Chapter 5

Cluster Radioactivity

5.1 Prediction and Discovery of Cluster Radioactivity
The possibility to have a cluster process is related to itgegricity:
Q - M(A,Z) —M(Al,Zl) - M(AQ,ZQ) > 0

Here, M (A;, Z;) are the atomic masses. For the elements found in the sectinaf tize
periodic system, which have average binding energy perepuctmaller than the lightest
elements, this condition is fulfilled for a large range of leac decay. However in the great
majority of cases the possibility of decay is hindered bysitmall barrier penetrability. This
guantity reaches large values only in two caseglecay and spontaneous fission of heavy
nuclei. An exception is given by the high penetrabilitiesiué daughter nucléi*C, >*Ne,
etc., when the complementary nucleus is close to the douatgat®Pb, values which can
be larger than those corresponding to éhdecay. This fact is connected to the much larger
value of the ratioQ)/ B¢ relative to the valu&),/B,, where B¢, are the heights of the
corresponding barriers.

The investigation of this new type of radioactivity reveht®me universal properties:

1. The kinetic energy of the emitted fragment, at the extéth® precision allowed by
the dectors, is close to the its kinematical threshold the.residual nucleus is found in the
ground state, or in a low-lying excited state, with an exotaenergyE* <1.5 MeV. Fine
structure in cluster decay was observed in the case of theydéRa — 2*Pb+4C when
the the excited state 1172f 2*°Pb is populated in proportion of 84

2. With some exceptions all the mother nuclei are found ireittenide region, whereas
the daughter nuclei, produced by the cluster emission ang Iy the rather small region of
charge and mass 807 <83, 206K A <212. These nuclei are splitting in neighbouring
nuclei with a large binding energy per nucleBriA as a consequence of the vicinity of the
double magi¢®Pb. The large binding energy is naturaly related to the |grg@lue of the
decay which consequently is increasing the bariers pdriktya

3. The comparison of the spontaneous fission half-live aadlister radioactivity half-
lives revealed that the rat[Bf/'g' /17, does not stay constant but increase sharply with the
charge of the mother nucleus.
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The Gamow-like decay rate for the CR must be changed in oodeke into account the
preformation factor:
Ao =vPy)S (5.1)

The three quantities entering in the above formula are:

e The assault frequenay which is generally associated with the zero point vibration
energyk,
2F,
Vg = A
with E, obtained either empirically or in the harmonic oscillatppeoximation inside
the potential pockeff, = hwy/2,w = /C/M, with M the mass of the parent nucleus
andC, the stiffness of the oscillator).

(5.2)

In the preformed cluster model [1] it is considered that atl#ft of the first turning
point (R < R;) the kinetic energy.w?/2 equals approximately the potential depth. A
realistic potential depth is of the orddy - 25 MeV corresponding to a 100 MeV deep
a-nucleus potential. Then, the assault frequency is given as

1 /25A
which is nearly constant for all decay modes because thecegdmass: scales
roughly witha.

e The barrier penetrability”, which in the WKB approximation is given by formula
(2.198), withEy = Q.

e S is the bulk spectroscopic factor. This quantity is definedhenbasis of the many-
body states of the parent and daughter nucleus, and of thieedroiuster, which are
denoted by 4,1 4,, ®4,, ®4,. The open channel state describes the relative motion of
the clusters) 4, and¢ 4, as a superposition of the basis states

<T17 s TA 4 A1 | R> = A(é(R - TA1A2)¢A1¢A2) (54)

with different values ofR. In coordinate space the staté#) depend on; + A, — 1)
coordinates which are equivalent to thé — 1) internal coordinates of the daughter
nucleuse,,, the A, — 1 internal coordinates of the emitted fragments and the rela-
tive motion coordinate- 4, 4,. Due to the antsymmetrizatiod the statesR) are not
normalized

(RIR)=(1-K)pp =0(R-R)-K(R,R) (5.5)

The projection operataP onto the open channel spafidR) } is defined as

R 1
P = /d3R/d3R’R( - ) <R’ | (5.6)
1-K/RR
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The inverse of the norm operator— & guarantees thab? = P. Then, the spec-
troscopic factor equals the percentage to which the state 4, lies in the space
Pa, ® Pa,: )

S = <¢A1+A2 ‘ P | ¢A1+A2> (57)

