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In the case of the Coulomb barrier, 
the above integral can be evaluated 
exactly.  

logT = a+ b
Qα

Geiger-Nuttall law of alpha decay 1911 

EC10: For the Coulomb barrier above, derive the 
Geiger-Nuttall law. Assume that the energy of an 
alpha particle is E=Qα, and that the outer turning 
point is much greater than the potential radius.  

T ∝ 1
P
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On the Validity of the Geiger-Nuttall Alpha-Decay Law and its Microscopic Basis
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The Geiger-Nuttall (GN) law relates the partial α-decay half-life with the energy of the escaping
α particle and contains for every isotopic chain two experimentally determined coefficients. The
expression is supported by several phenomenological approaches, however its coefficients lack a fully
microscopic basis. In this paper we will show that: 1) the empirical coefficients that appear in
the GN law have a deep physical meaning and 2) the GN law is successful within the restricted
experimental data sets available so far, but is not valid in general. We will show that, when the
dependence of logarithm values of the α formation probability on the neutron number is not linear
or constant, the GN law is broken. For the α decay of neutron-deficient nucleus 186Po, the difference
between the experimental half-life and that predicted by the GN Law is as large as one order of
magnitude.

Keywords: Alpha decay, Geiger-Nuttall law, Formation probability, Clustering

One landmark in modern physics, shaping the devel-
opments leading to Quantum Mechanics, was the formu-
lation of the empirical Geiger-Nuttall (GN) law in 1911
[1]. According to the GN law as formulated in Ref. [1],
the α decay partial half-life T1/2 is given by,

log10 T1/2 = A(Z)Q−1/2
α +B(Z), (1)

where Qα is the total energy of the α decay process (α-
decay Q value) and A(Z) and B(Z) are the coefficients
which are determined by fitting experimental data for
each isotopic chain. The GN law has been verified in
long isotopic chains and no strong deviations have been
observed: It is extremely successful and is considered to
be generally valid. Recently the amount of α decay data
in heavy and superheavy nuclei has greatly increased [2–
7] and the GN law is still fulfilled, reproducing most ex-
perimental data within a factor 2∼3, as seen in Fig. 1a
for the Yb-Ra region (apart from the Po chain, as will
be discussed in this paper). The coefficients A and B
give rise to different GN lines for each isotope series (Fig.
1a). The coefficients change for each isotopic chain which
crosses the magic numbers, e.g. N = 126 [8].
The greatest challenge was thus to understand how the

α particle could leave the mother nucleus without any ex-
ternal agent disturbing it. The first successful theoretical
explanation was given by Gamow [9] and independently
by Condon and Gurney [10], who explained α decay as
the penetration (tunneling) through the Coulomb bar-

rier, leading to the Q−1/2
α dependence of Eq. (1). This

was a great revolution in physics and confirmed the prob-
abilistic interpretation of Quantum Mechanics. Besides
its pioneering role in the development of quantum theory,
the α decay also broadens our understanding of the quan-
tum tunneling process of other composite objects. This
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FIG. 1. (a): The logarithms of experimental partial α-decay
half-lives (in sec) [2, 3, 6, 7] for the even-even Yb-Ra nuclei

with neutron number N < 126 as a function of Q
−1/2
α (in

MeV−1/2). The straight lines show the description of the
GN law with A and B values fitted for each isotopic chain.
(b): The deviation of the experimental α-decay half-lives from
those predicted by the GN law for the light Po isotopes.

is a general physical process that can be found in other
fields including condensed matter, molecular physics and
astrophysics [11–13].

