method it became possible to obtain good 
agreement with the available data, in particular for the 
very exotic, neutron-rich nuclei that have an important 
role in the heavy element nucleosynthesis. The resulting 
β-decay properties have a significant impact on the final 
abundance pattern with a good reproduction of the 
position of the A ≈ 190.

In the r-process simulations, the effect of β-delayed 
neutron emission is subtle and mostly limited to 
smoothing the abundance distribution in the final stages 
of the heavy element nucleosynthesis.
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β-decay half-lives obtained in the present study for N = 82 isotonic chains in comparison 
to available data and results from other models.

The ratio of the calculated and experimental half-lives for the recently measured 110 
isotopes at RIBF [6].

Comparison of relative differences between calculated and measured probabilities of β-
delayed one neutron emission for different models.

Average relative differences and their respective standard deviations, calculated by 
taking into account all nuclei with experimental P1n > 20%.

Comparison of abundances produced in a simulated neutron star merger, obtained using 
the calculated table of β-decay half-lives and β-delayed neutron emission probabilities, 
and with no emission.

Ratio of the β-decay half-lives computed with the present approach and those based on 
the FRDM + QRPA approach [1]. Black lines indicate the position of (predicted) closed 
proton and neutron shells.
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Calculation based on the finite 
amplitude method (FAM) – a 
formulation of the QRPA which 
allows for a quick determination 
of the nuclear response. 
 
The interaction was also 
adjusted to dynamic properties 
of select nuclei – improved 
description of decay properties.  
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Table VI. Open-shell (top) and semimagic (bottom) even-even
A ' 80 nuclei whose half-lives are used to adjust the proton-
neutron isoscalar pairing. Experimental half-lives are from the
ENSDF [82].

Z N Isotope T
1/2

(s)
22 38 60Ti 0.022
24 40 64Cr 0.043
26 44 70Fe 0.094
30 52 82Zn 0.228
32 52 84Ge 0.954
34 54 88Se 1.530
36 60 96Kr 0.080
28 46 74Ni 0.680
28 48 76Ni 0.238
30 50 80Zn 0.540
32 50 82Ge 4.560

0 100 200 300 400 500 600
–V0 (MeV fm3)

10–2

10–1

1

10

102

T 1
/2

(c
al

c)
/T

1/
2

(e
xp

t)

Figure 7. (Color online) Impact of T = 0 pairing on �-decay
half-lives, both for non-magic (solid lines) and semi-magic
(dashed lines) nuclei. The shaded region marks agreement
between our calculation and measured half-lives [82] to within
a factor of two.

deviation between calculation and experiment: A value
M10

r = 2 would signify that calculations produce half-
lives that are too long by a factor of two, on average.
Our calculated rates yield M10

r = 1.32 in even-even nuclei
while those of Ref. [17] give M10

r = 3.55. For the standard
deviation, our rates yield ⌃10

r = 5.14, vs. 7.50 for those
of Ref. [17]. Thus, we indeed do measurably better in
even-even nuclei. Our results in odd-A nuclei are worse
than those of Ref. [17], however; we obtain M10

r = 2.71
(vs. 0.95) and ⌃10

r = 11.61 vs. (6.46). The two sets of
calculations are comparable for short-lived odd-A nuclei,
however: we get M10

r = 1.11 vs. 0.96 and ⌃10

r = 2.48 vs.
2.21 for isotopes with T

1/2  1 s.

