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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 backgroundvgbarticles. 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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[. INTRODUCTION The purpose of the present work is to present a systemat-
ics of experimental results compared to calculations, from
A charged particle heavier thafHe but lighter than a which one may suggest other possible candidates for future
fission fragment is spontaneously emitted in a cluster decagxperiments. Universal curves may be used to estimate the
mode of an atomic nucleus. There is a whole family of suctexpected half-lives.
disintegration modes‘C radioactivity, >Ne radioactivity,
28\g radioactivity, and so on. The first report on experimen-
tal discovery[1] and the theoretical predictiong] are the
two most cited papers in the field. Four theoretical models The main quantities experimentally determined are the
with predictive power were used in 1980: fragmentationpartial half-life T and the kinetic energy of the emitted clus-
theory, penetrability calculations as in the traditional theoryter, E,=QA4/A, whereQ is the released energy, aAg and
of a decay, and numericdNuSAP and analyticalASAF) A are the mass numbers of the daughter and parent nuclei.
superasymmetric fission models. Among the presented exXJsually the main experimental difficulties are caused by the
amples of potential barrier penetrability versus the mass andery long half-lives and the small value of branching ratio
atomic numbers of emitted clusters from a given parentrelative to thea decay[4]. Sometimes the experimental sen-
those of??Ra and?*“Ra showed the best chance ff€ to sitivity is not high enough to achieve a positive result; hence
be emitted. only an upper limit can be established. The longest upper
Despite some qualitative speculations expecting a largdimit determined up to now iF=10?°2 s for the ?*2Mg
yield for the stronger bound®C, the evidence of thé“C  radioactivity of 2*2Th, and the smallest branching ratig,
radioactivity of 2?Ra was obtained at Oxford University in a =10 8 for 3‘Si decay of?*°Cm. On the other hand, the
brilliant experimen{1]. The determined values of the half- most favorable values afe=10'% s for 1C radioactivity
life, T, and branching ratio relative to the decay,b, of ?*Ra, andb,=10" 8% for 1%C decay of’*Ra.
=T,I/T, were confirmed by subsequently performed mea- An AEXE telescope of two silicon detectors directly
surements. viewing the source was used in the first experimgtif
A rapid development of experimental and theoretical in-which ran six months in order to obtain 11 events. The strong
vestigations was stimulated by the discové&ge[3] and the  background ofx particles produced multiple pileups of elec-
references thereinand a new field was introduced in the tric pulses and damaged the semiconductor detectors which
Physics and Astronomy Classification ScherfACS:  were replaced, after irradiation with about®2@cn?, with
23.70+j Heavy-particle decay new ones.
How does one get rid of these alphas? The solution
adopted in the elegant experiments performed at Orsay was
*Email address: nagame@popsvr.tokai.jaeri.go.jp to deflect the unwantefiHe ions, simply or doubly ionized,

II. EXPERIMENTAL RESULTS
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by a strong magnetic field produced in the superconducting?24-26Ne, 283Q\g, and 323%Si radioactivities are in good

spectrometer SOLENO, and to select orifiC clusters to  agreement with predicted values from the ASAF model, as
reach the detector in the focal plane. A source about 30Qe shall show below.

times stronger than that used by Rose and Jones was em- p summary may be seen in the nuclear ch&it. 1) in
ployed so that a run of only five days was necessary 0 obtaiyhich the upper limits are marked with the mathematical
11 events. With this unique instrument it was possible t0iqn - \When the experimental method did not discriminate
discover[5] the fine structure in c]uster dec@], a”‘?' 0 petween two neighboring isotopes of the emitted nucleus,
perform the most accurate experimdfif by using high- )\ 0 mentioned with the same half-life. More than one

?gglféén;figtzg Sa?;trgf‘%]EgNRgelﬁgt/c;pessimr?lgﬂe Z; tgre] gluster decay mode was detected for some isotopes of Pa, U,
P ' ’ : Y, 95nd Pu. The cluster emitter&Fr, 221-22422Rg  2255¢,

split-pole magnetic spectrometer with a gas-filled detector ifhyg 535 " 2315 230,232 236 | 236,23 24 .
its focal plane was used at Argonf@] to confirm the mass Th, **'Pa, U, - Pu, and “Cm are either ,
B stable or not far from stability nuclei. The Green approxi-

number of the emitted“C fragment from?*Ra. : _ Ol _
mation for the line of stability crosses the following,N

