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Experimental data on the radioactive decay of heavy nuclei with emission of '*C, *Ne, **Mg, and
*2Siions obtained up to now are reviewed. The phenomenological systematization of these data is

discussed. A review is given of the theoretical approaches to the analysis of this type of nuclear
decay, including both models of superasymmetric fission and microscopic calculations. The
mechanism of cluster decay is considered, and possibilities for future studies are discussed.

INTRODUCTION

In 1984 two groups working independently in England
(Oxford University) (Ref. 1) and in the USSR (I. V. Kur-
chatov Institute of Atomic Energy) (Ref. 2) discovered the
radioactive decay of ***Ra with emission of the '*C nucleus.

By now, radioactive decays with emission of particles of
mass intermediate between those of @ particles and binary-
fission fragments ('*C, **Ne, Mg, *?Si) have been discov-
ered for 11 nuclides from radium to plutonium. Over 100
experimental and theoretical publications have already been
devoted to the study of this new type of radioactivity.

The first attempt to discover radioactive decay with
emission of particles different from helium nuclei was the
experiment of Rutherford and Robinson carried out in 1914
(Ref. 3). The question to be answered was very clear: are any
charged atoms besides helium atoms and recoil atoms emit-
ted by radioactive matter? In that experiment it was estab-
lished that if such particles are emitted, the number of them
is no more than 10 ~* of the number of helium atoms.

The existence of radioactivity with emission of frag-
ments of mass intermediate between those of @ particles and
fission fragments has often been discussed, primarily in con-
nection with certain anomalies in the light-element isotope
content in minerals containing uranium. *3

The possible existence, in principle, of any type of decay
is primarily determined by its exothermic nature, @ > 0. For
elements in the second half of the periodic table, whose mean
binding energy per nucleon in the nucleus is smaller than for
the lighter elements, this requirement is satisfied for a very
large number of different types of nuclear decay. However,
the overwhelming majority of possible decays are not real-
ized, owing to the extremely small potential-barrier penetra-
tion factor. This factor becomes sizable only in two cases: in
a decay and in spontaneous fission of heavy nuclei into frag-
ments of roughly equal mass. We note that the barrier pene-
tration factors themselves for the emission of some heavy
clusters X, such as '*C, **Ne, and so on, from the parent
nucleus with the formation of a residual nucleus close to the
doubly magic nucleus **®Pb can significantly exceed the cor-
responding values of the penetration factors for e decay.
This is related to the fact that the ratios Q /B are signifi-
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cantly larger than the ratios @, /B,,, where By, are the
heights of the corresponding barriers. Apparently, aside
from the considerable technical difficulties, the main reason
for the lack of enthusiasm among investigators was the real-
ization of the fact that the possibility for the formation of a
heavy cluster at the surface of a nucleus undergoing decay
must be significantly smaller than for an @ particle, which
can more than compensate the effect of relatively large val-
ues of Q.

The approach from the viewpoint of fission also did not
suggest any reason for optimism. It was well known that the
relative yield of fragments falls off sharply as the asymmetry
of the fission grows, with the dominant contribution coming
from fragments with above-barrier energies of the relative
motion, while there is a summation over the large number of
fragment excited states in the detection process. The obser-
vation of fission products in fixed final states is a very diffi-
cult problem. An example is cold fission, the relative yield of
which is no larger than 10~ 5. In the case of emission of the
fragments of interest to us, the situation is that of observing
cold fission with relative fragment energy much smaller than
the corresponding Coulomb barrier.

Nevertheless, persistent enthusiasts in the USSR (the
Institute of Atomic Energy) and in England improved the
experimental techniques and finally achieved success in
1984. The English were luckiest.” They beat their colleagues
from the USSR? by several months. It should be noted that
long before the experimental discovery, back in 1980, theor-
eticians attempted to draw the attention® of the physics com-
munity to the possibility and prospects for studying this new
type of radioactivity. The authors of Ref. 6 made a funda-
mental study of two possible cluster emission mechanisms—
superasymmetric fission and a decay. However, no quanti-
tive predictions were made in that study. Simply on the basis
of maximizing the ratio of the energy yield to the height of
the Coulomb barrier, the two groups of experimentalists in-
dependently chose to work with the parent nucleus **Ra.
(See Ref. 7 for a first-hand account of the history of this
problem.)

In the first part of this review we study the experimental
technique and discuss the results of the actual experiments.
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We give a preliminary systematics of the cluster half-decay
periods. Then we analyze the various theoretical approaches
to the description of this new type of radioactivity in detail.
These approaches include various models of superasymme-
tric fission, simple models of the Gamow type, and also mi-
croscopic models related to o decay, which explicitly take
into account the shell structure of the emitted cluster and of
the parent and daughter nuclei. The experimental data are
compared with the theoretical calculations for the purpose
of determining the mechanism for this decay. In conclusion,
we discuss the possibilities and outlook for the study of this
new type of radioactivity.

1. THEEXPERIMENTAL DISCOVERY OF CLUSTER
RADIOACTIVITY

As we mentioned above, the first experimental confir-
mation of the existence of cluster radioactive decay was the
observation of ?*Ra decay with *C emission, made simulta-
neously by two groups of investigators."? Each of these
groups found about ten events of *Ra decay in which a “C
nucleus of energy of about 30 MeV was emitted and the re-
sulting daughter nucleus was close to the doubly magic nu-
cleus *°Pb:

28Ra — M( L 209Ph L (), where() = 31,85 MeV. (A)

These experiments showed that the '*C emission proba-
bility is almost ten orders of magnitude smaller than the a-
decay probability. Naturally, the detection of such rare
events on the background of the huge number of a particles
was a very complicated technical problem. Therefore, in
these experiments the discrimination of carbon nuclei from
multiple a-particle pile-up was improved by the simulta-
neous measurement of two parameters of the decay product
using a AE-E telescope of semiconductor detectors. This
allowed the selection of particles according to both their
charge and their energy, which, in turn, gave information
about the mass of the emitted particle. Nevertheless, even
when this technique was used and the resolution time of the
detection system was fairly high (7~ 50-100 nsec), the high
rate at which a particles hit the detectors imposed an impor-
tant constraint on the activity of the samples which were
used.

A convenient source of radiation was the long-lived iso-
tope *’Ac (T, = 21.7 yr) existing in equilibrium with its
daughter product **’Ra (T,,, = 11.4 days). In Ref. 1 the
activity of the source was altogether 3.3 uCi, so that a very
long time was required to carry out the experiment (194
days for the first series and 189 days for the second).

Owing to the better resolution time of the apparatus and

TABLE I. Typical parameters and results of experiments on ***Ra decay.
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FIG 1. Two-dimensional distribution of **’Ra decays with '“C emission in
Ref. 1 for a measurement time of 189 days. The band isolated by the
dashed line corresponds to carbon ions, The arrows indicate the ion ener-
gies in decay into *C and '*C: black circles—carbon ions; X —superposi-
tion of four a particles.

the smaller solid angle used to detect the decay products, in
Ref. 2 the measurements could be carried out with a source
of higher activity. This made it possible to obtain a compara-
ble effect after 30 days of measurements (Table I).

The measures taken by the authors of these two studies
allowed them to fairly reliably select and identify '*C nuclei
(Fig. 1). The relative probabilities for '*C emission obtained
in these studies coincide within the measurement errors and
are Ac /A, =(85+25)X107' in Ref. 1 and A /4,

= (7.6 + 3.0) X 10~ in Ref. 2.

An important technical advance was the use of a mag-
netic field to improve the a-particle discrimination. The first
such experiment was carried out at Orsay in 1984 (Ref. 8)
using a magnetic spectrometer of large luminosity (a solid
angle of ~0.1 sr) which eliminated the direct incidence of
particles on the AE-E detector located in the focal plane of
the spectrometer (Fig. 2). This made it possible to use a
more intense **’Ra source (an intensity about 70 times high-
er than that at Oxford) and significantly shortened the mea-
surement time: 11 events of *** Ra decay were detected dur-
ing 5 days (Fig. 3).

By means of control and calibration measurements it
was determined that emission of the '*C nucleus with energy
Es = (29.4 + 1.2) MeV, which is very close to the value
29.8 MeV following from the decay energy, is observed.
Beams of accelerated 2C°*, “C%+, and '°0®* ions of the
corresponding energy were used to calibrate the spectrom-
eter. The relative decay probability A /4, was found to be
(5.5+2.0)x10°1'

A similar experiment with magnetic separation of the

Activity of the : Measurement | Number of detect-
2Z(S:Rfi target, | Solidangle, st | s days ed decays Reference
uCi
0.003 1/3 194 8 1]
189 11 [1]
0.08 0.1 20 7 i2]
0,21 0.115 5 11 [8]
9.2 5.5.10-8 6 2% (9]
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FIG. 2. Schematic depiction of the setup for '“C detection with magnetic
separation of  particles from carbon ions in Ref. 8: 1—source; 2—shield
from the direct beam; 3, 4—(AE-E) telescope.

decay products was carried out later (in 1985) at Argonne
National Laboratory by Kutschera ef al.® An even more in-
tense **Ra source was used in this experiment, and **’Th
(Ty/» = 18.7 days) was used as the parent matter. The mean
223Ra activity during the experiment was 9.2 mCi.

Since the magnetic spectrograph used to separate the @
particles had a significantly lower luminosity (~5X 1073
sr), the rate of detection of carbon nuclei was increased al-
together by a factor of 2. However, use of the spectrograph
made it possible to directly determine the mass of the emit-
ted particles and measure their energy more accurately. This
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FIG. 3. Distribution of **Ra decays in Ref. 8: a—detection of ***Ra de-
cays; b—background events (without the source).
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FIG. 4. Geometry of the experiment of Price et al. at CERN (Ref. 10).

increased the certainty that the '*C nucleus is emitted in
*2Ra decay, and the expected decay energy was confirmed
to within 4 0.2 MeV.