C. Results near A = 160

Guided by the sensitivity studies in Fig. 2, we identify
70 rare-earth nuclei, all even-even or proton-odd, with
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Figure 8. (Color online) Performance of our SV-min calcu-
lations (top panels) and the FRDM calculations of Ref. [17]
(bottom panels) for nuclei with 22 < Z < 36 and T

1/2

 1
day. Left panels show the ratio of calculated to measured
half-lives in even-even nuclei; right panels show the ratio in
odd-A nuclei. Filled circles in the upper-left panel denote
even-even nuclei used to fit the T = 0 proton-neutron pairing.
The shaded horizontal band marks agreement to within a
factor of five, and the white background marks nuclei with
measured half-lives that are shorter than one second.

rates that strongly a↵ect r -process abundances near A =
160. (Neutron-odd nuclei do not significantly a↵ect the r
process since they quickly capture neutrons to form even-
N isotopes [1].) The top panels of Fig. 9 present new
calculated half-lives in two isotopic chains, with all five
adjusted Skyrme EDFs. The bottom panels compare our
half-lives to measured values where they are available [77],
as well as to the results of previous QRPA calculations
[17, 33, 83]. Our calculations span the (narrow) range of
predicted half-lives in these isotopic chains, with SLy5
and unedf1-hfb predicting the shortest half-lives for
the most neutron-rich isotopes, as one could expect from
the analysis of Sec. III B 1. While the unedf1-hfb half-
lives are uniformly short, however, those of SLy5 actually
are actually the longest predictions (and the closest to
measured values) for nuclei nearer to stability.

The results of Refs. [17, 33, 83] are actually fairly similar
to ours, spanning roughly the full range range of our
predicted values. The half-lives of Ref. [33] are close to
our own SkO0 half-lives, a result that is unsurprising given
that the EDF in that paper is a modified version of SkO0

(and that we use the same pnFAM code). The half-lives
of Ref. [17] lie, for the most part, right in the middle of
our predictions and follow those of SV-min fairly closely.
Finally, Fang’s recent calculations yield relatively short
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QVC correlations push states towards 
the Fermi energy – enhancing the 
density of states in vicinity of the FE. 
 
E x c e l l e n t d e s c r i p t i o n o f G T 
resonance in 208Pb and half-lives of 
the Ni chain.  
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regions [7]. All of orbitals required to obtain the Ikeda sum-rule for
Gamow–Teller strength are contained in the model space. One of
the observations for these model spaces is that the experimental
B(GT) values extracted from beta decay and charge-exchange reac-
tions are about a factor of two smaller than those calculated. Thus,
for the sd or pf model spaces one needs a reduction (quenching)
factor for the Gamow–Teller operator of 0.74–0.77 [39,40]. This
quenching is consistent with theoretical calculations of the oper-
ator renormalization obtained in second-order perturbation theory
[41,42].

For heavier nuclei the number of basis states even for a mod-
est number of orbitals grows exponentially as the number of va-
lence nucleons increases. Thus, the shell model applications are
restricted to semi-magic nuclei or those near double-magic nu-
clei such as 132Sn or 208Pb. Often the orbitals used in the model
space are not sufficient to accommodate the Ikeda sum rule. For
example, in the region north-west of 132Sn the “jj55” model space
if often used. The notation jj55 represents the five orbitals 0g7/2,
1d5/2, 1d3/2, 1s1/2, 0h11/2 in between the magic numbers 50 and
82 for protons and neutrons. The 0g9/2 and 0h9/2 orbitals need to
be added to satisfy the Ikeda sum rule.

One of the applications of these calculations is for the double
beta decay of 136Xe. Up until recently the jj55 model space has
been used with the understanding that some renormalization of
the operators may be related to the restricted model space. For
the Gamow–Teller operator that enters into the two-neutrino dou-
ble beta decay the renormalization might be fixed by reproducing
some single and double beta decay rates. In [43] a quenching fac-
tor of 0.45 was used to obtain the observed two-neutrino rate. The
question is then to what extent other operators such as those for
neutrino-less double beta decay are renormalized.

Recently the jj55 model space was enlarged to jj77 where the
configurations involving 0g9/2 and 0h9/2 orbitals were included
that are required to obtain the Ikeda sum rule. The details for the
derivation of the Hamiltonian are described in [9]. In brief, it is
obtained with realistic nucleon–nucleon interaction renormalized
to the jj77 model space, and with single-particle energies adjusted
to reproduce the experimental values observed in 131Sn and 133Sb.
This is typical of all shell-model calculations. If single-particle en-
ergies are not available from experiment one must rely on those
obtained from best Skyrme Hartree–Fock or RMF model extrapola-
tions.

