
a decay of nuclei in extreme cases

Chang Xu1 and Zhongzhou Ren1,2,*
1Department of Physics, Nanjing University, Nanjing 210008, China

2Center of Theoretical Nuclear Physics, National Laboratory of Heavy-Ion Accelerator, Lanzhou 730000, China
(Received 23 September 2003; published 27 February 2004)

We investigate the recently discovereda decays of heavy and superheavy nuclei withA=160–294 by the
cluster model ofa decay. This covers the short-lifetimea decays of the nuclei near the proton-drip line, the
decays of superheavy elements withZ=106–118, and the long-lifetime decay of the naturally occurring
nuclide 180W [Danevichet al., Phys. Rev. C67, 014310(2003)]. It is found that the cluster model can well
reproduce the new data of half-lives of these nuclei. For superheavy nuclei the cluster model, without intro-
ducing any additional adjustments, can reasonably reproduce the half-lives of many nuclei although substantial
deviations between experimental half-lives and theoretical ones exist in a few cases in which there may be
large errors in the experimental data for a single event. Some newa emitters in naturally occurring nuclides are
predicted. Experiments to search thea radioactivity of 176,178Hf and of 149Sm are strongly recommended.
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I. INTRODUCTION

a decay is one of the most important decay modes in
nuclei. The study ona decay dates back to the early days of
nuclear physics. It was first observed as an unknown radia-
tion by Becquerel in 1896 and further studied by Curie, Cu-
rie, and Rutherford[1]. Studies ona decay also led to the
discoveries of many new elements in the periodic table. This
promoted the development of both nuclear physics and
chemistry[2]. For a long time the research ona decay con-
centrated on the heavy nuclei near the stable line and the
model of the decay was built based on the data of nuclei in
the b-stable valley[3–14]. Recently the experimental devel-
opment of radioactive beams and of new detector technology
under low temperature have made it possible to investigate
thea decay in extreme cases. Many new data of thea decay
in extreme cases have been reported[15–40]. These studies
can be classified into three kinds:(1) to search newa emit-
ters in naturally occurring nuclides,(2) to detect thea decay
of nuclei near the proton-drip line,(3) to synthesize new
superheavy elements by identifying theira-decay chains.
The first kind of studies ona emitters in naturally occurring
nuclides involves the nuclei with an exceptional long half-
life. The second one on the nuclei near the drip line needs to
detect the decay with very short half-life. The third one is
very difficult because it requires to measure thea-decay
chain in an unknown mass region. Often there are only one
or two events of the decay during the some-week run of
accelerator for the production of superheavy nuclei. Al-
though more and more new data ona decay have been ac-
cumulated in recent years, a systematic comparison between
theoretical results and new data is missing due to the fast
growth of this field. In this paper we carry out a systematic
study on these new data based on the cluster model ofa
decay. This is an interesting test on the validity of the model
in a decay of extreme cases. This paper is also an interesting

extension of our previous paper to new mass ranges where
we calculated the half-lives of the hindereda decay of some
odd-A nuclei near208Pb within the framework of the cluster
model [41].

This paper is organized in the following way. Section II
gives the formalism of thea cluster model. We present the
numerical results of thea decay of heavy nuclei in Sec. III.
Section IV gives a systematic comparison between theoreti-
cal half-lives and experimental ones of superheavy elements.
A summary is given in Sec. V.

II. THE CLUSTER MODEL OF a DECAY OF NUCLEI

Because thea decay of nuclei is a rich source of nuclear
structure information, there are many studies on the phenom-
enon ofa decay. Theoretical physicists used various models
[1,5,6,11–14,42–46] to study the favoreda decays occurring
between the ground states of nuclei. Very old calculations
can be found in some textbooks[3,4]. Manget al. [5] devel-
oped the microscopic theory ofa decay. Rasmussen made a
systematic study on the decays of nuclei near the stable line
[6]. A review paper ona decays is given in Ref.[7]. Buck
and co-workers[12–14] proposed a cluster model ofa de-
cay. By using a few parameters they successfully reproduced
the experimental data of many nuclei[12–14]. The theoreti-
cal half-lives from the cluster model agree with the data of
the favored decays within a factor of 2,3 [12–14]. This
good agreement between the model and the data is very im-
pressive because experimental half-lives vary in a very wide
range from 10−9 sec to 1019 yr. In this paper we use the
cluster model to calculate the new data of half-lives. These
include the half-life of the newly observeda emitter 180W,
the half-lives of the nuclei near the proton-drip line, and
those of recently discovered superheavy nuclei.