The spectrograph was calibrated using "*Cions acceler-
ated by an electrostatic tandem generator operating in the
regime of measuring very small concentrations of long-lived
radioisotopes.

An original experimental setup different from those of
preceding studies was used in the work of Price et al. ' In this
experiment **'Fr, ?'Ra, *’Ra, *’Ra, and ***Ra isotopes
were obtained from the splitting of thorium by protons of
energy 600 MeV at the CERN synchrocyclotron, and were
then separated on-line by the ISOLDE mass separator and
implanted inside cylinders whose walls were covered on the
inside with a polycarbonate film serving as a detector of the
decay products (Fig. 4).

After processing by track detectors (see below), the de-
cay under study was discovered to occur not only in >*’Ra,
but also in two isotopes of radium, *’Ra and ***Ra. Its rela-
tive probability for these isotopes proved to be even smaller:
(3.7 4+ 0.6) 10~ ° for *?Ra and (4.3 + 1.2) x 10~ " for
22*Ra. The effect was not discovered for the isotopes ?*'Fr
and **'Ra. Only its upper limit was determined.

Somewhat later'' at Orsay, the technique developed
there and described above was used to confirm the decay of
*2Ra with '*C emission, and a similar form of the decay was
found for the fourth radium isotope ***Ra. In Ref. 32 the
result for *Ra decay was confirmed, and lower limits on the
ratios A /4, for *C emission from *'Fr,??!Ra, and *°Ac
nuclei were determined.

All the results on the observation of the radioactivity of
radium isotopes accompanied by emission of the '*C nucleus
are summarized in Table I1. We see that all the experiments
give results in good agreement with each other and quite
convincingly show that at least four isotopes of radium un-
dergo this new type of decay.

After the first results on this decay were obtained, the
question arose of seeking other types of decay accompanied
by emission of ions heavier than '*C, and understanding how
the decay probability varies as the number of nucleons in the
emitted nucleus increases. Experiments on this were begun
in 1984 at Dubna'? and at Berkeley. '* The group at Berkeley
decided to use the nuclide ?*?U, while that at Dubna used
231Pa and light isotopes of thorium and uranium: >*Th and
233U.

These choices originated in the assumption that in all
cases of the decay the daughter products must be nuclei close
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TABLE II. Experimental results on cluster radioactive decay.

Cre : Decay
Initial | Emitted Arafh Refer-
nucleus | cluster i',}ggy e it Ll ence

31Fy ug 31,28 < 5.40-14 > 2.108 [32]
1R, 14C 32,39 <1,2.40-18 > 7:4-108 132]
23R, 14C 33,05 (3.7-£0.8) -10-10 [10]
(3.141.0)-10-10 [11]

Weighted mean value. (3.54:0,5)-10-1°  (3,4+0.5)-408
223Ra 4G 31,85 (8.532.5) -10-10 [1]
(7.8+3.0) -10-10 [2]
(5.5+2,0)-10-10 [8]
(4.7+1.8)-10-10 (9]
(6.1+1.0).10-10 [10]

Weighted mean value (5.940.7)-10-10  (5,34-0.6)-107
324Ra ug 30,54 (4,341,2) .10 | (2,3+0,6)-108 [10]
226Ra g 28,24 (3,2+1,6)-10-11 [11]
(2.9+1,0)-40-11 [32]

Weighted mean value (3,0+0.8)-10-1*  (5,34-1,4)-1018
2BA 14G 30,47 < 410718 > 7-1010 [32]
331py 23F 51,84 <4101 > 8.4017 [15]
230Th 2aNe 57,78 (5.6+1.0).10-18 (1.3+0,3)-107 [26]
292Th 26Ne 55,97 < 5.10-1 > 3.40%0 [17)
331py 24Ne 60,42 (3.8+0,7)-10-2 | (8.6+1.6).1018 [15]
233]] 24Ne 62,31 (2.020,5).10-12 | (3.4£0.8)-101% 13}
233J 24Ne 60,50 } (7.54:2,5)-10-13 [16]
Ne 60,85 (5.3+2,3)-10-13 [17]

Weighted mean value (6,34+1.7)-10-18  (2.5+0,7)-10%7
234 24Ne 58,84 } (4.40.5)-10-13 [23]
26Ne 59,47 (3,9--1.0)-10-13 [22]

Weighted mean value (4.3:4£0.4)-10713  (5,7+0.6).1017

2851 24Ne 57,36
:sﬁe ggﬁs} < 51012 >1,4-10% [22]
e 1

- i S } < 410712 > 6-1018 [22]
204 28Mg 74,13 (1.44-0,2).10-13 [23]
(2.3+0.7) -10-13 [22]

Weighted mean value (1.540.2) 10~ (1.620.2).1018
2367) Mg 72,20 < 8.10-12 > 9.102 [22]
2367] Mg 72,51 < 4.10-12 > 6-1018 [22]
237Np 30\Mg 75,02 < 4-10-14 > 51010 [26]
:::gu :mg 72,37 ~ 2.10-14 ~1,5.1014 (28]

u g 75,93

wMg | 77,03 (5.614:%).10-17 ~1,5-1018 [23]
328§ 91,21 (1.4%0:%).10-1¢ ~ 6.5-1017 [23]
240py g4 90,95 <1,3.10-13 > 5-101¢ 125
M1y 34gj 93,84 < 5-10-18 >9.4018 [26]
; < 3.10-12 >1.4.1014 111]
< 4.2.10-18 >1.0.10 130]
< 7.4-10-18 >5.8-1017 131]

Note. For isotopes for which there are several independent experimental determinations of
Ay /A, we also give their mean weighted values. In these cases we give the half-decay
periods T, corresponding only to the mean values.

to the doubly magic nucleus 2°®Pb, so that nuclei heavier
than carbon—oxygen, fluorine, and neon—will be emitted
in the decay. Lighter isotopes of each element were chosen
because, as is well known, the nuclei of heavy elements are
weighted down by neutrons. Because of this the decay prod-
ucts also must have a neutron excess, which is larger, the
heavier the isotope of the initial element, and which tends to
move them far from the stability region, lowers the decay
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energy, and decreases the Coulomb-barrier penetration co-
efficient and the decay probability.

2. THE DIELECTRIC-DETECTOR TECHNIQUE

When these experiments were being designed, it was
clear that the use of an efficient measurement technique was
crucial for their success. From the analysis of experiments
with radium isotopes it was seen that the techniques used in
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FIG. 5. Dependence of the ratio of the etching rate along a track and the
etching rate of plastic v, /v,,, on the specific ionization for various integrat-
ed a-particle fluxes. The irradiation was carried out in air in a 27 geome-
try.

them do not allow the discovery of relatively rare decay
modes whose relative probability is less than 10~ '2. This
bound is primarily related to the need to use thin targets of
small area in these methods and to the very small fraction
(except in the experiments of Price ef al.) of detected decay
products.

It was realized that an effective technique could be
based on the use of dielectric detectors (DDs), which are
widely used to detect heavy ions and spontaneous nuclear-
fission events.

The distinguishing feature of DDs which is crucial for
the present problem is the presence of a charged-particle
detection threshold determined by the specific ionization of
the particle and by the detector material. For example, the
polycarbonate used by Price et al.'® detected particles with
Z>5, and the lavsan (polyethylene terephthalate) used at
Dubna detected particles with Z>6, thereby excluding back-
ground a particles. In addition, the rate of etching of the
detector material along a particle track depends strongly on
the specific ionization, which makes it possible to identify
the detected particles according to their charge, and leads to
a significant difference between the shapes of tracks made by
light particles and by fission fragments, which are also regis-
tered by the detector.

An important advantage of DDs in the detection of rare
events is the possibility of using large amounts of the matter
under study in experiments, owing to the large target area
(up to 1000 cm?) and the high efficiency of decay-product
detection. All these factors, together with the possibility of
long-term exposure of the detector, allow an experimental
sensitivity 2-3 orders of magnitude greater than when semi-
conductor detectors are used.

A characteristic feature of DDs is the need (after their
exposure) for chemical etching in the corresponding reagent
to increase the cluster tracks to optically visible dimensions.
Depending on the identification method which is chosen,
one-step etching or multistage successive etching is used.
Here the track parameters needed for determining the etch-
ing rate of the detector material along a track, v, , the etching
rate of the unexposed material of the DD, v, and their ratio,
called the etching discrimination, v, /v, , are measured after
each stage of the etching.

The relation between the etching discrimination v,/v,,
and dE /dX of the ions for a given detector is determined by
means of calibration of the detector by accelerated ions with
Z from 6 to 18. As an example, in Fig. 5 we show the depen-
dence of v, /v,, on dE /dX for a polyethylene terephthalate
DD for various integrated fluxes of @-particle radiation (see
below).

Cluster decay has been studied using DDs by the two
groups of investigators—at Berkeley (USA) and at Dubna
(USSR )—by different methods.