In this work the shell-model calculations for the GT response
of 132Sn are performed. Two truncations were used. The simplest
called TDA has a closed-shell configuration for 131Sn in the jj55
model space with the addition of two one-particle one-hole final-
state configurations, 0g(−1)

9/2 − 0g(1)
7/2 and 0h(−1)

11/2 − 0h(1)
9/2. The GT

distribution for this is very similar to that obtained with QRPA.
For second called TDA + (1p–1h), these TDA configurations were
coupled to 1p–1h “vibrations” of the 132Sn core that are obtained
within the jj77 model space.

3. Gamow–Teller strength in doubly-magic nuclei

In Fig. 1, we show the results for the GTR in 208Pb obtained
within the QRPA, RRPA and RTBA, compared to data of Ref. [20].
The non-relativistic QRPA results are folded by the Lorentz distri-
bution with one MeV width which is close to the energy resolu-
tion of the experiment. The parameter gph = 1.15 is adjusted to
reproduce the GTR centroid. The QRPA model space, including pn-
configurations up to 45 MeV, accommodates the exact Ikeda sum
rule while 3% of the total B(GT−) is beyond the considered 25 MeV
energy interval and the total B(GT+) is equal to 0.21. Without
introducing quenching factors in front of the calculated strength

Fig. 1. The theoretical and experimental Gamow–Teller strength distributions in
208Pb (upper panel) and their cumulative sums (lower panel).

function the experimentally observed total strength [20] is by fac-
tor 0.62 smaller than that obtained in the QRPA.

The GTR within the relativistic approaches RRPA and RTBA de-
scribed in Section 2.1 has been calculated using the smearing pa-
rameter ! = 1 MeV. The RRPA calculations, neglecting the last two
terms of Eq. (2), produce a strength distribution which is very sim-
ilar to the non-relativistic QRPA calculations with the major peak
at 16.5 MeV and a low-energy peak structure around 10 MeV.
The exact Ikeda sum rule is accommodated within the model
space of pn-configurations between −1800 MeV and 100 MeV, so
that 8% of the B(GT−) is at large negative energies because of
the transitions to the Dirac sea [12]. While both QRPA and RRPA
do not account for spreading effects, within RTBA the GTR ac-
quires the spreading width because of the coupling between the
ph and ph⊗phonon configurations, so that the additional 5% of
the sum rule goes above the considered energy region, while the
total B(GT+) is equal to 0.34. Comparison to data shows that the
spreading effects which are taken into account in the RTBA are re-
produced very well.

A more detailed analysis of the non-relativistic and relativistic
calculations for the GTR in 208Pb has been presented in Fig. 2(a)
for both the overall GTR structure (right panels) and the low-lying
part (left panels). Compared to Fig. 1, we have reduced the smear-
ing parameter ! to 200 keV, to see more detailed features of the
GTR. Besides this, in Fig. 2 we show the calculated spectra rela-
tive to the ground states of daughter nuclei. Since in the present
version of the QRPA the effective interaction is not related to any
self-consistent mean field, the ground state energies are not de-
fined in this model. However, the single-particle energies entering
the QRPA equations are adjusted to data, therefore, for the QRPA
we find consistent to use the experimental Q β values. In contrast,
for the self-consistent RRPA and RTBA, in which the effective in-
teraction is the exact second variational derivative of the covariant
energy density functional with respect to the density matrix, we
use the following formula: Q β = M(Z , N) − M(Z + 1, N − 1). Here
M(Z , N) and M(Z + 1, N − 1) are the masses of the mother and
the daughter nuclei, respectively, calculated in the relativistic mean
field by the minimization of the CEDF. Thus, for 208Pb the main
GTR peak appears in the RRPA at about 1.5 MeV higher than in
the QRPA. When the coupling to the ph⊗phonon configurations
is included by the RTBA, the major GTR peak shifts down by the
same 1.5 MeV, however, the centroid remains at the same energy
as in RRPA. For the low-lying part of the strength distribution, in
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Fig. 9. (Color online) Theoretical half-lives compared to ex-
periment, in seconds.