The remaining challenge is to identify the microscopic
basis of the GN coefficients A and B. Thomas provided
the first attempt of a microscopic theory [14]. His ex-
pression for the half life considered the probability that

Phys. Lett. B 734 203 (2014) 



Fine structure in alpha decay 

238Pu 

centrifugal barrier effect 

One still has to consider: 
•  alpha-particle formation 
•  angular momentum of 

alpha particle (centrifugal 
barrier effect) 
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FIG. 1. (Color online) Decay properties of 294117 (a) and 293117 [(b) and (c)] and their decay products observed at 48Ca energies of 244,
256, and 260 MeV, respectively. The upper rows for each chain show strip number (str) and time and date of registration (on the left side) as
well as ER (in red) energies and positions from the top (t) and bottom (b) of the strip (on the right side). Subsequent rows provide α-particle
(in yellow) and SF fragment (in green) energies, time intervals between events and their positions. Energies of summed signals are given in
parentheses. Events marked with a shadow were registered during the beam-off periods. The α-particle energy errors are shown by smaller
italic numbers. Time intervals for events following a “missing α” were measured from preceding registered events and are shown in italic. The
calculated number of random sequences is given at the bottom of each chain [9].

Fig. 1(a)). The summary α-particle energy spectra of the
isotopes observed in the decay chains originating from 294117
and decay-time distributions on a logarithmic scale for the
same isotopes are given in Fig 3. As we noted in [1,3], in
the three new decay chains we observed longer lifetimes for
290115 and 282Rg compared with the values detected in the first
experiment [2,3]. All other decay properties of all nuclei in the
new decay chains are in good agreement with data measured

in the first experiment [2,3] and point to the same activities
arising from 294117 detected in the two experiments using the
249Bk target.

Experimental values of the cross section for the production
of the isotopes of element 117 measured in the 249Bk + 48Ca
reaction at five excitation energies of the compound nucleus,
297117, are given in Fig. 4. As it was mentioned in [1], the
cross sections for the 3n and 4n evaporation channels at

054621-4
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282,284Cn and 286Fl; here the measured partial SF half-lives are
lower than calculated values [24,25] by less than two orders
of magnitude. The SF half-lives for even-Z nuclei with an
odd number of neutrons reasonably exceed values predicted
for even-even neighboring isotopes by about 1–3 orders of
magnitude. The TSF values for Db isotopes are larger than
those for Rf or Sg isotopes with the same number of neutrons
by factor of about 10–100. Such an additional hindrance factor
caused by an odd number of protons cannot be ruled out also.
Thus, occurrence of SF in 268,270Db together with partial α or
EC decays cannot be excluded.

The SF half-life of 277Mt is rather close to that for 277Hs
[29,30]; see Fig. 6. Here we also show a much longer TSF
value for 277Hs observed in [31] and presumably assigned
to the decay from a high-spin isomer. In the 243Am + 48Ca
or 249Bk + 48Ca reactions, 277Hs could be produced after
electron capture/β+ decay of 277Mt (that could occur, if so,
within a few milliseconds between the last observed α decay
and SF) or its precursors, 281Rg, 285113, etc. But the α-particle
energy of 281Rg (9.28 MeV) is evidently larger than that for
281Ds (8.73 MeV [29,30]) while EC/β+-decay energy of 277Mt
(1.28 MeV [10]) seems to be too low for observing EC decay
with a half-life of about 1 ms (compare with 268,270Db for
which similar QEC/β+ values are predicted [10,33]). Thus, the
close half-lives that were observed for 277Mt (N = 168) and
277Hs (N = 169) could indicate comparable hindrance factors
for these odd-even and even-odd isotopes. The SF half-life
value for 277Mt is even lower than those for the neighboring
even-even N = 168 isotopes, 276Hs and 278Ds, predicted in
[24] (46 and 56 ms, respectively). Bearing in mind that SF
half-lives of odd-Z nuclei could be hindered by several orders
of magnitude, one can expect considerable weakening of the
shell stabilization effect and, therefore, a decrease of TSF values
for N = 168 nuclei over those predicted in [24]. In accordance
with this, the SF half-life for 276Hs is calculated to be about

FIG. 7. (Color online) Half-lives vs neutron number for the
isotopes of odd-Z elements with Z = 107–117 (results from
249Bk + 48Ca reaction are shown by full red symbols and results from
48Ca-induced reactions [1–3,13,14,21,38] by open blue symbols).