The American group bombarded the DD in a vacuum.
The geometry of the bombardment was chosen so that a clus-
ter entered the DD at an angle to its surface of close to 90°.
The configuration of a singly etched track is shown schema-
tically in Fig. 6a for this geometry. In this case clusters were
identified using a method in which the track profile was de-
termined using a replica made from a special material. The
measured parameters of the replica were transformed into a
curve for the dependence v, /v,, (R,., ), where R, is the re-
sidual range of the cluster in question.**

In the studies of the Dubna group the bombardment of
the DD by radioactive samples was carried out in air in a
nearly 27 geometry (Fig. 6b). The etching was done in sev-
eral successive stages, after each of which the track param-
eters (diameter of the entrance aperture, projection of the
track length on the detector plane) were measured and the
values of v, /v,, and R, were determined, as above. For the
cluster identification the DDs were calibrated using '°0O,
2Ne, and **Mg ions accelerated at the JINR U-300 cyclo-
tron to energies of 1.6-2.5 MeV/amu. In order to take into
account the effect of the actual radiation conditions on the

res
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) ‘1- = ""'E'-I‘_ 2 f\ e > FIG. 6. Schemes for measuring track parameters: (a) Sin-
‘\ l 3 gle-stage etching for perpendicular entry of the track into
( R { the detector (Ref. 33). AX is the thickness of the etching

) !/ layer of the detector material. Tracks were identified using
/ ) the relations v, /v,, = f (D, AX, h), R..., =R — h /2 and
4 { v/, =f(D,AX,Dg ), R... — R /2. (b) Multistage (here,
/ ) three-stage) etching of a track during irradiation in a 27
" ( geometry (Ref. 22). The relations v, /v, =f(D;, L;,
{ / AX,), R,.. =R — L,/2 were used to identify a track at
i ,\ several points along its length.
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FIG. 7. Calculated dependences of v, /v, on the residual range (R, ) ina
DD for tracks of oxygen, neon, and magnesium ions. The points are the
calibration data without additional a-particle irradiation (a), and for an
integrated a-particle flux of 10'> cm =2 (b).

detector sensitivity,** calibration experiments were carried
out in conjunction with the bombardment of the DD by a
particles from the source under study. It can be seen from
Fig. 5 that for DDs made of polyethylene terephthalate, the
discrimination v, /v,, grows significantly for an integrated
a-particle flux ®, above 10'° cm ~2. The experimental data
which were obtained can be expressed by the functional
dependence v,/v,, = a(dE /dX)®, where a=0.045 for
®,=0-10cm™? and a=0.0063 for ®,>10° cm~2
b=1.83 4 0.81(P, x 10~ °)%%, This function can be used
to predict the features of the DD as a function of ®,. The
effect of @, on the identification of cluster tracks is shown in
Fig. 7, where we give the dependence v,/v,, (R,..). We see
that raising the a-particle bombardment improves the clus-
ter identification. This effect is observed only for bombard-
ment in air.

Study of the dependence of the energy dispersion of the
calibration ions on ®,, obtained from the spectral distribu-
tion of the ion ranges showed that the dispersion increases
markedly for an integrated a-particle flux of ~10'2 cm 2
This is due to the appearance of a large number of etched
tracks of oxygen and carbon recoil nuclei appearing in the
elastic scattering of @ particles which have passed through
the detector (~ 10 ~° tracks/particle). Since the ranges of
the a particles from the samples used are comparable with
the ranges of the clusters under study for £~2-2.5 Me-
V/amu, the background tracks of recoil nuclei can distort
the shape of a cluster track, intersecting it along the entire
range. It is also necessary to take into account the fact that a
large number of recoil-nucleus tracks hinders the search for
cluster tracks, especially during the first stages of etching,
when their length is small, ~ 10 zm.

236 Sowv. J. Part. Nucl. 21 (2), March-Apr. 1990

Therefore, a limit of ®, ~5x 10" cm 2 was estab-
lished for spectrometer measurements. In some cases this
limit restricted the duration of the exposure of a detector to
the radioactive target, so that for studying nuclei with small
a-decay periods and spontaneous fission, when difficulties
due to deteriorating background conditions arise, certain
changes in the measurement technique had to be carried out.

In relation to this the Berkeley group used DDs of low
sensitivity made from phosphate glasses of a different type,
which allowed them to work with an integrated a-particle
flux of up to 10"°~10" cm ~ % Fission-fragment tracks were
eliminated using an Al absorber of thickness ~ 12 um.

The Dubna group used a two-layer detector specially
developed for these experiments, which raised the limiting
value of the integrated e-particle flux to 10'° cm ~2 and that
of fission fragments to 10°~107 cm ~2, The detector was made
from two closely fitting layers of polymer. The thickness of
the upper layer was chosen in such a way that in the process-
ing regime for which it was designed its residual thickness
exceeded the range of recoil nuclei from a-particle elastic
scattering by 3—-5 um. Therefore, an etched track of a recoil
nucleus, even if it entered the detector perpendicularly, did
not reach the lower layer of the detector. After the etching
the upper layer was removed.

For studying decays of radium nuclei with carbon clus-
ter emission, the American group used'®*? DDs made from
polycarbonate, which detected carbon ions with E<2.5
MeV/amu. For studying decays of nuclei with Z>90, the
two groups used'*"* a less sensitive polymer polyethylene
terephthalate DD, which detects long-range ions with Z> 6
and carbon recoil nuclei of energy ~ 1 MeV/amu, and does
not detect & particles.

The DD etching was carried out in a 20% solution of
NaOH at a temperature of 60 °C. Visual discrimination in
the scanning was carried out either according to the round
dark spots of the perpendicular tracks after prolonged etch-
ing, or according to cusped tracks in the multistage etching
process. The total range of the cluster was measured for
complete etching of the track (up to where the particle
stops), which is characterized by its rounded tip. The residu-
al range is defined as the difference between the full range
and half the length of the cone for each stage of the etching.

The calculated and experimental calibration data were
used to construct graphs of the dependence of v, /v,,, on R,
for various types of ions, and the experimental points were
plotted on them (Fig. 8). The cluster charges were deter-
mined, and their mass number was estimated in this manner.
Theerrorin the charge identification reached AZ = + 0.15,
and that in the mass identification was AM = + 1.

The cluster energy was determined from the distribu-
tion of the full cluster ranges with a relative error of
AE /E~3-5% (Fig. 9). Tracks of clusters entering the de-
tector in the angular range from 15 to 70° relative to its sur-
face were used for the measurements in the experiments of
the Dubna group. Here the detection efficiency was 66% of
27 for one-layer detectors and several percent lower when
the additional “antibackground” layer was used. In the se-
lection of tracks entering the detector at an angle close to 90°,
the efficiency depends strongly on the geometry of the exper-
iment, and in experiments with uranium ' it was about 25%.

After scanning the detectors and counting the number

. N, ofidentified tracks of a given cluster for a known num-

Zamyatnin et al. 236



Vi/ Vi

(1
28p i
15
ZENB\
“NE NS
10

S i |
S
=
'

/,
L]
//
%

+
\J‘\l\\
o o % ‘\2‘\ N
L 0 N
N +\ A
2 L I\ L 1
10 20 40

FIG. 8. Dependence of the etching discrimination v, /v,, on the residual
range of the cluster in **°Th decay.

ber of decaying nuclei, the probability for cluster emission
relative to that for & decay was found from the expression

he/hg = Ag/eN,.

Here N, is the calculated number of a particles emitted into
the solid angle 27 during the exposure time and € is the clus-
ter detection efficiency for the same solid angle.

3.EMISSION OF Ne, Mg, AND Si CLUSTERS
Experiments with ?*'Pa and ***U nuclei

The first studies on the observation of spontaneous clus-
ter emission from 2*!Pa (Ref. 12) and #**U (Ref. 13), carried
out at Dubna and Berkeley, were published on the same day,
26 December 1984, in the journals JINR Rapid Communi-
cations and Physical Review C, respectively.

In the experiments with the **'Pa isotope carried out at
Dubna,'? a source containing 7 mg (0.35 mCi) of matter
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FIG. 9. Range distribution of clusters (**Ne) detected in **'Pa decay and
of calibration ions (**Ne).
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over an area of 17 cm? was used. Lavsan detectors of thick-
ness 170 um for excluding contamination from a activity
were located near the source with a clearance of about 0.1
mm. In these experiments, for reliable identification the
tracks were detected in the angular range from 20 to 70°
relative to the detector plane. Here the effective solid angle
was ~ 60% of 27. In order to decrease the cosmic-ray back-
ground the exposure was made under a shielding layer equiv-
alent to 7 m of concrete. Two exposures of the detectors of
duration 142 and 168 h allowed the detection of 12 and 13 Ne
tracks, respectively.'? The following three exposures raised
the total number of Ne tracks to 55 (Ref. 14). Later,'” a
significantly thinner source containing 10 mg of matter over
an area of 81 cm? was used, and after several exposures of
total duration 103 days 197 decays with Ne emission were
detected. The probability ratio obtained from all the experi-
ments was Ay, /A, = (3.8 + 0.7) X 10~ '2. The experimen-
tal charge resolution allowed Ne tracks to be distinguished
from F tracks. However, none of the tracks could be attribut-
ed to fluorine. This implies that the probability for F yield is
at least 100 times smaller than that for Ne yield.

In the experiments on ***U decay carried out at Berke-
ley'? a 0.5 mCi (~0.02 mg) source was used. It was sur-
rounded by a track detector in the form of a Cronar hemi-
sphere. The measurements were carried out in a vacuum
over several months. Altogether 31 decays were detected,
corresponding to a probability ratio of Ay, /A, = (2.0 +
0.5) X 10~ '2. Geometry of the detector in the form of a
hemisphere was chosen because for the track-identification
technique developed at Berkeley it was necessary to ensure
that the particles hit the detector at nearly normal incidence.

