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Systematics of cluster decay modes
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Spontaneous emission of some C, O, F, Ne, Mg, and Si isotopes, from heavy parent nuclei, have been
experimentally observed since 1984, confirming earlier predictions. Experimental difficulties are mainly related
to the low yield in the presence of a strong background ofa particles. Until now, only some of the most
favorable cases were investigated, leading to magic or almost magic proton and neutron numbers of daughter
nuclei. We present a systematics of experimental results compared to calculations, clearly showing other
possible candidates for future experiments. Universal curves may be used to estimate the expected half-lives.
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I. INTRODUCTION

A charged particle heavier than4He but lighter than a
fission fragment is spontaneously emitted in a cluster de
mode of an atomic nucleus. There is a whole family of su
disintegration modes:14C radioactivity, 24Ne radioactivity,
28Mg radioactivity, and so on. The first report on experime
tal discovery@1# and the theoretical predictions@2# are the
two most cited papers in the field. Four theoretical mod
with predictive power were used in 1980: fragmentati
theory, penetrability calculations as in the traditional theo
of a decay, and numerical~NuSAF! and analytical~ASAF!
superasymmetric fission models. Among the presented
amples of potential barrier penetrability versus the mass
atomic numbers of emitted clusters from a given pare
those of222Ra and224Ra showed the best chance for14C to
be emitted.

Despite some qualitative speculations expecting a la
yield for the stronger bound12C, the evidence of the14C
radioactivity of 223Ra was obtained at Oxford University in
brilliant experiment@1#. The determined values of the hal
life, T, and branching ratio relative to thea decay, ba
5Ta /T, were confirmed by subsequently performed m
surements.

A rapid development of experimental and theoretical
vestigations was stimulated by the discovery~see@3# and the
references therein!, and a new field was introduced in th
Physics and Astronomy Classification Scheme~PACS!:
23.70.1j Heavy-particle decay.
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The purpose of the present work is to present a system
ics of experimental results compared to calculations, fr
which one may suggest other possible candidates for fu
experiments. Universal curves may be used to estimate
expected half-lives.

II. EXPERIMENTAL RESULTS

The main quantities experimentally determined are
partial half-life T and the kinetic energy of the emitted clu
ter, Ek5QAd /A, whereQ is the released energy, andAd and
A are the mass numbers of the daughter and parent nu
Usually the main experimental difficulties are caused by
very long half-lives and the small value of branching ra
relative to thea decay@4#. Sometimes the experimental se
sitivity is not high enough to achieve a positive result; hen
only an upper limit can be established. The longest up
limit determined up to now isT>1029.2 s for the 24,26Mg
radioactivity of 232Th, and the smallest branching ratioba
510215.87 for 34Si decay of242Cm. On the other hand, th
most favorable values areT51011.01 s for 14C radioactivity
of 222Ra, andba51028.88 for 14C decay of223Ra.

An DE3E telescope of two silicon detectors direct
viewing the source was used in the first experiment@1#,
which ran six months in order to obtain 11 events. The stro
background ofa particles produced multiple pileups of ele
tric pulses and damaged the semiconductor detectors w
were replaced, after irradiation with about 109a/cm2, with
new ones.

How does one get rid of these alphas? The solut
adopted in the elegant experiments performed at Orsay
to deflect the unwanted4He ions, simply or doubly ionized
©2002 The American Physical Society08-1
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FIG. 1. Nuclear chart of ex-
perimentally determined cluste
decay modes. The type of cluste
decay, and the decimal logarithm
of the half-life in seconds for clus-
ter anda decay, is given for each
parent nucleus with a specifie
proton and neutron number.
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by a strong magnetic field produced in the superconduc
spectrometer SOLENO, and to select only14C clusters to
reach the detector in the focal plane. A source about
times stronger than that used by Rose and Jones was
ployed so that a run of only five days was necessary to ob
11 events. With this unique instrument it was possible
discover @5# the fine structure in cluster decay@6#, and to
perform the most accurate experiment@7# by using high-
quality implanted sources@8# of Ra isotopes made at th
ISOLDE mass separator, CERN, Geneva. Similarly, an E
split-pole magnetic spectrometer with a gas-filled detecto
its focal plane was used at Argonne@9# to confirm the mass
number of the emitted14C fragment from223Ra.

