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Two different descriptions of α-decay rates, namely, microscopic shell-model
approach and phenomenological description are emphasized to study the structure and
dynamics of heaviest nuclei. On the structure side, improvements to nuclear models
are being explored to take more accurately into account the role of the shell and pairing
effects and importance of excitation and deformation. The accuracy of available experimental half-lives is discussed and a spectroscopic information is derived from the ratio
of theoretical to experimental results. The universality of Geiger-Nuttall law in nuclei is
(0.6) −1/2
illustrated within the framework of Brown systematics, log Tα vs. Zd
Qα
. This
paper will present some of recent results in both structure and reaction studies, and
will focus on the issues currently of interest along with possible directions for future
experimental and theoretical advances in α-decay properties.
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1. INTRODUCTION

Both the amount and quality of the experimental data of fusion cross sections and the properties of nuclear energy levels of superheavy nuclei (SHN) have
increased strongly over the last decade [1–12].
Analyzing the α-decay decay data found in literature, following important aspects emerged:
(i) α-decay rates exhibit an exponential dependence (Geiger-Nuttall) on emission
energy; (ii) The ratio of α-hindrance factors for the odd-odd and even-even emitters
is of about two orders of magnitude; (iii) Fine structure in the daughter nucleus is
populated up to a few hundred of KeV.
For many SHN α-decay is the main and only observed decay mode and long αdecay chains usually terminate by the spontaneous fission (SF). Also, α-decay rates
suffer large variations for transitions across the magic shells appearing inhibited by
angular momentum and nuclear structure changes.
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The physics of SHN is extremely rich and has produced key experiments facing the quest of shell structure with its manifestation in single particle and collective
modes, radioactive states as multi-particle (multi-hole) excitations and high multipole transitions, producing long lived states, deformations and shape coexistence. It
is a challenge to interpret the existing decay-data with theoretical models in order to
better understanding the complex nuclear structure phenomena and reaction mechanisms behind.
Spontaneous decay observation of SHN into different fragments suggests a possible existence of different cluster structures in nuclei. Nuclear structure manifests
itself in two typical structures identified in wide range of heavy and super-heavy nuclei, namely, clustering and fine structure. For many nuclei an α-particle appears
as possible building block because of it very stable and inert behavior due to strong
binding of two protons and two neutrons. The presence of α-cluster structure in SHN
is suggested by the well developed cluster states with nα linear-chain structure and
by the behavior of many SHN as continuous sources of α-particles.
In order to investigate these structures, a considerable theoretical work based
on nuclear shell models and self-consistent mean field models has been carried out.
Despite this effort, however, some important problems need to be solved:
(i) The masses of nuclei close to proton drip-line must be explored over large areas
by performing new high-precision measurements and more accurate predictions for
a better understanding of the nuclear fine structure as well as shell closures.
(ii) The uncertainties involved in locations of the proton single-particle (s.p.) energies
for Z=114 to 126 should be eliminated;
(iii) Currently we have only a qualitative understanding for the competition α-SF
based on simple schematic models. The study of many channel competition is ongoing and recent experiments are still under analysis, but number of promising results
were already obtained, a few of which is will be mentioned in what follows.
This work is organized as follows. In Sec. 2 we give the necessary theoretical background for the calculation of α-decay rates. These calculations represent
a refinement over previously and recently published work [16] based on the selfconsistent nuclear models for the α-clustering and scattering amplitudes. The results,
their systematics and comparison to α-decay data are presented in Sec. 3. Our work
is summarized in Sec. 4.
2. ESTIMATES OF α-HALF-LIVES
2.1. THEORETICAL METHOD

In Ref. [13] the cluster decay width was expressed through the clustering and
scattering amplitudes, and the decay rate problem was reduced to solving the eigen(c) RJP 57(Nos. 1-2) 493–505 2012
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functions and eigenvalues of the Schrödinger equation associated to the decay process from different states [14–17]. The usual quantum mechanical rules for normalizations, orthogonality and completeness have to be extended in a straightforward
manner in order to take into account the bound and scattering wave functions as
well. In case of the α-decay of a single resonance state k into a single decay channel
n, the α-half time is [13]:
Tnk = ln2 · ~/Γkn
(1)
where, the decay width is
R rmax k
2
0
rmin In (r)un (r)dr
k
Γn = 2π R rmax k
.
(2)
k
rmin In (r)un (r)dr
In Eq.(6), Ink (r) is the particle (cluster) formation amplitude (FA) defined as the
antisymmetrized projection of the parent wave function (WF) | Ψk > on the channel
WF | ni =| [ΦD (η1 )Φp (η2 )Ylm (r̂)]n i:

Ink (r) = rhΨk | A [ΦD (η1 )Φp (η2 )Ylm (r̂)]n i
(3)
where ΦD (η1 ) and Φp (η2 ) are the internal (space-spin) wave functions of the daughter nucleus and of the particle, Ylm (r̂) is the wave function of the angular motion, A is
the inter-fragment antisymmetrizer, r connects the centers of mass of the fragments,
and the symbol <|> means integration over the internal coordinates and angular coordinates of relative motion.
In order to evidence the spectroscopic dependence of the emission rate, we shall
use the standard nuclear shell model with harmonic oscillator s.p. wave functions
coupled in a j-j representation. Here, following [18,19] we use the w.f. | ΨSM
k (ri )i =
SM (r ) k, i = 1, A and | ΦSM i = det k ψ SM (η ) k, i = 1, A − 4; and the αdet k ψnlj
i
1i
D
nlj
particle wave function is chosen as:
Φα (η2 ) = (2/(1/2)!)3/2 (β/π)9/4 (ρ21 + ρ22 + ρ23 )(4π)−3/2 χ00 (s1 s2 )χ00 (s3 s4 ), (4)
where the α-particle oscillator parameter is β = 0.484 fm−2√
, χ00 is the singlet spin
√
function and the internal spatial coordinates ρ1 = (r1 − r2 )/ 2, ρ2 = (r3 − r4 )/ 2,
ρ3 = (r1 + r2 − r3 − r4 )/2, are connected to the individual coordinates ri of the four
nucleons. Replacing these functions in Eq. (6) we get
 SM

Ink[SM ] (r) = rhΨSM
ΦD (η1 )Φp (η2 )Ylm (r̂) n i.
(5)
k (ri ) | A
To perform the integrations in Eq. (5) we need to transform the w.f. ΨSM
k (ri )
from the individual coordinates (ri ) −→ r, η1 , η2 , to the rCM and internal coordinates η1 , η2 of the fragments. Further, by integrating over the internal coordinates
and the angular coordinates of the relative motion of fragments, the overlap integral
is easily obtained in a compact form [18, 19].
(c) RJP 57(Nos. 1-2) 493–505 2012
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2.2. EMPIRICAL METHODS

The radioactive decay law, according to which the probability to find the nucleus in the radioactive state decreases exponentially with the time, was formulated
empirically by Geiger and Nuttall [20]. This was the observation that the experi−1/2
mental values of log Tα plotted vs. Qα , where Qα is the α-decay energy, fall on
straight lines for the isotopes of a given element. Gamow [21] and independently
Gurney and Condon [22] have solved the one body problem of the α-decay and derived the known Geiger-Nuttall relation from first principles of quantum mechanics.
An explicit functional dependence of the halftime on the energy Qα and on the proton
number of daughter nucleus Zd was introduced later in formulations [23, 24].
Here we consider two phenomenological formulas. The first is the ViolaSeaborg formula [23] which writes as
log Tα (s) = (aZd + b)Qα−1/2 + (cZd + d) + he−o ,

(6)

where Qα is the decay energy in MeV units, Zd is the charge number of daughter
nucleus; a,b,c,d are parameters and he−o is an even-odd hindrance term [25]. The
parameters used are: a=1.66175; b=-8.5166; c=-0.20228; d=-33.9069, he−o = 0.0
(Z=even, N=even); he−o = 0.772 (Z=odd, N=even); he−o = 1.066(Z=even, N=odd);
he−o = 1.114 (Z=odd, N=odd).
The second one is the Brown formula [24] given as
(0.6)

log Tα (s) = 9.54Zd

Q−1/2
− 51.37 + he−o .
α

(7)

The effective decay energy used in the above equations is
7/5

Qα = (A/(A − 4))Eαexp + [6.53Zd

2/5

− 8.0Zd ]10−5 ,

(8)

is the measured kinetic
where, A is the mass number of the parent nucleus, Eexp
α
energy of α-particle, and the second term is the screening correction [26].
Eq.(7) was tested for 119 data points (Tα , Qα ) (in a range of even Zd from 74
to 106), all these points falling on a nearly universal line which represents the best
linear fit to data [24].
3. RESULTS AND DISCUSSION
3.1. α-DECAY CHAINS OF 286 114 AND 282 113 NUCLEI