Experiments with 233U, 224U, 235U, and 2°°U nuclei

It is important to trace the dependence of the cluster
spontaneous-emission probability on the mass number of the
decaying nuclide for individual elements. In the case of ra-
dium this has been done for four isotopes. Five isotopes have
been studied in the case of uranium, but the cluster-emission
effect was detected only for the three lightest ones.

The data on »>U were given above. The ***U nucleus
was studied in Ref. 16. The total amount of ***U was 75 mg
(0.75 mCi). The thickness of the layer was 0.33 mg/cm? A
polyethylene terephthalate detector of thickness 170 um was
located along the uranium layer with a gap of ~1 mm, and
the entire installation was screened by cadmium to shield it
from thermal neutrons. The exposure time was 28 days. Al-
together 16 neon tracks were detected, which gives A . /4,

= (7.5 + 2.5) X107 '3, This result has been confirmed by
measurements carried out at Berkeley.!” In these mea-
surements the hemispherical assembly of Cronar layers was
exposed in a vacuum for 6 months to a ***U source of
strength 0.1 mCi (~ 10 mg). The result A, /A, = (5.3 +

2.3) X 10~ Pisin good agreement with the results of Ref. 16.
In Refs. 18 and 19 an attempt was made to study ***U decay
with **Ne emission by the method used in Ref. 2 and by a
radiochemical method. However, in spite of the great effort
that was made the sensitivity proved to be insufficient, and
only an upper limit of Ay, /A4, <9.5X10 ~' was estab-
lished. We note that this limit is close to the level of the effect
obtained in Refs. 16 and 17. In connection with obtaining
data on **U and **U decay, study of ***U decay is quite
interesting. There are several reasons for this.*®
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FIG. 10. Dependence of the length of etched tracks of neon and magne-
sium from **U decay on the etching time.

Experiments on spontaneous cluster emission by 2**U
nuclei have been carried out at Berkeley?! and at Dubna.??
Both groups discovered decay with emission of both Ne and
Mg. InRef. 21 roughly 11 decays with Ne emission and three
decays with Mg emission were detected, while in Ref. 22 for
an exposure time of 2 days these numbers were 31 and 16,
respectively. For identifying Ne and Mg clusters, in addition
to the usual technique of comparison with the calibration
curves v, /v, (R, ) (seethe above discussion of Fig. 8), the
difference between the dependences of the etched track
length on the etching time for Ne and Mg was used (Fig.
10). This difference can be seen more clearly in Fig. 11a,
where we give photomicrographs of Ne and Mg tracks after
3.5 hours of etching. Later the Berkeley group improved
the statistics, and in Ref. 23 data on 108 and 36 cases of Ne
and Mg emission, respectively, were given. The relative pro-
babilities A,/4, are (3.9+ 1.0)xX10~'* for Ne and
(2.3 4+ 0.7) X 10~ '* for Mg according to the data of Ref. 22,
in good agreement with the data of Refs. 21 and 23.

Cluster emission by the heavier uranium isotopes 2**U
and **°U has also been studied in Ref. 22. However, only
upper limits on the relative probability ~10~''-10 ~ 2 were
obtained there.

&

FIG. 11. Photomicrographs of cluster tracks: a—neon, magnesium, and
fission fragments ( ff) from ***U decay; b—magnesium from **Pu decay.
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The experimental spontaneous cluster-emission proba-
bilities for the two even—even isotopes of uranium ***U and
U fit nicely into a systematics similar to the Geiger-Nut-
tall systematics for a decay (see Sec. 5 below). A similar
conclusion regarding Ra isotopes was drawn earlier in Refs.
7, 24, and 25.

Experiments with 22°Thand 2*2Th nuclei

In the experiment of Ref. 26, carried out at Dubna with
a source containing 210 mg of ***Th mixed with 310 mg of
232Th and having an area of 1040 cm?, after 64 days of mea-
surements 165 Ne ion tracks were obtained. It was shown
that all of these are associated with the decay of the
*3°Th nucleus. The relative probability for this process is
(5.6 + 1.0) X107, In the experiments carried out at
Berkeley'” with a thick ***Th source of area 77 cm? over a
period of 10 months, no cluster tracks were detected. Here
Aq /A, <5% 107", We note that the sensitivity of searching
for clusters in these experiments and in the experiments with
#5U (Ref. 22) corresponded to periods of ~10%*-10?" yr,
which is close to the experimentally determined limit for
spontaneous fission of **’Th ( ~ 10*' yr) (Ref. 27).

Experiments with 2**Pu and ?**Pu nuclei

Data on these isotopes are of considerable interest from
the viewpoint of studying correlations between the cluster
emission probability and the nuclear fissility parameter. In
Ref. 28 the ***Pu isotope was obtained by bombarding a 2**U
target with protons of energy 30 MeV at the cyclotron of the
Kurchatov Institute of Atomic Energy according to the

B
following scheme: ***U(p,3n)**°*Np—2°Pu. Altogether,

0.51 ug of Pu. was extracted with isotope content 66% 2*°Pu
and 34% ***Pu. During an exposure time of 689 days two Mg
tracks were detected with energy of about 70 MeV. It was
shown that they were associated with »**Pu. The relative
probability is Ay, /4, ~2X10~'. In Fig. 11b we show
photomicrographs of the two Mg ion tracks that were found.

Observation of cluster emission from ***Pu is reported
in Ref. 23. In working with this sample, serious difficulties
arise, owing ‘o the large background from spontaneous-fis-
sion fragments. To eliminate it, the detectors of phosphate
glass were covered by a foil which retards the fission frag-
ments. Here a hemispherical assembly of glass detectors was
used which ensured that particles hit the detector at nearly
90° relative to the surface. After 172 days of exposure with a
source of 10.5 mg, five decays with Si emission and two de-
cays with Mg emission were detected. This corresponds to
Agy S~ 10""%and Ay, /A, ~5% 1077

Experiments with 237Np, 24Py, and 24TAm nuclei

Owing to the optimistic theoretical predictions regard-
ing the probebility for *'Am decay with Si emission,? a
great deal of attention has been paid to searching for sponta-
neous cluster emission from these nuclei.

In Ref. 26 a 3.7 mg source with an exposure time of 30
days was usexl to establish the limit A, /A, <5x 10~ '% In
Ref. 11, in an experiment carried out using the supercon-
ducting spectrometer SOLENO, along with '*C emission
from **°Ra, a limit on **Si emission from >*'Am of Ag /4,
<310~ > was obtained. In Ref. 30 solid-state Lexan poly-
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carbonate detectors were used to obtain the limit A, /4,
<4.2 107 ", The highest sensitivity was attained in Ref.
31. Using a source of mass 8 mg, after 6 months of exposure
on phosphate glasses it was established that A /4,
<7x 107 ' for *' Am.

The **’Np nucleus was studied in Ref. 26. Not a single
cluster track was detected using a source containing 320 mg
of matter over an area of 500 cm? after 122 days of exposure.
This corresponds to A, /1, <4X 10 '*. At present, the
240Pu nucleus closes the circle of nuclei which have been
studied up to now. In Ref. 25 the limit 4, /4, <1.3x 10"
was established. A source of 230 ug/cm of total area 30 cm?
was used. Measurements with a Cronar detector were car-
ried out for 2 months.

In Table II we summarize the experimental results dis-
cussed in detail above. In cases where several measurements
were carried out for the same decaying nucleus, we give the
recommended mean values. These are used below for the
theoretical analysis (see Table XI).

4.REVIEW OF THEORETICAL APPROACHES TO THE
DESCRIPTION OF SPONTANEQUS CLUSTER EMISSION

The discovery of this new type of radioactivity raised
the question of the position occupied by this phenomenon in
the overall picture of nuclear physics. In order to answer this
question it is necessary to understand the fundamental quali-
tative regularities of the process. It is natural to look for
analogies by comparing this new phenomenon with the other
two known types of radioactivity involving emission of com-
posite particles: spontaneous fission and a decay.

Experimental and theoretical studies of the main fea-
tures of fission unambiguously indicate that the nucleus un-
dergoes strong rearrangement during its breakup into a pair
of fragments of similar mass. In fact, experiment shows*”
that fission fragments / and j, emitted with a sizable probabil-
ity, have average kinetic energy T; which is much smaller
than the Coulomb interaction energy of these fragments at
the contact point B > if it is assumed that they have the
equilibrium shape. Here the energy yield of the process Q;
proves sufficient for the Coulomb interaction energy B '
(B;, B;) to satisfy the condition ;

Qu= B (B, B))+ AE (B:) +AEF B)),
in some range of fragment deformation parameters 5 ,and 3 ;

larger than or equal to their equilibrium values 3 { and 5.
Here

~def def def
AESG) = EiG) Bin) — EiG) Bk

where E ?‘(jf) (B, ) is the deformation energy of the frag-
ment i(j ) corresponding to the value 3, . Therefore, for
strongly prolate fragment states the process of their emission
is an above- or near-barrier process. In the limiting case of
cold fission Q;; =~ T}; =B “**'(8 },8), but the relative proba-
bility for such fission is very small. From the theoretical
point of view the nucleus can split into a pair of deformed
(or, in exceptional cases, spherical) fragments if it is strong-
ly prolate (with deformation parameter more than twice as
large as the equilibrium value) before the breakup. The stage
corresponding to the transition to this state is described in
the language of collective models taking into account shell
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corrections using the important assumption that the defor-
mation is adiabatic relative to the one-particle motion. The
actual breakup, which is nonadiabatic, leads mainly to the
formation of strongly excited fragments with excitation en-
ergics E® ., SAE T, .