found in the Q�-window for both of these isotopes and the
small integrated strength is thus only produced by the tail
of states located at higher energies. With a value � = 0
keV, 68Ni and 70Ni would therefore be predicted stable by
the pn-RQRPA. When QPVC is taken into account, finite
strength appears at lower energy due to fragmentation
effects, and a few peaks are now predicted within the Q�-
window. The values of the integrated strength, obtained
with ⌦max = 30 MeV, are equal to ⇠ 1.26 and 1.82 for
68Ni and 70Ni, respectively, and the lifetimes calculated
within pn-RQTBA for these two nuclei are thus predicted
finite. For the three isotopes 72�74�76Ni, pn-RQRPA now
shows some strength in the Q� window, while the distri-
bution in pn-RQTBA is shifted to lower energies and the
integrated strength is again found much larger. The case
of the doubly-magic nuclei 78Ni is quite different. Indeed,
looking at Fig. 11, we note that pn-RQRPA actually pre-
dicts more strength in the Q� window than pn-RQTBA,
mainly due to the peak located at ⇠ 0.61 MeV. The in-
tegrated GT strength at 0.78 MeV amounts to 6.55 with
pn-RQRPA and 4.46 with pn-RQTBA (⌦max = 30 MeV).
However, pn-RQTBA predicts strength at lower energies
than pn-RQRPA, where the phase-space factor in Eq. (51)
is much larger. A smaller lifetime is then produced. Be-
sides the total amount of strength, this illustrates the im-
portance of the distribution of the strength within the
integration window.

Finally let us note that the study of the Nickel iso-
topic chain is in fact an interesting test case for the fol-
lowing reason. As mentioned in the introduction, in rel-
ativistic or non-relativistic calculations based on QRPA,
an additional static proton-neutron pairing force is usu-
ally included and adjusted separately so to reproduce the
lifetimes of each isotopic chain. However, it was concluded
in Refs. [15] and [11] that the T=0 pairing has very little
effect in the Nickel chain because of the shell and sub-
shell closures at Z = 28 and N = 40. The half-lives were
therefore found not affected by the variation of the corre-

sponding proton-neutron pairing strength. This of course
shows that there must be another mechanism responsi-
ble for the shift of the strength to lower energies. From
the present study, it follows that the coupling between
quasiparticle and collective vibrations provides the most
important part of this effect.