In other words,S is the quantum mechanical probability of finding the opemcieh
structure preformed in the parent nucleus, and for thabredaslso called preforma-
tion probability and can be related to the squared produtii@bverlaps between the
single particle states in4, and the upper ones if4,, 4, forming the fragment. The
product contains effectivelyl; — 1 single particle overlaps becaugg, depends on
A; — 1 internal coordinates. This structure implies that manygleirparticle states
contribute toS, and thatS will approximately scale with théA, — 1)-st power of the
square of a single-particle overlap. The first point suggestise the bulk formula

Aq—1

S=(5", (A4 <) (5.8)

where thex spectroscopic factas is fitted to the empirically estimated preformation
SeMP, Fittting the even and odd parents separately, Blendows#@é&Nalliser obtained
in the case of favored decays [2]:

(S*)®N = 6.3 x 1073 anc(Sa)Odd =32x107* (5.9)

For rapid evaluations of the decay constant there is availbimple analytical formula
which is used for-decay and all cluster decays. Instead of a realistic heavyotential
a square well with suitable radiug; is used. The nearlyl;-independent assault frequency
v = v/2R; is fixed to an appropriate numerical value. The resultingagemnstant is then
given by

Aq1—1

Ao~ vSa® exp(—21), v=30-10%s", S,=63x10"%  (5.10)

the penetration integral for the pure Coulomb potentiallmaevaluated analitically [3]:

2 H
I =7Z17Ze 0 5 {acoi\/i) z(1 :1:)} (5.11)
with ( 9
. ) o 1/3 1/3
) Ql 2€E2 . R, =1.2%6 <A1 + Al ) (5.12)

In addition one uses?/(2)=20.9A; + As)/(A;As) Mev-fm? ande?=1.443 MeVfm. Up
to A;=34 all decay constants are reproduced within a factor of 3.

5.2 Cold Valleys as Doorways of Cluster Radioactivity

The concept ofCold Valleywas introduced in relation to the structure of minimas in the
so-callled driving potential. The driving potential is defd as the difference between the
interaction potential and the decay energy of the reaction

Vv = V(R, Zh, Ay, {5(1)}2,3,4, {5(2)}2,3,4, Wi, WQ) + By + By — Ben (5-13)
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In the above formula3;, B, and B¢ are the binding energies of the cluster, daughter and
mother nucleus. The driving potential is also dependinghenadhargeZ;, massA;, the
distance between the centres-of-masses of the two nlichautual orientations, » and the
guadrupolef,), octupole (3) and hexadecupole deformations ) through the heavy ion
potentiall” defined in (3.68). The abowensatzcorresponds to the-channel, i.e. relative
angular momenturh= 0.

A long time ago Sandulesaet al investigated the occurence of fusion valleys as door-
ways to the synthesis of superheavy elements [4, 5]. The e of this approach was to
calculate the driving potential of a given compound nucleusll possible projectile-target
combinations ag; = (2, — Z,)/(Z1 + Z») at the touching poink,, i.e. the point where the
assumed spherical fragments are coming in contact and mibenact only by means of the
Coulomb force. The charges of the target and the projectledetermined by requiring for
a fixedn that the potential’ (R, n, nz) attains a minimum in the, direction, i.e. for every
fixed mass paifA;, A;) a single pair of charges is determined among all possiblébatan
tions. Next, minimas of the potential in the two-dimensidifa n) landscape were searched.
From here it was inferred a criterion for cold fusion, i.ee tteep minima of the driving po-
tential are corresponding to the projectile-target coratiams where the compound nucleus
has a minimum of excitation and will de-excite to the growtate with the emission of a
couple of neutrons. The occurence of the mass-asymmeteysas due to the shell effects.
It was advocated in ref. [6], using the frame of the fragmeoatheory, that due to the
existence of different mass-asymmetry valleys for the semngpound system, a new, highly
asymmetric fission mode appears in which one of the fragmentese to the double magic
nucleus’®Ph. This new type of decay is nothing else than the clustéoaativity.