The phenomenon of a decay differs fundamentally
from fission in that the energy release @, in the breakup of
the parent nucleus 4, into an « particle and a daughter nu-
cleus 4 is always significantly smaller than the height of the
Coulomb barrier B .3, and the daughter nucleus is formed

in the ground state or in a weakly excited state, i.e., thisisa
sub-barrier nonadiabatic process without significant rear-
rangement of the parent nucleus. The latter property indi-
cates that a decay is similar to direct nuclear reactions with
cluster transfer or knockout, for which the reduced proba-
bility is determined by the value of the corresponding shell
spectroscopic factors.

In nuclear decay with emission of a heavy cluster X
(X = "C, **Ne, ®Mg, 3?Si), as in a decay, the relation
Oy <B§3 is preserved, i.e., the process is deeply sub-bar-
rier. Experiment (see above) shows that the energy of the
emitted fragments is E §* =~ Q, (4 /4;), so that the daughter
nuclei and clusters are practically unexcited. Both of these
arguments indicate that no significant rearrangement of the
parent nucleus can occur in the decay process, and that de-
cay with heavy-cluster emission can be an analog of a decay.
However, we note that as the mass 4 , of the emitted cluster
X increases, the value of the corresponding ratio Oy /B %3
also increases, so that in the end a transition to the “fission”
mechanism must occur. The question of the range of masses
A, where this transition occurs and the probabilities for pro-
cesses in the transition region is still unanswered.

Let us first consider the theoretical approaches to the
description of cluster decay based on various modifications
of the superasymmetric-fission model.

Spontaneous cluster emission as a special type of fission

The theoretical schemes which treat cluster decay as a
form of fission are based on the following assumptions:

1. Collective variables characterizing the shape of the
decaying system are introduced.

2. It is assumed that the motion in these variables is
adiabatic relative to the one-nucleon motion.

3. Itis assumed that the decaying system is described by
the Schrodinger equation for the collective variables. The
one-dimensional equation or the equation with separable
variables is used.

4. The potential for the cluster-residual-nucleus inter-
action in the external region is constructed.

5. Theinteraction potential in the internal region is con-
structed using a phenomenological or theoretical approach.

6. The dependence of the inertia parameters on the col-
lective variables is determined.

7. The system in the form of a cluster plus a residual
nucleus is viewed as a pair of unexcited particles detected in
the exit channel.

8. The energy of the system, defined as the difference
between the total energy in the initial state (including the
energy of the lowest vibrational level in the constructed po-
tential) and the total internal energy of the fragments, is set
equal to the energy yield Q.
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FIG. 12. Evolution of the system in the collective variable R, (Ref. 36).

As an example of an approach of this type, let us consid-
er the model which is most highly developed in this regard.*®
It is assumed that the fission process occurs as shown in Fig.
12, where the plane divides the system in such a way that the
masses of the fragments to the right and to the left of it corre-
spond to the masses of the particles in the exit channel. The
variable R, corresponds to the distance between the centers
of mass of these segments. The surface of the cluster (and the
corresponding segment) is assumed to be spherical. The
quadrupole and hexadecapole deformation of the parent and

-daughter nuclei are taken into account. Here

3 d
Ry=3 e[ Ritdit g g | (N

1
where the variables that we use are defined in Fig. 13. The
value of ¢, is determined in terms of the cross-section radius

P

Ay A
f |\ Re
Zmin 21 \ I ZZ Zmax z
Aq /\K Az
d
1 dz

FIG. 13. Definition of the parameters in Ref. 36.
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pe=ci' [Ri— (R, —d))?). 2

The rule for the change of shape of the nucleus from the
parent to the daughter nucleus is, in principle, not deter-
mined. Therefore, it is assumed that the ¢, vary as

e; = ¢ + (ef” — cf®) (dy/dy)*t, (3)

where d,, is the maximum value of d;; ¢/’ and ¢/" are the
initial and final values of the semiaxis of the ellipsoid deter-
mining the shape of the nucleus; s, and s, are free param-
eters. Minimization of the action imposes rather rigorous
conditions on s, and s,, and the dependence of the result on
them turns out to be weak.

The interaction of the particles beyond the contact
point is described by the Coulomb potential for the repulsion
of an ellipsoid and a sphere. The dimensional parameter of
the nucleus #, is taken to be 1.20 F. At small distances the
interaction is parametrized as

V(Ry) = —E, + (E, + E; — Q) f (%, p); (4)
f (k, j?)=(1+k)p2—kp3, (5)

where Q is the decay energy, E, is the Coulomb energy
at the fragmentation point, R, =R%, p= (R, — R ")/
(R =R ) E, = (#/2)C /M, is the zero-point energy
in the coordinate R , taken in the harmonic approximation,
C=2V(R.)/(R, — R {”)* is the stiffness coefficient, and
M, is the value of the mass parameter at the initial point. The
values of the parameter k were chosen from calculations of
the energy of the system in the form described above using
the liquid-drop model.

The same model was also used to obtain the inertia pa-
rameter, which determines the relation between the kinetic
energy T and the speed of motion in the collective coordinate
R;:

M = 2T/R}, (6)

where the model without vortex motion and without over-
flow of the liquid from the volume A4, to A, was used. The
quantum corrections to the effective mass M were not in-
cluded.

The sensitivity of the results to the choice of model pa-
rameters was kept under control.

The results are compared with experiment in Table XI.
The results obtained using this approach are in good agree-
ment with experiment. A significant part of the rms devi-
ation of the results can be attributed to the absence of even—
odd effects in this scheme. A small systematic underestimate
of the width of transitions from even—even nuclei is ob-
served. Calibration of the results (a fit of k) to the decay of
even—even nuclei would lead to an improvement of the
agreement.

Reference 37 differs from Ref. 36 in the choice of collec-
tive variables and mass parameters. Here we use the usual set
of deformation parameters @,, a;, a,. The configuration at
the contact point (Fig. 12) is not described by these param-
eters, and therefore it was assumed that the transition is real-
ized at it when the lowest moments of the density distribu-
tion function of the deformed system and of the contact
configuration coincide.*® The state of the initial system was
determined by the procedure of minimizing the deformation
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potential energy calculated using the shell-correction meth-
od.* From this one can also determine the stiffness coeffi-
cients C; in all the deformation modes:

2 2

G\ =TT, )
The fluctuations leading to the decay are assumed to be
harmonic. The decay probability is assumed to be equal to
the product of the probability for the formation of the need-
ed configuration in the surface-oscillation process W, and
the usual Coulomb penetration factor P, with cutoff radius
given by the parameter r, = 1.2 F. The mass parameters B,
were calculated in the liquid-drop model, but the same phe-
nomenological factor k for all nuclei was inserted into the

expression for the oscillation frequency:

op=kV Cy\/By, (8)

with k found to be 0.35 from a fit to the experimental width
of the decay **Ra— "*C. The decrease of the fragment for-
mation probability W, due to this apparently effectively
takes into account the fact that the formation of a configura-
tion of two nuclei in contact with each other from a system
with similar lowest moments occurs with a certain (very
small) probability.

Except for the case of Ra isotopes, the numerical results
of Ref. 37 pertain to cases where there are no experimental
data. Good agreement is observed for **?*Ra, while in the
other two isotopes the calculated width is roughly two or-
ders of magnitude too high. The general tendency for the
decay width to decrease with increasing cluster mass is con-
siderably stronger than in Ref. 36.

One deficiency of these studies®>*” is the use of a purely
Coulomb interaction in the external region. Here the shape
of the potential barrier does not allow the description of
near-barrier scattering and reactions with ions correspond-
ing to the exit channel of the decay. For example, for the
cutoff parameter at 7, = 1.2 F, its height in the *C + Pb
channel is roughly 10 MeV larger than the experimental val-
ue. In principle, the inclusion of the nuclear interaction of
the fragments tends to increase the penetration factor. Ref-
erences 40 and 41 are free from this defect, since there the
interaction in the external region is described by a “proxim-
ity” potential.** The deformation of the parent nucleus was
taken into account in a later study,*' as in Refs. 36 and 37,
and the possibility of decay in a direction not coinciding with
the symmetry axis was allowed. The collective variable L
used in Refs. 40 and 41 was defined as the distance between
the farthest separated points of the system (Fig. 14) in the
direction of 8. The interaction potential in the external re-
gion was chosen to have the form

V(L0 =M +My,—M+V, + Vp, 9)

where M, M,, and M, are the masses of the parent and
daughter nucleus and the cluster, and ¥, and ¥, are the
Coulomb and “proximity” potentials, respectively. In the
internal region

V (L, 0) = a (L — L), (10)

where L, is the dimension of the initial nucleus in the direc-
tion of 0, and @ and v are parameters determined from the
requirement that the potential curves (9) and (10) join
smoothly at the contact point.
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FIG. 14. Definition of the variable L at the initial point L, and at the
contact point L from Ref. 41.

The mass parameter in that study was set equal to the
reduced mass. The quadrupole oscillation period of the ini-
tial nucleus was treated as a parameter calculated from the
experimental data. It had two values:*' 7 = 5X 10~ sec for
even-even nuclei and 7 = 5 X 10~2' sec for odd nuclei. Both
studies,***' especially the second, obtained very good agree-
ment with experiment (see Table XI), but no explanation
was found in those studies for the large frequency difference
(corresponding to the oscillation energies fiw., = 15 MeV
and #iw 4y = 0.15 MeV). As we shall see below, this indi-
cates the presence of effects unrelated to barrier penetration.