Another method extensively usgd0,11] is based on A
solid-state nuclear track detectq®@SNTD’S [12,13 which ~ Pairs: 87,133; 88,135; 89,136; 90,138; 91,140; 92,142;

are not sensitive to alphas and other [Bvparticles, because 93,144; 94,146; 95,148; and 96,150. Taalecay half-lives
they need a certain threshold of ionization. Very frequentlyare taken from tables of experimental d@dd when avail-
such detectors are made from polyethylene terephtalate @ble, or otherwise calculated with a semiempirical formula
from a phosphate glass. They are cheap and handy but, liK&9].
photographic plates, do not deliver the information on line; The strong competition a¥ decay may be seen both from
only after a suitable post-irradiation chemical etching are théhe numbers given in Fig. 1 and from the diagrams of Fig. 2
tracks visible. The etching rate along the paths of the iongin which the half-life T against cluster decay modes is de-
depends on the charge number of the ionizing particle. Thaoted byT.). While 10"<T<10* and 13-°<T,<10', the
plot of the etching rate versus the residual range yields théranching ratio 10*<b,=b,.=1/b.,<10 8
atomic number, identificatioiZ. Finally, the track can be Spontaneous fissiof20] starts to be important in the re-
seen, located, and measured by manual or automatic scagion of heavy cluster emitters with ¥B<T;<10?. For Pa,
ning with a microscope, and one may derive the characteridd, Np, Am, and Pu isotopes, the branching rdtio=T;/T
tics of the incoming particle from its shape and dimensions=b;.=1/b; is in the range (10’,1C%), but for **Cm it
SSNTD’s are widely used in a large variety of nuclear phys-approaches 1, making the measurement éfSi radioac-
ics experiments, particularly for rare events in spontaneousvity very difficult [17,18. On the right-hand side of Fig. 2
fission, cold fission, and spontaneously fissioning shape isawe plot the decimal logarithms lggb.,, 10g;obss, and
mers. 10010 bt,=1001o(T¢/T,).

The data obtained until noysee Refs[11,9,14,8,13 the Data for thefine structureof “C radioactivity of °*Ra
references therein, and the recently published pajiss  (see Refs[8,3,21]) were not included because, surprisingly,
18]) on half-lives and branching ratios dfC, 2%, 2%F,  the transition toward the first excited state of the daughter
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FIG. 2. Experimentally determined half-livéeft) and branch- FIG. 3. Calculated values for different kinds of cluster decay

ing ratios (right) of heavy nuclei against cluster radioactivities, modes vs the neutron number of the daughter nucleus. The points
spontaneous fission, and decay. Ths subscripts «, andf stand  belonging to the same atomic number of the daughter are joined
for cluster radioactivity« decay, and spontaneous fission, respec-with a line of a style mentioned on the figure #B5=80-84.
tively.
A. andA,. The process is energetically allowed if and only

nucleus is stronger than that to the ground state. The physicgline released energy
explanation for this relies on the nuclear structure of the
parent and daughter nuclei. If the uncoupled nucleon is left
in the same state in both the parent and heavy fragment, the
transition is favored. Otherwise the difference in structure
leads to a large hindrandé=T®*"/ T, whereT®*Pis the is a positive quantityQ>0. The atomic massed, M, and
measured partial half-life for a given transition, afg, is Mg, in units of energy, are taken from tables of experimental
the corresponding quantity for a hypothetical even-evervalues[23].
equivalent, estimated either from a systematics or from a Shell effects are clearly seen in Fig. 3, where we display
model. A transition is favored iH=1, and it is hindered if Q values for the following decay modes’C, '*2©, and
H>5. ZF (top), 222+ ?5Ne (middle), and 28*Mg and *23%Si (bot-