Formation of cold fusion valleys is strongly dependent onciwtshape is assumed for
the incoming projectile and target. For the case when onenass spherical shapes, as
actually was done in [4, 5] and more recently in [7], the magbortant valleys found are
centered around the double magic nudféBn (a weak asymmetric valley) artfPb (a
very asymmetric valley). The introduction of deformatiowdifies the valley structure of
the driving potential [8]. The valleys occuring when nudee assumed to be spherical are
weakened or even washed out when the experimental or ceddyeound state deformations
of the nuclei are switched on. Instead, other valleys arstantiated, depending crucially
on the mutual orientation of the nuclei as it was proved rdg¢8].

5.2.1 Cluster Radioactivity in''*Ba

As we mentioned in the Introduction, the neutron deficiertlews!''*Ba was predicted to
decay in the'>?C and the almost double magdi®?Sn. The inspection of the corresponding
driving potential in Fig.5.1 confirms this prediction. Alpmvith the!>C minimun there are
two other comparable minima, one to its I€fBe, and the second to its righfO. The
prevailance of thé?C-channel compared to the other two is given by the magidithe
partner'®2Sn.

It is interesting to notice that all minima are correspogdioc N = Z clusters, and
that from the most asymmetric minimum#+!'°Xe up to to the splitting®Si+**Mo these
minima are separated by rather higher barriers and can beddiyy a continous chain of
a-particles, the splitting?C+ 1°2Sn being a relative minimum on this curve. This would
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Figure 5.1: The driving potential of1*Ba.

mean that if we imagine the reverse process and we céligievith Mo it is energetically
more favorable to transfer-particles in order to reach the compound nucleus than tiaiei
single-nucleon, di-neutron or di-proton transfer. Evafijuthe dinuclear system will land
on the "a-like valley” 2C+ 192Sn and a part of the flux will be lost by quasi-fission and the
rest of the flux will move further in the direction of the comypal nucleus by crossing the

" o-like barrier”®Be+1%Te.

5.2.2 Cluster Radioactivity in Radium and actinides

The cold valleys in the case of CR are strongly dependent@ddformation of the clusters
and daughter nuclei. In the case’tRa the most pronounced valley corresponds to the
case'*C+"8Pb, both nuclei being spherical (see Fig.5.2). However béybe cluster mass
numberA; = 16 the deformation cause the deviation of the- e curve from thep — p
one. The existence of the valley corresponding to the earissi the clustef*C and the
double-magic daughter nuclet¥Pb is confirmed in experiment [9]. Simmilarly happens to
the Radium isotopes 221, 223, 224 and 226.

At the other extreme of studieded cluster emitters, FBCm, we are inferring from
Fig.5.3 that the cluster valleys are shifted to larger eustasses. In the caseof p con-
figuration the deepest valley corresponds to the splitfiBg*°?Hg and the second important
valley is the recently reported splittifgSi+>"®Pb [10]. This last valley is less favourable in
the frame of the cold valley picture of decay because of thesgity of both cluster}*S, and
daughter nucleu®®Pb which rises sensitively the barrier compared to the chse@rolate
(B, =0.254) cluster’S, emitted at the equator of the oblate(=~-0.09) mother nucleus
202Hg. As one can see from Fig.5.3 if the clusté&8i would be emitted at the pole 8FHg,
with its symmetry axis perpendicular to the axis joining teaters of the two nuclei(— e
configuration), then the corresponding valley would losepletely in importance and the
only observed cluster decay shouldB&i+***Ph. Of course that the spectroscopic factors
may invert the importance of these two valleys by favourimg¢lusterization of the double
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Figure 5.2: Comparison between the— p and thee — e oriented driving potentials for the mother
nucleus’’Ra.

magic?*®Pb. It is therefore necessary that the investigation of theter emission if*2Cm
looks for both splittings and not only éfSi+***Pb.

Thorium

In the case of Th, where cluster radioactivity has been ebserwe draw in Fig.5.4 the
driving potential inp — p configuration for four of its even-even isotopes. For all vest
tigated isotopes we indicated the correspondingecay which is the predominant cluster
emission mode. Fa#®Th the first two deepest cluster valleys are given by the coatluins
4C+212pg and®O+2"8Pb, and are actually experimentally confirmed cluster dorisshan-
nels. We notice here thatTh is the only isotope of Th where one observes the emission
of 1“C. For??8Th the deepest minimum is encountered for the splitti@+°*Pb which is
the only observed cluster emission channel up to now [11F piittings,'“C+*'*Po and
2Ne+Hg, although not observed, are also corresponding to delegsyaand we put a
guestion mark(?) to stress that their possible observatiaghe future should not be ex-
cluded. Moving two neutrons further #'Th we find that the deepest minimum moved two
cluster charge numbers further and corresponds to thewaakeplitting*Ne+°Hg [12].
However the neighbouring splitting%0+*1°Pb and??0+***Pb have also close values of the
minima but they were not recorded in experiment. Also tt@ emission channel should
be favorable fof3°Th according to the cold valley approach but no experimentalence
was provided to the date. The last Thorium’s isotof3&Th, is the most rich in compa-
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Figure 5.3: Same as in Fig.5.2 fa#2Cm.