A simpler form of the potential barrier was used in the
series of studies of Refs. 29, 43—45, 47, and 48. The studies of
Refs. 43-45, carried out right after the discovery of cluster
radioactivity, contained the first theoretical response to the
experimental results."” In this approach in the external re-
gion R > R, the interaction is taken to be a point Coulomb
interaction of the decay fragments, while in the region where
the fragments overlap it is approximated by an expression
like (5), neglecting the cubic term. The value of the potential
in the initial state is assumed to be Q. The mass parameter
corresponds to the reduced mass of the clusters. The free
parameter is taken to be the zero-point energy E , which, in
turn, in the most refined versions of the fits***’ is written as

E,,ﬂ{ox(ax2+bx+c), 4<Ax<dy,

Qx¢, Ay > -’Tx ’

where x = (4, — 24)/20. The parameters a, b, ¢, and 4y
are selected separately for even—even, odd-even, etc., parent
nuclei. The exponential sensitivity to E ¥ is achieved artifi-
cially*>* by adding the energy E § to @5 when calculating
the barrier penetration factor. The theoretical cluster decay
width is set equal to the product of the pre-exponential factor
#i/2E ¥ and the penetration factor of the assumed barrier,
calculated semiclassically.

As can be seen from Table XI, by careful selection*’ of
more than 12 parameters it is possible to obtain good agree-
ment with the experimental data. However, comparison
with earlier fits**** and even with that of Ref. 29, where
calculations were carried out for several thousand possible
variants of cluster emission, shows that, at least in the earlier
versions of this theoretical approach, the predictive power of
this approach is limited and requires correction of the model
parameters to include the more complicated structure of the
cluster and the parent nucleus.

An important step in the development of “fission”
schemes for describing cluster radioactivity was made in
Ref. 50. As in Ref. 37, the decay probability per unit time is
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assumed to be proportional to the product of the probability
for the system to undergo a transition from the initial state to
the contact point and the penetration factor of the external
barrier. However, here in the external region not only the
Coulomb interaction but also the nuclear proximity po-
tential of the fragments is taken into account. The probabili-
ty for a transition to the contact point was written as
Py(4,)=W; from Ref. 37:

Po(A) =1 n (4) | VB (A 22,

where B,, (4,) is the mass parameter of the system, comput-
ed, as in Ref. 36, using the hydrodynamical model;
n=1(4,—A4,)/(A, + A4,) is a collective variable chracter-
istic of fragmentation theory. The function ¢ (#) is the so-
lution of the Schrodinger equation

aae bl pade 1 s e 7 i - 1
I: 2;.-"3_,0” an ]/B_m; an 5 (n, R)] Pr (7])"ER11R (m)

in the variable 7, where the distance R is treated as a param-
eter. In the present study its specific value is chosen to be the
distance at the contact point. The potential V(#n, R) at this
point was chosen to be equal to the external potential. Refer-
ence 50 gives good results for the '“C cluster, but there is a
tendency for the cluster radioactivity widths to vary differ-
ently from experiment: the ratio A,/4, increases with in-
creasing X. Unfortunately, it is difficult to figure out the
possible reasons for this from the brief article of Ref. 50.
Earlier studies of this group were devoted, like Ref. 6, to
seeking the optimal variants of the decay by constructing
potential surfaces ({5}, R) (where {7} is understood as
some set of variables from fragmentation theory, including,
of course, 77) and do not claim to describe the phenomenon
quantitatively (see, for example, Ref. 49).

Several other versions of the two-body barrier used for
theoretical calculations of cluster-radioactivity processes
are given in the literature.!

Summarizing the results on the theoretical study of
cluster decay using models of superasymmetric fission, we
note that, in spite of the differences between these schemes,
all these models give a fairly accurate description of the ex-
perimental data for this quite complicated, little-studied
process. Serious discrepancies between the theoretical and
experimental results arise only in the case of predictions.
However, the agreement between theory and experiment
should not be considered proof of the validity of the initial
premises of fission-type models, since each realization of this
scheme neglects certain physically obvious features. First of
all, it is necessary to include the zero-point energy correctly.
In the studies where this was not done, £, = 0, inclusion of
this energy tends to change the results by two orders of mag-
nitude. Second, almost all these studies (except for Refs. 40,
41, and 50) use a purely Coulomb form of the fragment in-
teraction potential in the external region, which strongly
contradicts the data on the cross sections for cluster elastic
scattering on these nuclei. Inclusion of the nuclear interac-
tion near the maximum of the potential barrier, which makes
its shape consistent with the scattering data, drastically (by
several orders of magnitude) raises the barrier penetration

242 Sov. J. Part. Nucl. 21 (2), March-Apr. 1990

factor. Third, in these studies the behavior of the potential
curve in the internal region is determined purely phenom-
enologically from the cluster radioactivity width (except in
Ref. 36, where, however, a not very reliable parametrization
of the liquid-drop model is used), which introduces a large
uncertainty into the result. Fourth, the introduction into the
equation of motion of an inertial parameter in the collective
coordinate d:fferent from the reduced mass in those studies
where this parameter was neglected tends to lower the bar-
rier penetration factor by up to two orders of magnitude,
depending on the cluster mass. Finally, the scheme of adia-
batic deformation of the nuclear surface is fundamentally
incapable of describing the breakup of a nucleus into two
fragments with fixed mass and internal state—the specificia-
tion of the shape of the surface results in a broad spectrum of
fragments of various masses and excitation energies. Al-
though this approach is justified for studying nuclear fission,
where such a fragment spectrum does actually arise, it is
difficult to apply it.to decay processes, where the fragments
in the final state are strictly determined. Their weight in the
spectrum is very small, so that a simple adiabatic calculation
can raise the cluster formation probability in the pre-barrier
region by several orders of magnitude. However, we should
make it completely clear that this does not imply that an
adiabatic mechanism of cluster formation cannot be realized
in the cases of heavy decay which have been studied. For
example, the results of Ref. 36 can be affected only by the
inclusion of the second, third, and fifth items listed above.
Here the choice of the potential in the internal region is quite
well justified, and the other two factors can to a significant
degree cancel each other.

Systematics of the experimental data as a source of
information about the cluster decay mechanism

In view of the successes and problems of fission-type
models discussed above, to understand the cluster decay
mechanism it is useful to carry out a direct analysis of the full
set of experimental data. Moreover, such an analysis can
give phenomenological estimates of the decay probabilities
needed for planning new experiments. With models of super-
asymmetric fission in mind, let us consider F ig. 15, where we
give the logarithms of the cluster decay periods T s, togeth-
er with the periods 7'}/, for spontaneous fission for the U
and Pu isotope chains as functions of the fissility parameter
Z? /4. We see that, whereas the dependence T3, is bell-
shaped, the periods 75, fall off sharply with increasing
Z*/A for a given isotope chain. In our opinion, a more im-
portant feature is that the ratios 7°5),, / T'%!, are not constant,
but increase sharply with increasing Z of the parent nucleus.
This might indicate that if the cluster decay mechanism is
similar to ordinary fission, the deformation barriers and tra-
jectories in the deformation space for these two processes
differ significantly (see below for a more detailed discussion
of this point). Moreover, from a purely practical point of
view the systematics of the periods T¢, as a function of
Z?/A is inconvenient for making estimates and predictions,
since the points for one type of emitted cluster but different
Z of the parent nuclei do not lie on the same curve. Let us
therefore consider the technique used for the a-decay sys-
tematics.

The very simple model of a decaying nucleus proposed
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FIG. 15. Dependence of the logarithms of the partial periods of spontane-
ous fission (crosses) and cluster decay (black circles) on the fissility pa-
rameter Z /A,

in 1928 by Gamow for describing a decay was used in the
pioneering studies of Refs. 1 and 2 and also in later studies**
for a preliminary analysis and extrapolation of the experi-
mental data. In this model a pointlike structureless cluster

with frequency v, oscillates in a square well of radius
Ry =ry (4¥° + 477, (A)

separated from the external region by a Coulomb barrier.
The half-decay period is written as

30

g (T4 + sec)
=4 ro ho
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-
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FIG. 16. Dependence of the logarithms of the partial periods of clus-
ter decay on the natural log of the Coulomb-barrier penetration fac-
tor.
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75 =1n 2/2v, P,

(11)

where the barrier penetration factor P § for a cluster of angu-
lar momentum L and decay energy Q is defined as

P, = exp (—Ky), (12)
while for L = 0 (Ref. 52)
K ;%],t/r_g—f:ZlZzez[arccos Vi—Vy—yi (13)

Here y = QxR /Z,Z,¢*, 1 = A,A,/(A, + A,), and the in-
dices 1 and 2 label the charge (mass) of the cluster and the
daughter nucleus.

In Fig. 16, taken from Ref. 28 with the addition of more
recent data, we show the dependence of log T, on K,
which according to (11) and (12) should be linear for each
type of emitted cluster. For methodological reasons, in the
same figure we give the corresponding dependence for fa-
vored a transitions in the parent nuclei in question. We see
that for all types of emitted ions, including & particles, the
experimental data for even—even nuclei tend to lie on
straight lines of roughly the same slope. The exception, as in
the case of @ emission, is the cluster decay of the odd parent
nuclei >**Ra, **'Pa, and >**U whose periods deviate from the
systematics for even—even nuclei. The even—odd effect is il-
lustrated in more detail in Fig. 17 for the Ra and U isotope
chains. On the horizontal axis we give the value of (Qy)'/?
in terms of which log T, is expressed in the classical Gei-
ger—Nuttall relation for a decay:

lg Tys = A (2) + B (2)/Q¥*. (14)
We note that in the case of @ decay the scale of even—even
effects depends on the type of a transition, and for favored
transitions it is significantly smaller®® than in Fig. 17.