10−5 s within another macroscopic-microscopic model [34].
However, in this approach TSF values for 282,284Cn and 286Fl
are underestimated by about one order of magnitude and those
for the known SF decaying even-even Rf and Hs isotopes by
about three orders. In contrast, a self-consistent Hartree-Fock-
Bogoliubov approach [35] results in overestimated TSF values
by 3–4 orders of magnitude for even-even nuclei shown in
Fig. 6. But, TSF ≈ 40 ms is predicted for 276Hs, similarly to
[24], which allows one to assume lower SF half-lives for nuclei
at N = 168 than are predicted in [35]. Thus, experimental
observations of SF for isotopes 282,284Cn [20,27,28,36,37],
277Hs [29,30], and 277Mt indicate a gap in stability against
SF for nuclei with N = 168–170 that is in line with all the
above mentioned theoretical predictions.

Variations of stability against α decay vs neutron number
are shown in Fig. 7. Here the experimental half-lives, Tα , for
the isotopes of odd-Z elements with atomic numbers from
107 to 115 produced in the reactions with 48Ca are shown by
open blue symbols [13,14,21,38]. The value Tα = 0.44 s [38]
for 274Mt was not included in this figure because the energy
Eα = 9.76 MeV measured by the focal-plane detector is far
below the value following from the expected Qα energy (by
about 0.7 MeV, see Fig. 5) and could originate from a transition
to an excited level of the daughter nucleus. The heaviest
isotopes of each element (full red symbols) belong to the decay
chains of the nuclei originating from 293,294117 synthesized in
the 249Bk + 48Ca reaction ( [1–3] and this work). The increase
of neutron number in odd-Z nuclei with N ! 165 results in
a decrease of the Qα energy (see Fig. 5) and a considerable
increase of their half-lives (see Fig. 7). An especially strong
growth of Tα(N ) with increasing N is observed for the
isotopes of elements 109, 111, and 113. All the nuclides
presented in Fig. 7 and produced in 48Ca-induced reactions,

TABLE II. Decay properties of nuclei originating from 294117
and 293117.

No. Decay mode, Eα

Z N A observeda branch (%)b Half-lifec (MeV)d

117 177 294 4(3/3) α 50+60
−18 ms 10.81 − 10.97

176 293 16(15/15) α 22+8
−4 ms 10.60 − 11.20

115 175 290 4(3/4) α 0.24+0.28
−0.09 s 9.78 − 10.28

174 289 20(15/16) α 0.33+0.12
−0.08 s 10.15 − 10.54

113 173 286 4(4/4) α 13+12
−4 s 9.61 − 9.75

172 285 20(17/17) α 4.2+1.4
−0.8 s 9.47 − 10.18

111 171 282 4(4/4) α 59+55
−19 s 9.01 ± 0.05

170 281 20(17/2) α/SF:10/90 17+6
−3 s 9.28 ± 0.05

109 169 278 4(3/3) α 5.2+6.2
−1.8 s 9.38 − 9.55

168 277 2(2/-) SF 5+9
−2 ms

107 167 274 4(3/4) α 54+65
−19 s 8.76 ± 0.05

105 165 270 4(4/-) SF 17+15
−6 h

aNumber of observed decays and number of events used for
calculations of half-lives and α-particle energies, respectively.
bBranching ratio is not shown if only one decay mode was observed.
cError bars correspond to 68% confidence level.
dEnergy range of α particles detected by the focal-plane or both
the focal-plane and side detectors is shown if it exceeds the energy
resolution of the detector.
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109Xe →105Te→101Sn  

The inversion of the ground-
state spins between 103Sn and 
101Sn is due to the strong pairing 
interaction between g7/2 valence 
neutrons.  

Phys. Rev. Lett. 105, 162502 (2010) 
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The landscape of two-proton radioactivity 
E. Olsen et al,  
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Energy - angle 2D correlation   

3-body model prediction Experiment 
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