rable deep valleys. If we leave aside the valley‘@+°'®Po, then the deepest one is the
experimentally confirmed splittingf Ne+®Hg. Also observed is the neighbouring splitting
2Ne+"Hg. The other minimas corresponding to the emissiot{-fO and?®*°Mg are not
yet experimentally registred.

One may conclude that the reason of the decrease in impertfAtC emission when
moving from?2°Th to232Th is due to the corresponding daughter nucleus, i.e. RaionBy
adding more and more neutrons to Po, we get away from theareotagic shell and most
likely the spectroscopic factors are decreasing. The fmbtyaof reaching different cold
valleys from the ground state (cluster preformation) sti@ame into play.

If one cheks the deformations of the emitted clusters ones fihdt that the deepest val-
leys for228.230.232Th are corresponding to high quadrupole and/or hexadeeupisiortions
which indicate a possible subcluster strucure, as is the eB80+*Pb, 2!Ne+**Hg and
24Ne+08Hg.

It is also worthwile to notice for the case of Thorium that thester radioactivity cold
valleys are grouped in "super-valleys” which are broadeemvimoving to larger neutron
numer of the mother nucles. For the emitt&Th we have a "super-valley” which ranges
from cluster mass!; =18 to 24 whereas for?Th it ranges4,=18 to 30.

Uranium

For Uranium we take as well 4 even-even isotopes which argvknguster emitters(see
Fig.5.5). The mother nuclet8’U has a very pronounced valley centered on the splitting
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Figure 5.4: The driving potential 0f26:228:230,232Th in thep — p configuration. The question mark (?)
indicates that the given combination, although not obgkimeexperiment, has a favorable position
in the cold valley.

2Ne+Pb, which is actually the only case of observed CR for thideuss The reason
for obtaining such a deep minimum is due not only to the doudgicity of the daughter
nucleus, but also to the large cluster’'s quadrupgleQ.326) and especially hexadecupole
(8,=0.225) deformations. For the next isotopBU, the minimum shifts on the clustéiNe,
which is oblate(, =-0.215), and in order to overcome a smaller barrier, it sthbelemitted
with its simmetry axis perpendicular to the fission axis. &gdtwo more neutrons, we
obtain two comparable minimas fétNe+'°Pb and®®*Mg+2°Hg. In between we have the
combination’Ne+*®Pb which although is not giving a minimum in the driving pdteh

is shares the same valley &Mg+2°°Hg. It is important to stress that the clusters of all
these three splittings, which were also reported by expanir{iL3], have large quadrupole
deformations and especially hexadecupole deformatiorge Idst investigated isotope of
Uranium,?3%U has less pronouned minimas, but like in the previous cases;luster decay
channels were observed in experiment, corresponding taésp minimaZ2Mg+2"*Hg and
30Mg+2%Hg. In the first case we deal with a prolate cluster and in toersewith an oblate
cluster, both endowed also with a sensitive negative hexgutde deformation.
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Figure 5.5: Same as in Fig.5.4 fgr?,232:234,236

Actually for the two isotope$**236U we obtained that the deepest minima corresponds
to '“C because it enters in combination with Rn isotopes whictirareasingly deformed.
However the emission dfC was not observed in any isotope of Uranium which means that
we deal with a hindrance in the preformation of such comimnat the main responsible,
in our opinion, being the daughter nucleus which preferesctyuire a spherical or almost
spherical shape, in the neighbourhood of the double-ntétfb. Everything is going on as
if the heavier(daughter) nucleus, is transferring nucte@n even clusters, untill it reaches
the valley containing spherical or almost spherical isetpf Pb and Hg. In the same time
the cluster is acquiring quadrupole and hexadecupole mhafiton mainly, having in almost
cases a clear clusterized structure which indicates tlimpibssible that a sequencial trans-
fer of alphas is taking place. For the case of the clu¥tde we can enview for example
the transfer of two alphas to the spheri¢dC which are leading to a large hexadecupole
deformations with the two alphas arranged at the opposits eft“C.