4 Conclusion

In the present work we have developed the formalism of
the proton-neutron Relativistic Quasiparticle Time Block-
ing Approximation, which provides a description of charge-
exchange excitations in closed and open-shell nuclei, while
taking into account the coupling of quasiparticles to collec-
tive vibrations in a self-consistent way. This model is, on
one hand, an extension of the pn-RQRPA [35] by quasipar-
ticle vibration coupling and, on the other hand, a general-
ization of the proton-neutron RTBA to superfluid pairing.
A considerable strength of the method is that it is based
on the fundamental meson-exchange nucleon-nucleon in-
teraction and connects consistently the high-energy scale
of heavy mesons, medium-energy range of pion and the
low-energy domain of emergent collective vibrations. The
latter two build up the effective interaction in the isospin-
flip channel, in particular, the phonon-exchange part takes
care of the retardation effects, which are of great impor-
tance for the spreading of the resonances, quenching and
beta-decay rates with significant consequences for astro-
physics and theory of weak processes in nuclei.
We have applied this approach to the calculations of Gamow-
Teller strength distributions and beta-decay half-lives of
neutron-rich Nickel isotopes. The results obtained are very
satisfactory. It is found that the quasiparticle-vibration
coupling causes fragmentation of the strength function
of these nuclei, in both the giant resonance energy re-
gion and in the low-lying part of the distribution. Due to
this fragmentation, a part of the strength was shifted to
lower energies, including the Q� window. Consequently,
this work illustrates the ability of the method to pro-
duce accurate �-decay half-lives, without introducing ad-
ditional adjustable parameters, such as proton-neutron
pairing strength, which is often used in the models on
the QRPA level.
Beta-decay is an important phase of r-process nucleosyn-
thesis, alternating with the phase of radiative neutron cap-
ture (n,�). As astrophysical modeling uses the rates of
both �-decay and (n,�) processes for producing elemental
abundance distributions, it is very desirable to compute
both of them within the same highly predictive frame-
work. The present development allows for such calcula-
tions in combination with the existing RQTBA approach
for nuclear response in the neutral channel. Similarly to
the sensitivity of beta-decay rates to low-lying Gamow-
Teller strength, the (n,�) reaction rates are sensitive to
fine details of the low-energy dipole strength [41]. Un-
til now RQTBA is only implemented numerically on the
2p2h level, while systematic calculations show that higher-
order correlations are needed for high-precision descrip-
tion of the low-energy dynamics. The recent advancement
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FIG. 2: (Color online) Experimental data related to β-decay from nuclei 132Sn, 68Ni, 34Si, and 78Ni are compared with
theoretical results obtained with the SkM* interaction. In these panels, the excitation energies EM calculated with respect
to the mother nucleus are transformed to E, the excitation energies referred to the ground state of daughter nucleus, using
experimental binding energy difference (see the text); accordingly, the vertical dotted lines show the experimental value of
Qβ [45]. Top panels: GT− low-lying strength associated with the discrete RPA peaks B(GT−) (dashed lines) and with the
continuous RPA+PVC strength distributions S(GT−) (solid lines). The arrows indicate the experimental energies of the
measured 1+ states [45]. Middle panels: cumulative sum of the RPA and RPA+PVC strength shown in the top panels. Bottom
panels: cumulative sum of 1/T1/2. The experimental values of 1/T1/2 [45] for each nucleus are indicated by the stars. The
strength of the lowest RPA and RPA+PVC peaks in panel (g) and the RPA 1/T1/2 in panel (f) have been multiplied by a
factor of 100 and 10, respectively.

FIG. 3: (Color online) The β-decay half-lives of 132Sn,
68Ni, 34Si, and 78Ni, calculated by RPA and RPA+PVC ap-
proaches, respectively, in comparison with experimental val-
ues [45]. The arrows denote half-lives longer than 106 s.

in the case of all the forces used in Fig. 1, are compared

with experiment in Fig. 3. The RPA results generally
markedly overestimate the half-lifes for all nuclei. An
exception is represented by the interaction Skx, in which
case one obtains a good agreement with data at the RPA
level; this is associated with the fact that the properties of
132Sn, 68Ni, and 34Si, as well as the single-particle levels
of 132Sn and 34Si, have been used to fit of the parame-
ters of this force [44]. The effect of the PVC decreases
the values of T1/2 by large factors compared to RPA,
substantially improving the agreement with experimen-
tal data, except for Skx and (partially) for SLy5. With
the inclusion of PVC effect, the interactions SkM* and
SIII give the best agreement with data. More in detail,
in the case of SkM*, the lifetime is still large in 132Sn and
small in 68Ni, in keeping with the errors in the position
of the lowest 1+ state (cf. Fig. 2). Theory agrees instead
very well with data in the case of 34Si and 78Ni.

In conclusion, we have shown that, starting from RPA,
the coupling between particles and vibrations causes a
significant downward shift in the GT strength function
of the four nuclei 132Sn, 68Ni, 34Si, and 78Ni (treated as
magic). The β-decay half-life is more sensitive to the po-
sition of the 1+ states rather than to the strength, which
is not much changed in going from RPA to RPA+PVC.
This is due to the strong increase of the decay phase
space factor as the energy decreases. As a consequence,
the lifetime is reduced in the case of RPA+PVC and
the agreement between theory and experiment is in gen-