Unlike in « decay, where the initial and final states of thetom) versus the neutron number of the daughiég, The
parent and daughter are not so different from one another, ipoints belonging to the same atomic number of the daughter
cluster radioactivities of odd-mass nuclides, one has th@re joined with a line of a style mentioned on the figure for
unique possibility to study a transition from a well-deformed Z4=80-84.
parent nucleus with complex configuration mixing, to a The variation with the daughter neutron numbéy is
spherical nucleus with a pure shell model wave function. Ialmost regular giving, as a rule, a maximum value at the
can be used as a spectroscopic tool to obtain direct informawnagic numbeiNy=126. Exceptions includé**Ne, Mg,
tion on spherical components of deformed states. The intend 3?Si decay modes with larger or equal valuesNa
pretation of Ref[22], according to which the main spherical =125 or 124. Pairing effects are enhanced, leading to even-
component of the deformed parent wave function haisgpn  odd staggering for a cluster decay mode IABle (or Mg
character, has been confirmed. which is not displayed The variation withZy for Zg4
=80-82 is, as expected, increasing toward the magic value
Z4=82, with an exception for°F radioactivity (almost the
same values foZ,=80 and 8). Only for 2°0 and *Ne

The Q value is one of the quantities which play a very decay modes d@ values decrease whefy is increased past
important role in any spontaneous nuclear decay with emisthe magic number 827,=83 and 84. For 2°F radioactivity
sion of charged particles. A parent nucleus with atomic andZy=84 givesQ values smaller tha@d =82 but higher than
mass numberé andZ decays into an emitted clust8y,Z,  Z4=83. They are very close @,= 82 for 4C, 180, ?*?Ne,
and a daughtefy,Zy, "Z—"eZ,+"Z, with conservation and **Mg decay modes, but continue to increase slightly for
of hadron numbergneutrons and protolisN=N.+Ng and  #Ne, ?*Mg, and 323%i radioactivity. These remarkable
Z=7Z.+Zy4, whereA=N+Z, and similar relationships for properties of high? values were not sufficiently exploited in

Q=M(A,Z2) = [Me(Ac,Ze) + My(Ag,Z4)] 1

IIl. SHELL EFFECTS AND FUTURE MEASUREMENTS
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B o o 2 o e reasonable half-lives and branching ratios relative todhe

30 " - decay, could be??0:22222fy 223.227¢c and ??°Th as 4C
emitters; 22°Th for 2°0 radioactivity; 2*%Pa for the?’Ne de-

cay mode;?%2%pa, 281y, and 2**Np for the 2*Ne radioac-
tivity; 2%%Pu for the Mg decay mode;>*%*Np and
23523py as?®Mg emitters; and?®223Am and 23%241Cm for

32Sj radioactivity. Also the®'Si decay of ?*Cm could be
observed. One should not forget about the competition be-
tween spontaneous fission disintegration in Pu, Am, and Cm
isotopes.

10940 T(s)

IV. PREFORMATION PROBABILITY AND UNIVERSAL
CURVES

The (measurable decay constanh =In2/T can be ex-
pressed as a product of thréeodel-dependeiiquantities

SDMg

AN=vSP;, 2
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Daughter neutron number Ny wherev is the frequency of assaults on the barrier per sec-
ond, Sis the preformation probability of the cluster at the
FIG. 4. Similar to Fig. 3 for predicted values within the ASAF nuclear surface, anB is the quantum penetrability of the
model (lines) and experimentally determinetpoints half-lives  external potential barrier. Not every quantity plays an equally
against differen_t cluster decay modes vs the neutron number of ”Whportant role. Fore decay and cluster radioactivities the
daughter. The line styles are the same as in Fig.§., continuous  yanetrabilty dominates the half-life variation with The fre-
line for Zd_= 82). Tt_we experimentally determined upper |In1ItS are quencyw remains practically constant, the preformation dif-
mark;d with a vertical arrow. Th;f,yz CorreSpozgdZ@: 82 for 80 fers from one decay mode to another but is not changed very
and **F radioactivity, Zy=80 for **Ne and *Mg radioactivity, o for 5 given radioactivity, while the general trend of
?”.dzdzgl for *Mg radioaCt!Vit.y' The two limits for*Si .raqioac' penetrability closely follows thét of the half-life. The exter-
tivity refer to Z4=80 (upper limip and toZ,=81 (lower fimit). nal part of the barrieffor separated fragmenisessentially
) o ~of Coulomb nature, is much wider than the internal ¢stél
practice up to now, as can be seen in Fig. 4, where a similgyerjapping fragmenjs Consequently, both fissionlike and
plot for the half-lives is shown, including the measured ,_jike models, which take into consideration the external
points. o _ part of the barrier in the same manner, can provide a success-
A very large number of combinations of parent-emittedfy| explanation for the measured half-lives. No wonder that
clusters had to be considered in a systematic search for negye majority of cluster theoriesee Refs[3,27—29, and the
decay modes. In order to check the metastability of morgeferences therejrare able to estimate the half-lives in good
than 2000 nuclides with measured mag& against about  4greement with experiments. In fact the touching point is the
200 isotopes of the elements with=2-28, this number is  scission configuration, which also proved to be very impor-