For the investigated isotopes of Uranium we should also rienvehen increasing the
number of neutrons, the gradual weakening of the clustéewahd the increase in impor-
tance of the minimum corresponding to the splittifig+*—*°0Os. However, we expect in
this case like fof“C a hindrance in the preformation.



5.2 Cold Vvalleys as Doorways of Cluster Radioactivity 182

45 -

N 23 E
40 Pu -
- E E
< -
8 30f -
ad o r
= 5b 2
5 - C
> a0f -
15F E
4 4
10~ C
452 Q
a0 a
S et 3
< T g
8 30- -
D: C C
N | |
2 251 - [ Mc+*Ra(?)
>-G F F
20 ; ; 4OS+202PI(?)
15 -
3 ey |
105 0 20\ 40
1
Figure 5.6: Same as in Fig.5.4 fg16,238,242,244py,
Plutonium

In the case of Plutionium (Fig.5.6) we remark for its lowests® number isotopé3°Pu,
were CR is observed, that a very deep minima is obtained frsgiitting 2*Mg+2"*Pb.
This is also the only case of emitted heavy cluster confirmeexperiment. Fof**Pu the
experimentally observed splittingdMg+21°Pb3°Mg+2**Pb and*?Si+**Hg are competed in
the driving potential by the splittinty S+?8Pt. However, it is expected that this last splitting
should have a smaller spectroscopic factor compared tordtetlio splittings, due to the
lack of magicity in the proton and neutron numbers of theteluand daughter nucleus. The
next even isotope&’Pu exhibits a deep minimum on the observed decay nit®ie?*°Hg.
However the minimum o’ S+°Pt is deeper.

To the date, no cluster emission was observed4d?u. However a pronounced min-
imum is obtained in the present calculations for the clutr For2**Pu we notice the
occurence of two close minim&Si+2*Hg and*°S+%Pt in which both daughter nuclei
posses a magic neutron numbai<126).
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Figure 5.7: Same as in Fig.5.4 fgr®:250,252,254Cf,

Californium

Results for Californium isotopes are displayed in Fig.5Te first isotope of Californium
that we considered i§*Cf. By far the most deep minimum corresponds to the splitting
4054208pp. The cluster is predicted by the macroscopic-microsampidel [14] to be prolate
deformed (,=0.254) which lowers sensitively the barrier. Togetherhwvitiat comes the
double magicity of®Pb. For?°Cf, there are two shallower minima in competition in the
same region, i.€°S+!°Pb and?S+%Ph. Adding two more neutrons causes the broadening
and shifting further to the right of the valley. Minima foretlspherical cluster§Ar, *8Ca
and®’Ca are occuring this time due to the magic neutron sh&H] 26, of the corresponding
daughter nucle*®Hg and?**Pt. A third minimum comes from the splittirfgS+'°Pb. The
last investigated isotope of Californiudi!Cf, has the same feature as the previous one, i.e.
predominance of the neutron magic number.

We notice also in the case of Californium the weakening ameaspng of what we be-
lieve to be CR valley when one increases the number of nestron
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Figure 5.8: Same as in Fig.5.4 fgP+:256:258,2600m,

Fermium

For Fermium we investigated the isotopes with mass numive254-260. and extended the
range of cluster mass numbers up4p = 70. The F'e — Cr-valley, important also for su-
perheavy elements [8], is very stable for all four isotoped eentered of?Cr(see Fig.5.8).
Obviously in this case the cluster mechanism remarked frktiown cluster emitters is
apparently not essential, both partners of the splittingrfttano magic proton or neutron
numbers. This is a typical example of a valley where the tragecriteria is the quadrupole
and hexadecupole deformation[8]. Besides that we expeall pneformation factors com-
pared to lighter clusters, due to the increasing mass akdlamagicity. In what concerns
valleys of lighter clusters we easily identify f&*256Fm, a Calcium valley, where the magic-
ity is a property of both cluster and daughter nuclei. ¥6f°Fm this valley is washed out
and the minimum corresponding S gains in importance.
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