Another method extensively used@10,11# is based on
solid-state nuclear track detectors~SSNTD’s! @12,13# which
are not sensitive to alphas and other low-Z particles, because
they need a certain threshold of ionization. Very frequen
such detectors are made from polyethylene terephtalat
from a phosphate glass. They are cheap and handy but,
photographic plates, do not deliver the information on lin
only after a suitable post-irradiation chemical etching are
tracks visible. The etching rate along the paths of the i
depends on the charge number of the ionizing particle.
plot of the etching rate versus the residual range yields
atomic number, identificationZ. Finally, the track can be
seen, located, and measured by manual or automatic s
ning with a microscope, and one may derive the characte
tics of the incoming particle from its shape and dimensio
SSNTD’s are widely used in a large variety of nuclear ph
ics experiments, particularly for rare events in spontane
fission, cold fission, and spontaneously fissioning shape
mers.

The data obtained until now~see Refs.@11,9,14,8,13#, the
references therein, and the recently published papers@15–
18#! on half-lives and branching ratios of14C, 18,20O, 23F,
05430
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22,24226Ne, 28,30Mg, and 32,34Si radioactivities are in good
agreement with predicted values from the ASAF model,
we shall show below.

A summary may be seen in the nuclear chart~Fig. 1! in
which the upper limits are marked with the mathemati
sign .. When the experimental method did not discrimina
between two neighboring isotopes of the emitted nucle
both are mentioned with the same half-life. More than o
cluster decay mode was detected for some isotopes of P
and Pu. The cluster emitters221Fr, 2212224,226Ra, 225Ac,
228,230Th, 231Pa, 230,2322236U, 236,238Pu, and242Cm are either
b stable or not far from stability nuclei. The Green appro
mation for the line ofb stability crosses the followingZ,N
pairs: 87,133; 88,135; 89,136; 90,138; 91,140; 92,1
93,144; 94,146; 95,148; and 96,150. Thea-decay half-lives
are taken from tables of experimental data@4# when avail-
able, or otherwise calculated with a semiempirical formu
@19#.

The strong competition ofa decay may be seen both from
the numbers given in Fig. 1 and from the diagrams of Fig
~in which the half-lifeT against cluster decay modes is d
noted byTc). While 1011,T,1030 and 101.5,Ta,1018, the
branching ratio 10216,ba[bac51/bca,1028.

Spontaneous fission@20# starts to be important in the re
gion of heavy cluster emitters with 1014,Tf,1026. For Pa,
U, Np, Am, and Pu isotopes, the branching ratiobf5Tf /T
[bf c51/bc f is in the range (1027,102), but for 242Cm it
approaches 1029, making the measurement of34Si radioac-
tivity very difficult @17,18#. On the right-hand side of Fig. 2
we plot the decimal logarithms log10 bca , log10 bc f , and
log10 bf a5 log10(Tf /Ta).

Data for thefine structureof 14C radioactivity of 223Ra
~see Refs.@8,3,21#! were not included because, surprising
the transition toward the first excited state of the daugh
8-2
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SYSTEMATICS OF CLUSTER DECAY MODES PHYSICAL REVIEW C65 054308
nucleus is stronger than that to the ground state. The phy
explanation for this relies on the nuclear structure of
parent and daughter nuclei. If the uncoupled nucleon is
in the same state in both the parent and heavy fragment
transition is favored. Otherwise the difference in structu
leads to a large hindranceH5Texp/Te-e , whereTexp is the
measured partial half-life for a given transition, andTe-e is
the corresponding quantity for a hypothetical even-ev
equivalent, estimated either from a systematics or from
model. A transition is favored ifH.1, and it is hindered if
H.5.

Unlike in a decay, where the initial and final states of t
parent and daughter are not so different from one anothe
cluster radioactivities of odd-mass nuclides, one has
unique possibility to study a transition from a well-deform
parent nucleus with complex configuration mixing, to
spherical nucleus with a pure shell model wave function
can be used as a spectroscopic tool to obtain direct infor
tion on spherical components of deformed states. The in
pretation of Ref.@22#, according to which the main spheric
component of the deformed parent wave function has ani 11/2
character, has been confirmed.