Therefore, the dependence on the decay energy and on

the characteristics of the Coulomb barrier for cluster emis-
sion is of the same nature as for « decay, but the cyclic fre-
quencies whose values according to (11) and (12) deter-
mine the intersection points of the straight lines with the
vertical axis in Fig. 16 depend exponentially on the cluster
mass.

We note that if the parameter 7, is not restricted by the
physically reasonable condition that at the contact point of
the decay fragments the value of R, be no less than the sum
of the experimental fragment radii, i.e., if we take r;>1.2 F
and use r, as a fitted parameter, then, as was shown in Ref.
23, all cases of the cluster decay of even—even nuclei (except
for a decay) lie on a single line (r,=0.928 F, v"®

= 4.3 10*® sec ). This representation of the data is con-
venient for making estimates and for interpolation, but it
should be borne in mind that the unphysical choice of cutoff
radius of the Coulomb potential R, implicity mimics the
dependence of the pre-exponential factorin (11) on the clus-
ter mass. (See Ref. 54 for a more detailed discussion of this
question.) In a more serious treatment of the value and mass
dependence of the parameter v, it is necessary to take into
account the fact that the potential barrier of the decaying

nucleus is formed by the sum of the Coulomb potential Vﬁj‘f
and the nuclear potential V“X‘jf; of the nuclei describing the
interaction of the decay fragments. This program was real-
ized in Ref. 56 using the Gamow model*® with the nuclear

interaction V“X‘ﬁ chosen phenomenologically. Here the
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FIG. 17. Dependence of the partial periods of half-decay
with cluster emission on the decay energy Q for isotopes of
radium (a) and uranium (b).
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width I'y for decay with emission of a cluster X was written
as

P om0 (15)

where Sy is a spectroscopic factor determining the probabili-
ty for forming the pair cluster X + daughter nucleus 4 »and
[3*™ is the width describing the probability that the cluster
penetrates the barrier:

Gam __ hvx
I§™ =gpZ Py.

(16)

Here vy is the cluster velocity, which in Ref. 56 was deter-
mined from the condition u vy /2 = 254, MeV. In contrast
to (12) and (13), the penetration factor P, is calculated
numerically in the form of a standard semiclassical integral,
with the lower limit equal to P, the inner turning point.

The phenomenological spectroscopic factors S, were
obtained in Ref. 56 using (15) and (16) from the experimen-
tal data on the cluster decay probabilities. They can be accu-
rately approximated by the simple expression

S_,t — (S;V.EV)(AX_ 1)/3 1

(17)

where S7"*" = 6.3X10™* for even—even parent nuclei and
85 = 3.2 10~ for odd nuclei. We note that the values of
S, are close to the experimental results for the spectroscopic
factors of favored a transitions in even—even and odd parent
nuclei.*” Relation (17) is in good qualitative agreement with
the dependence of the parameter v, on the cluster mass,
shown in Fig. 16.

The authors of Ref. 57 proposed a different parametri-
zation of the spectroscopic factor Sy, based on the thermo-
dynamical approach. It is assumed that the probability for
forming the system cluster + residual nucleus has the form

(18)

s gl e_QXjTr

where the “temperature” T'= /0, /a is expressed in terms
of the single-particle level-density parameter a, chosen to be
a=A;/8.0 and a = A4,/9.5. In Table XI we give the first
variant, which agrees best with experiment.

Therefore, in any model of the Gamow type using a
realistic barrier shape one obtains spectroscopic factors for
the emitted particle which are considerably smaller than
unity and fall off rapidly with increasing particle mass. The
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natural question arises of how accurately these spectroscop-
ic factors can be extracted from experiment. Reference 58 is
devoted to a detailed study of this question. Let us briefly
consider its main results.

Let us more rigorously define the concept of the exter-
nal asymptotic cluster region of the parent nucleus, where it
can be viewed as a set of fully formed decay products—the
cluster and the daughter nucleus. The estimates made in Ref.
53 show that for & decay the inner limit of the asymptotic
region can be taken to be R, = 1.2(4 * + 4 /*)F. Using
the analogous definition for the case of cluster decay, in this
region we define the phenomenological form factor of the
cluster X in the decay channel ¢ as the solution of the Schro-
dinger equation with potential ¥} (R) + V %' (R) coin-
ciding with the real part of the optical potential describing
the elastic scattering of the particle X on the daughter nu-
cleus and with the boundary condition

Rl xcke
it e (),
where Iy, is the experimental width of the decay with emis-
sion of the cluster X into the channel ¢ (c=J ' 0y L),
k. =\[2uxQx /#; p is the reduced mass, and G, (R) is the
irregular Coulomb function describing the decaying state
near the point R, lying in the sub-barrier region to the imme-
diate left of the outer Coulomb turning point. If the Schro-
dinger equation for @, (R) is integrated in the sub-barrier
region from R, to R, with the boundary condition (19), the
resulting solution can be used to calculate the phenomeno-
logical cluster spectroscopic factor in the entire external re-
gion:

Oy, () — (19)

Ry
W= S [®x. (R)2dR.

Rg

(20)

The quantity W', is proportional to the integral of the R-
matrix reduced width 2, (R) over the cluster region. Owing
to its integral definition, the quantity W<, is more stable to
small variations of the “channel radius” R, than 3_(R) is,
and it can be used to classify different types of decays with
emission of particles X. In contrast to @ decay, where the
nuclear potential describing the a-particle interaction with
the daughter nucleus V;‘f[‘(R) has been thoroughly studied
throughout the entire cluster region, the problem of the in-
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teraction of a heavy ion and a heavy nucleus at distances
close to the inner boundary of the cluster region is at present
far from a definitive solution.

In the current literature one can find numerous and
very diverse versions of phenomenological potentials
pruel (R) describing elastic scattering, the reaction cross
sections, and other inelastic processes for the interaction of
composite particles with nuclei. This diversity is a conse-
quence of the well-known discrete and continuous ambigu-
ities of extracting the phenomenological potential param-
eters in the inverse scattering problem. The former arises
when potentials differing in the number of bound states give
a qualitatively similar description, and the latter arises when
the data are described by potentials from a single discrete
class which have different parameter sets (for example, am-
biguities of the deep—narrow or shallow-wide type). The sit-
uation gets worse when a channel with strong absorption is
studied. The experimental errors also significantly affect the
results of solving the inverse problem.

Nevertheless, the ambiguities in the potentials for d, ¢,
3He, and a particles interacting with nuclei can be eliminat-
ed by accurate study of the scattering of the corresponding
particles at sufficiently high energy in a wide range of an-
gles.® Rainbow scattering is no less informative in this
sense.®® Constraints on the parameters of potentials describ-
ing a-particle interactions with heavy nuclei are obtained by
analyzing the sub-barrier (n, @) reaction.” In the case of
target nuclei which are not too heavy, for which investiga-
tions have been carried out by one of the methods described
above, the properties of the potentials turned out to be uni-
form.

In the fit for a class of L-independent potentials, first of
all, the depth of the real part of any of these potentials is
~50u,/my MeV, ie., they all fall into the category of
“deep.” Second, the number of bound states of the cluster in
such potentials is not less than the number of forbidden
states of the cluster in the parent nucleus, i.e., these poten-
tials are not inconsistent with the generalized Levinson
theorem (see Ref. 53).

In the studied cases the fit of the experimental cross
sections by L-dependent potentials does not lead to any
significant improvement of the description, in spite of the
considerable increase in the number of parameters; more-
over, the uniqueness of choosing the parameters is lost. This
is evidence in favor of a variant with an L-independent
potential.

For heavier target nuclei it turns out to be difficult to
obtain a data set sufficient for eliminating the ambiguities,
owing to the exponential falloff of the scattering cross sec-
tion at low energies and large angles. Also, for clusters X
with mass 4, >4, (n, X) processes with slow neutrons are
not observed experimentally.

The versions of the phenomenological potentials yod
for the interaction of nuclei with mass A4 ~208 with *“light”
heavy ions '2-14C, '°0, etc., existing in the literature are de-
signed to describe elastic scattering and certain reactions.
Almost all of them have a depth ¥, of the order of several
tens of MeV, i.e., they fall into the category of “shallow”
potentials and do not contain any bound states. In spite of
their outward differences, for a fixed pair of interacting nu-
clei they give quite similar values of the location and height
of the barriers. Meanwhile, at small distances—to the left of
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the barrier maximum—the behavior of the potential curves
begins to diverge significantly. We note that owing to the
strong absorption, the elastic-scattering cross sections in a
wide energy range turn out to be insensitive to the behavior
of the real part of the potential at small distances R. This
class of potentials is not suitable for describing deeply sub-
barrier processes, since, first, they have no bound states
(they do not satisfy the generalized Levinson theorem) and,
second, their left-hand slope is practically arbitrary, while
the dependence of W ¢, which is proportional to the barrier
penetration factor, on the form of this slope is very strong.

The potentials used to describe the near-barrier fusion
of heavy ions are effective potentials which model the strong
coupling between channels characteristic of this process,
and therefore they do not have any direct relation to the
potentials V}“;‘}(R) that we are considering, which are de-
signed to describe a single elastic channel.