Tables 1 and 2 and Figures 1 and 2 present the known α-decay data for these
nuclei and their descendants [2, 5] while, Tables 1 and 2 include the α-half-lives calculated theoretically: TSM (Shell Model, Eqs.(1-5)), and empirically: TVα S (ViolaSeaborg, Eq.(6)) and TαB (Brown, Eq.(7)).
(c) RJP 57(Nos. 1-2) 493–505 2012
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The results from Tables 1 and 2 may be summarized as follows:
1) Calculated values TSM
including even-odd corrections he−o have been found to
α
provide an excellent description of the experimental data.
2) Almost a constant ratio TSM
/ TVα S , suggests an increased stability due to shell
α
structure.
SM >Texp > Tres , where
3) Texp
α is always in between our limit estimations [15] Tα
α
α
Tres
α represents the one-body half-time.
4) Values TSM
+ he−o are in good agreement to empirical estimates TαV S and TαB .
α
Tables 1 and 2 also shows that the all calculated Tα -value decreases as Qα
increases, accordingly to the Geiger-Nuttall law.
3.2. SYSTEMATICS OF α-HALF-LIVES

The radioactive decay law, according to which the probability to find the nucleus in the radioactive state decreases exponentially with the time, was formulated
empirically by Geiger and Nuttall [20]. This was the observation that the experi−1/2
mental values of log Tα plotted vs. Qα , where Qα is the α-decay energy, fall on
straight lines for the isotopes of a given element. Gamow [21] and independently
Gurney and Condon [22] have solved the one body problem of the α-decay and derived the known Geiger-Nuttall relation from first principles of quantum mechanics.
An explicit functional dependence of the halftime on the energy Qα and on the proton
number of daughter nucleus Zd was introduced later in formulations [23, 24].
3.2.1. Experimental α-half-lives
The earliest systematics of α-decay lifetimes of naturally emitters was obtained
−1/2
[20] by plotting the experimental values of log Tα vs. Qα . Such a plot in Fig. 3
for observed transitions of SHN reveals a very smooth behavior for a given element
Z with remarkable little scatter. Also note that the order of these lines is from large
to small Zd values.
−1/2
As previously suggested [14,16,24,27,28] log Tα vs. Zd Qα
may be a better
way to plot the data. The result of this plot is shown in Fig. 4, where the data again
form lines for a fixed Zd value, and where the scatter from these lines is somewhat
smaller than in Fig. 1. Now, we point out that the order of these lines is from small
to large Zd values being reversed in relation to the line Zd = 108 which corresponds
to a proton magic shell.
An interesting interpolation between Fig. 3 and Fig. 4 was argued and pro−1/2
posed for even-even heavy [24] by plotting log Tα vs. Zd0.6 Qα . This interpolation
extended to all known SHN is shown in Fig. 5, where the experimental points are
falling on nearly universal straight lines which correspond to different (Zd , Nd ) parities. Fig.5 shows an important scatter of data points from these lines with relative
(c) RJP 57(Nos. 1-2) 493–505 2012
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large standard errors (rms values)and therefore, we may conclude that the accuracy
of known half-time measurements is roughly limited to an one order of magnitude.
3.2.2. Theoretical (Shell Model) α-half-lives
Figs. 6-8 present (in the same plots used in Figs. 3-5) theoretical (Shell Model)
α-half-lives including even-odd corrections he−o . As we can see theoretical results
reproduce very well the experimental results in different plots.
In spite of the same trend observed for the best fit lines in Figs.5 and 8, the
scatter from these lines in Fig.8 appears reduced in comparison to the scatter from
Fig.5. The very large scatter in Fig.5 may be indicate large errors in log Tαexp values.
Tables 1 and 2 resume the analysis of two channels measured recently [2, 5]
using the SM approach and the empirical formulas [23,24]. We can observe in Tables
1 and 2 very close values for log TαSM + he−o and log TαV S . The proposed best fit
lines in Figs. 5 and 8 can be useful in the charge-energy detection of new α-emitters
in the superheavy region.
3.2.3. Other approximations for α-half-lives
Simple resonance ”one body” formulas for alpha half-time (Tres
α ) have been
used in Refs. [28–33] in spirit to papers [34, 35]. The approximate constant ratio
SM (see Table 1) ranging from 10−1 to 10−2 gives a measure of the contribuTres
α /Tα
tion of the shell structure effects and of the nucleon finite size effects to the α-halflives [15]. These effects lead to increasing of the α-half-lives. Also, these effects are
contained implicitly in used experimental Qexp
α -values which remain essential factors
in determining the α-half-lives. Other interesting treatments of α-rates are described
in detail in Refs. [36–39].
4. SUMMARY AND OUTLOOK