The parent nucleus is assumed to be ana particle orbiting
the daughter nucleus in the cluster model[12–14]. The orbit
of the a particle is denoted by a large value of the global
quantum numberG=2n+L, wheren is the node number of
radial motion andL is the angular momentum[12–14]. The*Electronic address: zren@nju.edu.cn; zren99@yahoo.com.
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Bohr-Sommerfeld quantization is used to describe the mo-
tion of thea particle in a given potential. It is assumed that
the a particle is preformed in the parent nucleus and there-
fore a preformed factor of thea particle is introduced.

In the cluster model thea-core potential[12–14] is

Vsrd = VNsrd + VCsrd +
"2

2m

sL + 1
2d2

r2 , s1d

where the nuclear potential is given by a “cosh” geometry of
depthV0, diffusenessa, and radiusR,

VNsrd = − V0
1 + coshsR/ad

coshsr/ad + coshsR/ad
s2d

and the Coulomb potential is taken to be

VCsrd=
Z1Z2e

2

r
sr ù Rd,

=
Z1Z2e

2

2R
F3 −S r

R
D2G sr ø Rd, s3d

whereZ1 and Z2 are the charges of thea particle and the
core, respectively. A Langer modified centrifugal barrier is
used withLsL+1d replaced bysL+ 1

2
d2 f12–14g.

There are three classical turning points for above poten-
tials and they are denoted asr1, r2, andr3 in order of increas-
ing distance from the origin. Their values are obtained by
numerical solutions of the equationVsrd=Q. The radius pa-
rameterR can be determined separately for each decay by
applying the Bohr-Sommerfeld quantization condition:

E
r1

r2

drÎ2m

"2 fQ − VNsrd − VCsrdg −
sL+1

2d2

r2

= s2n + 1d
p

2
= sG − L + 1d

p

2
. s4d

In semiclassical approximation, thea-decay widthG f12–14g
is given by

G = PF
"2

4m
expF− 2E

r2

r3

drksrdG . s5d

The normalization factorF is

FE
r1

r2

dr
1

ksrd
cos2SE

r1

r

dr8ksr8d −
p

4D = 1, s6d

where the squared cosine term may be replaced by1
2 without

significant loss of accuracy, so that

FE
r1

r2 dr

2ksrd
= 1 s7d

with the wave numberksrd given by

ksrd =Î2m

"2 uQ − Vsrdu. s8d

The a-decay half-life is then related to the width by

T1/2 = " ln 2/G. s9d

Buck and co-workers[12–14] obtained the values of the
parameters in the above potential by a systematic calculation
on favoreda decays of nuclei. They areV0=162.3 MeV and
a=0.40 fm[12–14]. The preformation factor of thea cluster
[12–14] is chosen to bePa=1.0 for even-even nuclei,Pa

=0.6 for odd-A nuclei,Pa=0.35 for odd-odd nuclei. The val-
ues of the global quantum numbers are

G = 22 for N . 126, s10d

G = 20 for 82, N ø 126, s11d

G = 18 for N ø 82. s12d

In our calculations for the decay of the naturally occurring
nuclide 180W and for other cases such as superheavy nuclei,
we keep the same inputs as Buck and co-workers[12–14] in
order to check the validity of the cluster model for extreme
cases.