performed in a reasonable time by using an analytical rela32]_

tionship for the half-life. In 1980 the ASAF model was de- According to[33], the preformation probability can be
veloped to fulfill this requirement. The Myers-Swiatecki lig- ~g|culated within a fission model as a penetrabilty of the

uid drop model potential barriers were adjusted with ajnternal part of the barrier, which corresponds to still over-
phenomenological correction accounting for the known overigpning fragments

estimation of the barrier height and for shell and pairing

effects. Besides the half-life predictions in several papers, 2 (R,

there are three large tables, tW&4,25 published and one S=exp(—Kg,), KOU:_J V2B(R)E(R)dR, (3)
unpublished[26]. The predicted half-lives were used to R,

guide the experiments.

A strong shell effect can be seen in Fig. 4: as a rule thavhereR, is the internal turning pointE(R,)=0], Ri=R;
shortest value of the half-life is obtained when the daughter-R, is the separation distance of two fragments at the
nucleus has a magic number of neutroNg< 126) and pro- touching point configuratioigscission, B(R) is the nuclear
tons (Z4=82). There are few measurements of neighboringnertia, ande(R) is the deformation energy from which the
daughters withZzy4=80 or 81, and only one foZ4=83. A  Q value was subtracted out.
striking exception is®?Si decay, for which the single mea- By taking into account the above-mentioned arguments,
surement performed until now is far from other more favor-one may assume, as a first approximation, that preformation
able cases. probability only depends on the mass number of the emitted

Other possible candidates for future experiments, havingluster,A., in the following manner:
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logT=—logP,—22.169+0.598 A.— 1), (5)
where

—log Ps=caarccosyr —r(1—r)], (6)

with  €caz=0.22873uaZqZRy) Y% r=R/R,, R,
=1.2249QY3+ A,  R,=1.4399Z.,7./Q, and pua
=Aq4Ac/A. For all measurements performed up to now the
agreement is good, as can be seen in Fig. 5. Usually a
smooth behavior can only be obtained for even-even nuclei.
Nevertheless, with one exceptidthe “C radioactivity of
22%Ra, for which the fine structure was obseryetie mea-
sured parent nuclei with odd neutron or proton numbers were
included on this plot, and they behave like the even-even
nuclei.
Sometimes this universal curve is misinterpreted as being
a Geiger-Nuttal plot. In 1911, Geiger and Nuttal found an
empirical dependence of the-decay partial half-life on the
10 20 30 40 04 05 06 07 a-particle range in air. Nowadays this would correspond to a
- logyo Ps Q"AMev 3 diagram of logT versusQ ~*2. In this kind of systematics the
experimental points are considerably scattered, as may be
FIG. 5. Universal curves for cluster radioactivitiéep left and  seen in Fig. 5bottom righ} for the « decay of even-even
right) and @ decay(bottom lef). In a typical “Geiger-Nuttal” plot  nuyclei.
for « decay(bottom righy, one sees a considerable scattering of the  Unjversal curves provide a means to obtain estimates of

data points. the expected half-lives rapidly. New searches for cluster de-
cay modes can be made in the regions mentioned at the end
Ae—1) of Sec. Il
log S= (eTlog S, (4)
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