III. SHELL EFFECTS AND FUTURE MEASUREMENTS

The Q value is one of the quantities which play a ve
important role in any spontaneous nuclear decay with em
sion of charged particles. A parent nucleus with atomic a
mass numbersA andZ decays into an emitted clusterAe ,Ze
and a daughterAd ,Zd , AZ→AeZe1AdZd , with conservation
of hadron numbers~neutrons and protons!: N5Ne1Nd and
Z5Ze1Zd , whereA5N1Z, and similar relationships fo

FIG. 2. Experimentally determined half-lives~left! and branch-
ing ratios ~right! of heavy nuclei against cluster radioactivitie
spontaneous fission, anda decay. Ths subscriptsc, a, and f stand
for cluster radioactivity,a decay, and spontaneous fission, resp
tively.
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Ae andAd . The process is energetically allowed if and on
if the released energy

Q5M ~A,Z!2@Me~Ae ,Ze!1Md~Ad ,Zd!# ~1!

is a positive quantity,Q.0. The atomic massesM, Me , and
Md , in units of energy, are taken from tables of experimen
values@23#.

Shell effects are clearly seen in Fig. 3, where we disp
Q values for the following decay modes:14C, 18,20O, and
23F ~top!, 22,24226Ne ~middle!, and 28,30Mg and 32,34Si ~bot-
tom! versus the neutron number of the daughter,Nd . The
points belonging to the same atomic number of the daug
are joined with a line of a style mentioned on the figure
Zd580–84.

The variation with the daughter neutron numberNd is
almost regular giving, as a rule, a maximum value at
magic numberNd5126. Exceptions include22,24Ne, 28Mg,
and 32Si decay modes with larger or equal values atNd
5125 or 124. Pairing effects are enhanced, leading to ev
odd staggering for a cluster decay mode like25Ne ~or 29Mg
which is not displayed!. The variation with Zd for Zd
580–82 is, as expected, increasing toward the magic va
Zd582, with an exception for23F radioactivity~almost the
same values forZd580 and 81!. Only for 20O and 26Ne
decay modes doQ values decrease whenZd is increased pas
the magic number 82 (Zd583 and 84!. For 23F radioactivity
Zd584 givesQ values smaller thanZd582 but higher than
Zd583. They are very close toZd582 for 14C, 18O, 24,25Ne,
and 30Mg decay modes, but continue to increase slightly
22Ne, 28Mg, and 32,34Si radioactivity. These remarkabl
properties of high-Q values were not sufficiently exploited i

-

FIG. 3. CalculatedQ values for different kinds of cluster deca
modes vs the neutron number of the daughter nucleus. The p
belonging to the same atomic number of the daughter are jo
with a line of a style mentioned on the figure forZd580–84.
8-3
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practice up to now, as can be seen in Fig. 4, where a sim
plot for the half-lives is shown, including the measur
points.

A very large number of combinations of parent-emitt
clusters had to be considered in a systematic search for
decay modes. In order to check the metastability of m
than 2000 nuclides with measured masses@23# against about
200 isotopes of the elements withZe52 –28, this number is
of the order of 105. The large amount of computations can
performed in a reasonable time by using an analytical r
tionship for the half-life. In 1980 the ASAF model was d
veloped to fulfill this requirement. The Myers-Swiatecki liq
uid drop model potential barriers were adjusted with
phenomenological correction accounting for the known ov
estimation of the barrier height and for shell and pairi
effects. Besides the half-life predictions in several pap
there are three large tables, two@24,25# published and one
unpublished@26#. The predicted half-lives were used
guide the experiments.

A strong shell effect can be seen in Fig. 4: as a rule
shortest value of the half-life is obtained when the daugh
nucleus has a magic number of neutrons (Nd5126) and pro-
tons (Zd582). There are few measurements of neighbor
daughters withZd580 or 81, and only one forZd583. A
striking exception is32Si decay, for which the single mea
surement performed until now is far from other more fav
able cases.

Other possible candidates for future experiments, hav

FIG. 4. Similar to Fig. 3 for predicted values within the ASA
model ~lines! and experimentally determined~points! half-lives
against different cluster decay modes vs the neutron number o
daughter. The line styles are the same as in Fig. 3~e.g., continuous
line for Zd582). The experimentally determined upper limits a
marked with a vertical arrow. They correspond toZd582 for 18O
and 23F radioactivity,Zd580 for 24,26Ne and 28Mg radioactivity,
andZd581 for 30Mg radioactivity. The two limits for34Si radioac-
tivity refer to Zd580 ~upper limit! and toZd581 ~lower limit!.
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reasonable half-lives and branching ratios relative to thea
decay, could be220,222,223Fr, 223,224Ac, and 225Th as 14C
emitters; 229Th for 20O radioactivity; 229Pa for the22Ne de-
cay mode;230,232Pa, 231U, and 233Np for the 24Ne radioac-
tivity; 234Pu for the 26Mg decay mode; 234,235Np and
235,237Pu as28Mg emitters; and238,239Am and 2392241Cm for
32Si radioactivity. Also the31Si decay of 241Cm could be
observed. One should not forget about the competition
tween spontaneous fission disintegration in Pu, Am, and
isotopes.