III. a DECAY OF THE NATURALLY OCCURRING
NUCLIDE 180W AND OF THE NUCLEI NEAR

THE PROTON-DRIP LINE

Much effort has been made in order to search thea ra-
dioactivity of the naturally occurring nuclide180W
[15,47,50]. Macfarlane and Kohman[47] tried to observe the
a radioactivity of 180W in 1960 but they failed. Since then
efforts to measure thea decay of180W continued for many
years. The successful observation ofa decay of 180W has
been reported very recently[15]. The half-life of 180W is as
long asT1/2=1.1−0.4

+0.831018 yr [47]. Here we use the cluster
model to calculate its half-life. The numerical results of half-
lives of 180W and of other nuclei are listed in Table I. In
Table I, the first column marks the decay from parent nuclei
to daughter ones. The second column shows the experimen-
tal decay energies where many of them are taken from the
measured values or the values in the mass table[27,40].
Some values of decay energies are deduced from the mea-
sureda-particle kinetic energy according to the expression
of Buck et al. [12]. Experimental half-lives and theoretical
ones are given in columns 3 and 4. The experimental values
are taken from recent publications where the reference num-
ber of each paper is listed in the last column of Table I.

The parent nuclei given in Table I belong to recently ob-
serveda decays which have not been investigated by Buck
and co-workers[12–14]. It is seen from Table I that the the-
oretical half-lives are close to experimental ones, with the
agreement between the cluster model[12–14] and the data
within a factor of 2–3. Here the perfect agreement between
the theoretical value and the data of180W is reached. It is
stressed that no addition adjustment is introduced in calcula-
tions of half-lives. A favored transition is assumed and ex-
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perimental decay energy is used for calculations of half-
lives. We have also calculated the new data ofa decays of
other nuclei in Table I where a favored transition withL=0 is
assumed based on the available data of the spin and parity of
the parent nuclei and daughter ones. For example, the ground
states of161Re and157Ta are known to bes1/2d+ [40]. The
ground states of162Re and158Ta are 2− and their first excited
states (denoted by the superscriptm in Table I) are 9+

[17,40]. For the transitions between the states of177Tl and
173Au they also belonged to favored transition because their
ground states ares1/2d+ and their first excited states are
s11/2d− [21,40]. Similar arguments hold true for the transi-
tions of other nuclei in Table I(see the corresponding refer-
ences in Table I and the nuclear mass table[40]). The new
data of experimental half-lives can be reproduced within a
factor of 2. This is in good agreement with the conclusion of
Buck et al. on the old data of half-lives[12]. It is demon-
strated that the cluster model is valid for the decays of nuclei
near the stable line and near the proton-drip line. The half-
lives of the decays range from 10−6 sec to 1018 yr. This is a
very wide region. This clearly shows that the cluster model
works well for the decays in some extreme cases.

For a-decay half-lives people usually introduce a hin-

drance factor(HF) to see the difference between experimen-
tal half-lives and theoretical ones. The hindrance factor is
defined as the ratio of experimental half-lives and theoretical
onesfHF=T1/2sexpt.d /T1/2stheor.dg. In Fig. 1 we also plot
the variation of the HF with nucleon number forZ=74–84.
It is seen clearly from Fig. 1 that the HF lies between two
lines with HF=2.0 and HF=0.5. These two lines form a nar-
row window within a factor of 2 between experimental half-
lives and theoretical ones. The reliability of the cluster model
of a decay is systematically tested for these extreme cases.

Because the search fora decay in naturally occurring nu-
clides is a hot point in recent years, we predict the half-lives
of some newa emitters in the lower part of Table I. We
consider that the decays from the nuclides149Sm, 156Dy,
168Yb, 176,178Hf, 188Os, and192Pt can be easily observed from
the point of view of both energy and half-life. So we recom-
mend above seven nuclides as the candidates of newa emit-
ters for future experiments in this mass range. In particular,
two experiments are strongly recommended. One is an ex-
periment to search thea decay of149Sm where thea decay
of 148Sm is used as a reference. This is a favored decay
between the ground states of149Sm and145Nd. The half-life
of this decay is appropriate for the observation but its decay

TABLE I. Comparison of theoretical and experimental half-lives of medium nuclei anda-decay half-lives
of some naturally occurring nuclei is predicted.

Nuclei Qasexpt.d sMeVd Tasexpt.d Tascalc.d Ref.