We have investigated the systematics of α-half-lives for SHN as predicted by
theoretical self-consistent models for clustering and resonance scattering and by representative phenomenological models. The major influence of the pairing, resonance
continuum, deformed shell closures, resonance scattering, and screening corrections
was evidenced and provides a convenient basis for the interpretation of observed
trends of the data and for prediction of new results.
The following conclusions can be drawn from our study:
1) The accuracy of known half-lives measurements is roughly limited to an one order of magnitude. The large discrepancies between experimental (Fig.5) and theoretical (Fig. 8) results could indicate wrong data and might be eliminated by
improving accuracy of new measurements.
(c) RJP 57(Nos. 1-2) 493–505 2012
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2) Systematic studies of nuclei from long α-decay chains across the major shellclosures are providing stringent new tests of our understanding about the microscopic structure of radioactive states.
−1/2

3) The Brown systematics (log Tα vs. Qα ) appears as a very useful tool in the
study of α emitters in the superheavy region.
4) The very small widths of α-resonances observed experimentally in fusion- evaporation reactions, may be interpreted as resonance levels of radioactive products,
and such a connection contributes directly to the study of the nuclear structure on
the basis of decay data.
Table 1.
Experimental [2] and calculated α-half-lives for several SHN observed in element-114 decay chains.
Elem.
286

114
Cn
277
Ds
273
Hs
269
Sg

281

Eexp
α
(MeV)
10.310
10.310
10.570
9.590
8.570

Qα
(MeV)
10.507
10.507
10.771
9.778
8.744

log Tαexp
(s)
-1.278
-1.013
-2.245
-0.620
2.108

log TαSM
(s)
-1.151
-0.706
-1.990
-0.017
2.406

log TαV S
(s)
-1.143
-0.702
-1.988
-0.014
2.411

log TαB
(s)
-1.129
-0.575
-1.661
0.072
2.232

Table 2.
Experimental [5] and calculated α-half-lives of 282 113 and its daughters.
Elem.
282

113
Rg
274
Mt
270
Bh
278

Eexp
α
(MeV)
10.620
10.690
10.020
8.930

Qα
(MeV)
10.821
10.893
10.214
9.109

(c) RJP 57(Nos. 1-2) 493–505 2012

log Tαexp
(s)
-1.210
-2.367
-0.485
1.785

log TαSM
(s)
-1.156
-1.939
-0.831
1.655

log TαV S
(s)
-1.153
-1.937
-0.829
1.658

log TαB
(s)
-0.962
-1.617
-0.644
1.554
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Fig. 1 – Observed element-114 decay chains [2]. This table contains the times, energies, and positions
of the two correlated decay chains observed in the experiment.

Fig. 2 – Time sequences in the decay chains of 282 113 observed in the 237 N p +48 Ca reaction [5].
The measured α-particle energies, decay times, and positions of the observed events with respect to the
top of the focal-plane detectors are shown.

(c) RJP 57(Nos. 1-2) 493–505 2012
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−1/2

Fig. 3 – The experimental values of log Tαexp vs. Qα

.

−1/2

Fig. 4 – The experimental values of log Tαexp vs. Zd Qα

(c) RJP 57(Nos. 1-2) 493–505 2012
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−1/2

Fig. 5 – The values of log Tαexp (s) [1–7] are plotted vs. Zd0.6 Qα
lines represent the best fit to the all known Tαexp values.

for 88 data points. The straight

−1/2

Fig. 6 – The values of log TαSM vs. Qα

(c) RJP 57(Nos. 1-2) 493–505 2012
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−1/2

Fig. 7 – The values of log TαSM vs. Zd Qα

−1/2

Fig. 8 – The values of log TαSM (s) are plotted vs. Zd0.6 Qα
represent the best fit to the all known Tαexp values.
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I. Silişteanu, A. Sandru, A. O. Silişteanu et al., Rom. J. Phys. 52, 807-822 (2007).
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