IV. PREFORMATION PROBABILITY AND UNIVERSAL
CURVES

The ~measurable! decay constantl5 ln 2/T can be ex-
pressed as a product of three~model-dependent! quantities

l5nSPs , ~2!

wheren is the frequency of assaults on the barrier per s
ond, S is the preformation probability of the cluster at th
nuclear surface, andPs is the quantum penetrability of th
external potential barrier. Not every quantity plays an equa
important role. Fora decay and cluster radioactivities th
penetrabilty dominates the half-life variation withA. The fre-
quencyn remains practically constant, the preformation d
fers from one decay mode to another but is not changed v
much for a given radioactivity, while the general trend
penetrability closely follows that of the half-life. The exte
nal part of the barrier~for separated fragments!, essentially
of Coulomb nature, is much wider than the internal one~still
overlapping fragments!. Consequently, both fissionlike an
a-like models, which take into consideration the extern
part of the barrier in the same manner, can provide a succ
ful explanation for the measured half-lives. No wonder th
the majority of cluster theories~see Refs.@3,27–29#, and the
references therein! are able to estimate the half-lives in goo
agreement with experiments. In fact the touching point is
scission configuration, which also proved to be very imp
tant for spontaneous and induced fission phenomena@30–
32#.

According to @33#, the preformation probability can b
calculated within a fission model as a penetrabilty of t
internal part of the barrier, which corresponds to still ov
lapping fragments

S5exp~2Kov!, Kov5
2

\ERa

RtA2B~R!E~R!dR, ~3!

whereRa is the internal turning point@E(Ra)50#, Rt5R1
1R2 is the separation distance of two fragments at
touching point configuration~scission!, B(R) is the nuclear
inertia, andE(R) is the deformation energy from which th
Q value was subtracted out.

By taking into account the above-mentioned argumen
one may assume, as a first approximation, that preforma
probability only depends on the mass number of the emi
cluster,Ae , in the following manner:

he
8-4
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logS5
~Ae21!

3
logSa , ~4!

where the preformation probability of thea particleSa may
be determined by a fit to experimental data. The next
sumption is thatn(Ae ,Ze ,Ad ,Zd)5const. From the fit one
obtainsSa50.0160694 andn51022.01 s21.

In this way one arrives at a single straight lineuniversal
curveon a double logarithmic scale,

FIG. 5. Universal curves for cluster radioactivities~top left and
right! anda decay~bottom left!. In a typical ‘‘Geiger-Nuttal’’ plot
for a decay~bottom right!, one sees a considerable scattering of
data points.
m

e

05430
s-

logT52 log Ps222.16910.598~Ae21!, ~5!

where

2 log Ps5cAZ@arccosAr 2Ar ~12r !#, ~6!

with cAZ50.22873(mAZdZeRb)1/2, r 5Rt /Rb , Rt

51.2249(Ad
1/31Ae

1/3), Rb51.43998ZdZe /Q, and mA

5AdAe /A. For all measurements performed up to now t
agreement is good, as can be seen in Fig. 5. Usual
smooth behavior can only be obtained for even-even nuc
Nevertheless, with one exception~the 14C radioactivity of
223Ra, for which the fine structure was observed!, the mea-
sured parent nuclei with odd neutron or proton numbers w
included on this plot, and they behave like the even-ev
nuclei.

Sometimes this universal curve is misinterpreted as be
a Geiger-Nuttal plot. In 1911, Geiger and Nuttal found
empirical dependence of thea-decay partial half-life on the
a-particle range in air. Nowadays this would correspond t
diagram of logT versusQ21/2. In this kind of systematics the
experimental points are considerably scattered, as may
seen in Fig. 5~bottom right! for the a decay of even-even
nuclei.

Universal curves provide a means to obtain estimates
the expected half-lives rapidly. New searches for cluster
cay modes can be made in the regions mentioned at the
of Sec. III.
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