180W→ 176Hf+ a 2.516±0.005 1.1−0.5
+0.931018 yr 1.131018 yr [15]

161Re→ 157Ta+a 6.432±0.006 16±1 ms 13 ms [16]
162Re→ 158Ta+a 6.267±0.005 107±13 ms 92 ms [17]
162mRe→ 158mTa+a 6.298±0.005 84.6±6.2 ms 70.4 ms [17]
166Pt→ 162Os+a 7.314±0.015 0.3±0.1 ms 0.2 ms [18]
167Pt→ 163Os+a 7.188±0.010 0.7±0.2 ms 0.7 ms [18]
172Au→ 168Ir+ a 7.071±0.009 6.3±1.5 ms 7.8 ms [19]
174Hg→ 170Pt+a 7.265±0.011 2.1−0.7

+1.8 ms 1.7 ms [20]
177Tl→ 173Au+a 7.097±0.007 18±5 ms 25 ms [21]
177mTl→ 173mAu+a 7.690±0.013 230±40ms 359ms [21]
180Tl→ 176Au+a 6.537±0.010 1.5±0.3 s 4.3 s [22]
180Pb→ 176Hg+a 7.446±0.015 4.5±1.1 ms 2.9 ms [23]
185Bi→ 181Tl+ a 8.290±0.030 50±8ms 44ms [24]
188Po→ 184Pb+a 8.119±0.025 400−150

+200 ms 183ms [25]
189Po→ 185Pb+a 7.735±0.020 5±1 ms 4 ms [25]
190Po→ 186Pb+a 7.744±0.015 1.9−0.4

+0.6 ms 2.3 ms [26]
145Nd→ 141Ce+a 1.578±0.002 3.731022 yr
149Sm→ 145Nd+a 1.870±0.001 1.931018 yr
156Dy→ 152Gd+a 1.757±0.006 3.631024 yr
162Er→ 158Dy+a 1.646±0.003 2.831029 yr
168Yb→ 164Er+a 1.951±0.004 2.431024 yr
176Hf→ 172Yb+a 2.256±0.002 3.031020 yr
178Hf→ 174Yb+a 2.083±0.002 4.731023 yr
182W→ 178Hf+ a 1.774±0.003 4.031032 yr
188Os→ 184W+a 2.143±0.002 1.931026 yr
192Pt→ 188Os+a 2.418±0.002 1.131023 yr
196Hg→ 192Pt+a 2.027±0.004 3.831032 yr
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energy is slightly low. Another experiment is to measure the
a decays of174,176,178Hf and this is also very preferable. The
half-life of 174Hf is s2.0±0.4d31015 yr. It is known that
there is disagreement between the old data ofa-decay energy
174Hf (Qa=2.559 MeV orQa=2.584 MeV) [12,47–49] and
the datasQa=2.495 MeVd from the nuclear mass table[27].
The difference of the decay energies is as high as 0.09 MeV.
This difference of decay energies can lead to the change of
the half-life of174Hf by a factor of 10. This uncertainty of the
decay energy should be eliminated for the test of the theo-
retical model ofa decay. At first one can measure the decay
energy and the half-life of174Hf to elucidate the difference of
decay energies between the old data and that from the mass
table. Then one can use same detectors to investigate the
decay energy and the half-life of176Hf where the results of
174Hf are used as a calibration standard. It seems to us that
this experiment is available at some laboratories in Orsay
and in Kiev [15,50,51]. This will be a very interesting ex-
periment.

IV. a DECAY OF SUPERHEAVY NUCLEI
WITH Z=106–118

There is a breakthrough in synthesizing new superheavy
nuclides in recent years. The successful synthesis of the ele-
ments withZ=110–116 is claimed at GSI in Darmstadt, at
JINR in Dubna, and at LBNL in Berkeley. Some of these
experiments have been also repeated. For example, the name
of the elementZ=110 sDsd is approved by IUPAP and IU-
PAC. Very recently it is reported that the elementZ=118 was
produced at JINR in Dubna[52]. Here we present a system-
atic calculation on the half-lives of superheavy nuclei based
on the cluster model. There are two purposes for these cal-
culations. One is to see whether the cluster model works for
the superheavy region. Another is to check whether the ex-
perimental data themselves are consistent. A significant de-
viation between the model and the data may also bring an
unexpected phenomenon in physics. This is particularly im-
portant for superheavy nuclei which lie in a new mass re-
gion.

When we calculate the half-lives of superheavy nuclei, we
use the same inputs of the cluster model as before. Of course,
we should realize that some parameters such as the value of
G will change if a wide shell gap appears. The experimental
decay energies of superheavy nuclei are used for calculations
of theoretical half-lives. Favored transitions are assumed and
this is similar to that by Buck and co-workers[12–14]. The
numerical results are listed in Table II where quantities have
similar meaning to those in Table I. The variation of the HF
with nucleon number is drawn in Fig. 2.

Before discussing the numerical results given in Table II
and in Fig. 2, we have to stress something on the uncertainty
of the experimental data. The experiments on superheavy
nuclei are very difficult and therefore the experimental
events of the decay are very few. This leads to the uncer-
tainty of experimental half-life and of the decay energy. In
some cases only a single event of the decay is observed and
the experimental error is not given. We denote the unknown
experimental error bar with a markX in Table II. For the
calculations of the half-lives we need to calculate theQ
value from the experimental decay energy where the correc-
tion of electron shielding is included in the same way as
done by Buck and co-workers[12–14]. In our calculations of
superheavy nuclei we assume that the decay is a favored
transition. This is right for even-even nuclei[27]. For other
nuclei, Audi and Wapstra[27] have made a study of the
systematic trends of thea-decay energies calculated by as-
suming feeding of the ground states(see Ref.[27], p. 211).
They have also pointed out that for regions of nuclear defor-
mation the favoreda transition is known to feed, in daughter
nucleus, the level with the same Nilsson level assignments as
the parent(see Ref.[27], p. 211). Therefore we use the same
approximation in numerical calculations as used by Audi and
Wapstra[27].

Let us classify the results of Table II into two parts. The
lower part corresponds to the results of nuclei withA
=261–268 sZ=106–109d. The upper part corresponds to
those of nuclei withA=269−294sZ=110–118d. Some of
nuclei in the upper part are neutron rich as compared with
the nuclei of the lower part.

It is seen from the lower part of Table II that the experi-
mental half-lives can be reproduced by the cluster model
within a factor of 2. The nucleon number varies fromA
=261 sZ=106d to A=268 sZ=109d. This is a known range in
the superheavy region and the data are widely accepted. The
theoretical results agree with experimental ones within a fac-
tor 2–3 where no additional adjustment for the superheavy
region is introduced in the model. Therefore the cluster
model holds well for these neutron-deficient nuclei. This also
shows that the experimental data themselves are also consis-
tent.

When we focus on the upper part of Table II(A
=269–292 andZ=110–118), we find that there is also rea-
sonable agreement between the theoretical values and the
data. The agreement is acceptable for a new mass range
where no adjustment on parameters is made, considering also
the large experimental error bar due to the difficulty of mea-
surements. In few cases the experimental error bar is still
unknown. Totally the theoretical values are close to the data.
The ratio(i.e., HF) between experimental half-lives and the-

FIG. 1. The variation of the hindrance factor(HF) of a decays
with nucleon number for medium and heavy nuclei where HF
=T1/2sexpt.d /T1/2stheor.d
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oretical ones is<2–0.5 for many superheavy nuclei(see
Table II and Fig. 2). For a few cases the deviation is beyond
this range and this may be due to the uncertainty of the
measurement of a single decay event. It is expected that the

ratio of the experimental half-lives and theoretical ones will
lie in the range of13 –3 after the uncertainty of the experi-
mental half-lives is eliminated in future measurements. In
short, the agreement between the data of superheavy nuclei
and the model is accepted. This shows again that the experi-
mental data themselves are consistent. It suggests that the
current experimental statements on the existence of new el-
ementsZ=110–118 are reliable.

The variation of HF with nucleon number is shown in Fig.
2. The agreement between theoretical half-lives and experi-
mental ones is impressive for the superheavy region although
substantial deviations exist for a few nuclei. In Fig. 2 the HF
of 287114 is not plotted because its value is beyond the upper
border of Fig. 2.

V. SUMMARY

In summary we have calculated the recently discovereda
decays of nuclei in some new mass regions using the cluster
model of a decay. This includes the newly discovereda
emitter of the naturally occurring nuclide180W, thea decays
near the proton drip line, and the decays in superheavy nu-

TABLE II. Comparison of theoretical and experimental half-lives of superheavy nucleisZ=106–116d.

Nuclei Qasexpt.d sMeVd Tasexpt.d Tascalc.d Ref.

294118→ 290116+a 11.810±0.150 1.8−0.8
+8.4 ms 2.4 ms [52]

292116→ 288114+a 10.757±0.150 33−15
+155 ms 181 ms [28]

290116→ 286114+a 10.860±0.150 29−33
+140 ms 99 ms [52]

289114→ 285112+a 9.895±0.020 30.4±X s 13.7 s [29]
288114→ 284112+a 10.028±0.050 1.9−0.8

+3.3 s 3.5 s [30]
287114→ 283112+a 10.484±0.020 5.5−2

+10 s 0.3 s [29]
285112→ 281110+a 8.841±0.020 15.4±X min 79.3 min [29]
284112→ 280110+a 9.349±0.050 9.8−3.8

+18 s 68.2 s [30]
277112→ 273110+a 11.666±0.020 240−90

+430 ms 143ms [31]
272111→ 268109+a 11.029±0.020 1.5−0.5

+2.0 ms 3.2 ms [32]
281110→ 277108+a 9.004±0.020 1.6±X min 4.4 min [29]
273110→ 269108+a 11.291±0.020 110±X ms 238ms [31]
271110→267108+a 10.958±0.020 0.62±X ms 1.33 ms [33]
270110→ 266108+a 11.242±0.050 100−40

+140 ms 182ms [34]
269110→ 265108+a 11.345±0.020 270−120

+1300 ms 180ms [35]
268Mt→ 264107+a 10.299±0.020 70−30

+100 ms 43 ms [32]
269Hs→ 265Sg+a 9.354±0.020 7.1±X s 4.3 s [31]
267Hs→ 263Sg+a 10.076±0.020 74±X ms 44 ms [33]
266Hs→ 262Sg+a 10.381±0.020 2.3−0.6

+1.3 ms 4.5 ms [34]
265Hs→ 261Sg+a 10.777±0.020 583±X ms 842ms [35]
264Hs→ 260Sg+a 10.590±0.050 0.54±0.30 ms 1.39 ms [40]
267Bh→ 263Db+a 9.009±0.030 17−6

+14 s 21 s [37]
266Bh→ 262Db+a 9.477±0.020 ,1 s 1.5 s [37]
264Bh→ 260Db+a 9.671±0.020 440−160

+600 ms 425 ms [32]
266Sg→ 262Rf+a 8.836±0.020 25.7±X s 18.9 s [38]
265Sg→ 261Rf+a 8.949±0.020 24.1±X s 14.0 s [31]
263Sg→ 259Rf+a 9.447±0.020 117±X ms 476 ms [33]
261Sg→ 257Rf+a 9.773±0.020 72±X ms 60 ms [35]

FIG. 2. The variation of the hindrance factor(HF) of a decay
with nucleon number for superheavy nuclei withZ=106–118,
where HF=T1/2sexpt.d /T1/2stheor.d.
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clei. This is a systematic test on the validity of the cluster
model for decays in extreme cases. In general the model
reproduces the half-lives of manya decays of heavy nuclei
within a factor of 2–3. This shows that the model holds well
for thesea emitters. The half-lives of some newa emitters
of the naturally occurring nuclides are predicted. New ex-
periments to search thea radioactivity of 176,178Hf and of
149Sm are strongly suggested.

For superheavy nuclei withZ=106–118, it is found that
theoretical half-lives are close to the experimental ones
where no additional adjustment on parameters is introduced.
The deviation between experimental half-lives and theoreti-
cal ones is approximately a factor of 2–3 forZ=106–109
and this precision is very good for this region. ForZ
=110–118 the theoretical results are in reasonable agree-
ment with the data. This shows that the present data of su-
perheavy nuclei themselves are consistent. It could suggest
that the present experimental claims on the existence of new
elementsZ=110–118 are reliable. It is expected that greater

deviations of a few superheavy nuclei between the data and
the model may be eliminated by further improvements on the
precision of the measurements.
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