Therefore, for constructing an interaction model it is
necessary to use certain theoretical schemes. A detailed
analysis®® of various theoretical schemes has shown that the
most productive approach to constructing the potential
V% is that based on the convolution (folding) of nucleon—
nucleon (or nucleon-nucleus) interactions with the known
spatial nucleon-density distribution functions of the inter-
acting nuclei. In addition, this approach has a certain micro-
scopic justification.®’ In the literature one finds the use of
both double folding potentials, obtained from expressions

Vir(R) = § pay () 0x (r2) Varw (R + 1 — 1) dory &P,
(21)

and unary potentials obtained by convolution of the nu-
cleon—nucleus optical potential with the spatial density dis-
tribution of the cluster:

Vi (R) =y Sl’x (r) VN -nuer (R — 1)'d’r. (22)

The depth of the folding potential has an important depen-
dence on the form of the bare ¥, (for the double case) or
¥y oua (for the unary case) interaction and can vary by tens
of percent for heavy nuclei. Since here the experimental data
do not permit any particular type of bare interaction to be
distinguished, it can be said that folding potentials repro-
duce the exact potentials with some (though, perhaps, insuf-
ficient) accuracy. A scheme purporting to introduce correc-
tions for exchange effects in the double folding procedure
was proposed in Ref. 62. However, we note that in the cluster
region of interest to us the exchange components of the inter-
action play a less important role.

The procedure for calculating the cluster spectroscopic
factors W<, was based on the experimental data of Table I1
and on the use of expressions (21) and (22) for the potential

V“X';f(R). The nucleon density of the cluster in Egs. (21)

and (22) was taken from Ref. 63, and that for the daughter
nucleus was taken from Ref. 64. The bare Vy_,,, potential
for the unary folding variant were taken from the following
studies (see Table IIT): 1—Ref. 65; 2—Ref. 66; 3—Ref. 67.
The potentials ¥y, for the double folding variant were taken
from: 4—Ref. 62; 5—Ref. 68; 6—Ref. 68; 7—Ref. 69. In
addition, we used the deep phenomenological potential (8)
from Ref. 55, which was also used in Ref. 56 to extract the
experimental spectroscopic factors. In those cases where the
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TABLE III. Cluster spectroscopic factors W, for various potentials.

Decay Potential
A; X+ A 1 2 3
222Ra 14 ‘“Pb 2.9.10-10 1.6-10-8 3,7-10-8
223Rq uC - 200}, 3.1-10-12 1.8-10-10 4,0-10-10
228Ra 14C+21°Pb - 2,2.10-10 1.5.10-8 3,0-10-2
226Ra 14C |- 212ph 0.82-10-10 6,6-10-° 1,2-10°8
230Th 4Ne-]-206H 2,2.10-18 1,2.10-15 3.2.10-15
231py 24Ne-|-207T] 1,1.10-1¢ 5,4-10-17 1,5-10-18
232 24Ne-|-208P} 7.1-10-1# 3.3.10718 9.6.10-1¢
2337] 4Ne |- 209P} 4.,5-10-20 2.5-10%7 6.7.10-17
2347J 24Ne |- 210Ph 7,8-10-18 5,1.10-16 1.2.10-14
2347 28\Mg -|-206 g 6.1-10—22 7,0.10-10 2.1-10-18
286py 28Mg-{-208p} 2.0.10-22 1.9.10-10 6,7-10-10
4 H 8 7 8
1,8-10-¢ 6,0.10-¢ 1,6.10-¢ 2,2.10-¢ 1,7.10-°
2,2.10-8 7,1.10-8 1,9.10-# 2,7-107¢ 1,5.10-11
1,9-10-¢ 6,3.10-¢ 1,5.10-¢ 2,3.10-¢ 8,9.10-18
9,2.107 3,2.1077 7,2.10-7 1,1.10-# 2,2.10-10
2,0.1012 1,3.10-11 1,3.10-12 2,4.1012 2,7-10-17
9,8-10-14 6,7-10-18 6,7.10-14 1,2.10-18 1,1.10-18
6,1-10-1 4,2.10-12 4,3.10-13 7,8-10-13 7,1-10-18
5,9.10-14 3,9.10-18 3,9-1014 7,1-10-14 5,7.10710
1,3-10-11 8,8.10-11 8,3.10-12 1,5-10-11 7,4-10-17
2,8-10-16 2,5.10-14 1,9.10-15 3,5-10-15 1,9.10-20
9,4.10-1¢ 8,1.10-18 6,1-10-18 1,2.10-15 7,2-10-2
17»

phenomenological form of the potential barrier for the
Ay + X pair was known, it was compared with the shape of
the barrier for the folding potential. In all these cases the
differences were not very large and were not taken into ac-
count, since the phenomenological optical potentials them-
selves were studied at fairly high (compared with the decay)
energies, and the contribution of the exchange terms effec-
tively included in these potentials depends on the energy.
In Table ITI we give the values of W g, for various pairs
X and 4, calculated using the above potentials. The large
variations of W, for a fixed channel ¢ as a function of the
choice of potcntml should be noted. For X = '*C they reach
four orders of magnitude, for **Ne they reach seven, and for
**Mg they reach eight. The results of the calculations can
differ by three orders of magnitude for potentials 3 and 8, for
which the differences between the barrier shapes are much
smaller than the typical errors in extracting their parameters
from the scattering data. We thus are faced with a serious
problem which, in practice, did not arise in processes involv-
ing a particles, where the values of W ¢, for different folding
potentials differ only by a factor of 5-6,* which is close to
the uncertainties in calculating the absolute a-decay width.

TABLE 1V. Forbiddenness factors F P for various potentials.

Moreover, use of the data on the (n, a) reaction allows the
size of these variations to be decreased by nearly a factor of
two.

It should be noted that the spread in the variations of
W . in the X-decay cases studied is roughly the same as
when the purely Coulomb potential with a cutoff is used'®
for cluster-nucleus interactions if the cutoff radius is
changed by about 15%. If we reject the principles for select-
ing potentials ¥35'(R) used above, the variations of WS,
increase by several orders of magnitude more. For examplc,
the barrier for the proximity potential of Ref. 42 turns out to
be highcr than for all the potentials studied in Table III.

It is useful to compare the values of W< . that we ob-
tained with the experimental spectroscopic factors from Ref.
56 calculated using the same potential V““‘j As follows -

from Fig. 1 of Ref. 56 and Table III, numerically they are
very close fer all types of emitted clusters. However, the
above discussion shows that the absolute values of the spec-
troscopic factors and to a certain degree their dependence on
Ay contain serious ambiguities related to the choice of the
nuclear potential for the cluster-nucleus interaction.
Fortunately, this conclusion is not valid for the relative

4 X+ 4 1 2 3 & 5 6 7 s | FgP
233Rg | 14C-|-209P} 82 86 84 84 87 82 83 87 84
231py | 24Ne--207T] | 13 14 14 13 13 13 13 15 13
WY | 24Ne-209Ph | 94 110 97 115 | 116 | 112 | 111 ! 103
246 Sov. J. Part. Nucl. 21 (2), March-Apr. 1990 Zamyatnin et a/, 246



characteristics of cluster decay studied for a fixed particle X
in narrow range of parent nuclei, in particular, for the
even-odd effects discussed above. In fact, if in analogy with
a decay we define the forbiddenness factor of a given decay
into the channel ¢ as

= (Weo)ev.ev!Wkes (23)

where (Wf\lcu )evev 18 the spectroscopic factor of the decay
into the same channel, averaged over the even—even parent
nuclei adjacent to the nucleus in question, then, as shown in
Table IV, the values of the factor Fy, turn out to be practi-
cally independent of the choice of the potential ¥} The

F $P thus determined also coincide up to a factor of 2-3 with
the forbiddenness factors obtained from the simple system-
atics in Figs. 16 and 17.

The independence of F P from the choice of potential
allows, first, the 1ntroduct10n of a quantitative measure of
even—odd effects in cluster decay and, second, a classifica-
tion of cluster decay without abandoning the nonadiabatic
mechanism. By analogy with @ decay, we shall refer to the
cluster decay of an even—even parent nucleus 4; with emis-
sion of an even—even cluster as “favored,” so that
J; = J; = 0. Then a decay with emission of the same cluster
from a neighboring (4. = A4, + 1) odd nucleus with the
condition that J; #J, will be termed “semifavored.” As will
be discussed in more detail below, the values of the experi-
mental forbiddenness factors Fy,. in the microscopic model
of nonadiabatic cluster formation are quantitatively repro-
duced for emitted *C and ?*Ne nuclei when the shell struc-
ture of the cluster and of the parent and daughter nuclei is
taken into account.

Microscopic schemes for calculating the spectroscopic
factors of cluster decay

In order to demonstrate the theoretical competence of
approaches to describing cluster decay based on analogs
with a decay, it is necessary first to microscopically repro-
duce the phenomenological spectroscopic factors. Methods
for calculating them theoretically for various types of cluster
channels are described in detail in the monographs of Refs.
53 and 70. The complexity of the calculations of these quan-
tities increases dramatically with increasing cluster mass,
and the results are very sensitive to details of the structure of
the cluster and of the parent and daughter nuclei.

Experience in calculating these quantities for the a de-
cay of heavy nuclei, and also calculations for processes in-
volving various clusters in light nuclei, shows that the most
important problem is the inclusion of two factors: recoil of
the residual nucleus toward the center of mass and configu-
ration mixing owing to superfluid nucleon-nucleon correla-
tions. Increase of the cluster mass leads to a sharp (practical-
ly exponential) enhancement of these effects. For
understanding the results it is necessary to outline the main
features of the formalism.

As usual,”® we define the cluster form factor of the
breakup of a nucleus A into a cluster X and a residual nucleus
(4 — X) in the shell region as

@, (p) = (AU ™8 (p—p")} | ™M) (24)

where p is the relative coordinate of the centers of mass of the

daughter nucleus and the cluster; ¢J mMiis the translationally
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invariant internal shell function of the parent nucleus, char-
acterized by angular momentum J;, parity s, and angular-
momentum projection M;;

A=(g)" S (=prb (25)
P

is the antisymmetrization operator; Pis an operator which
permutes the nucleon coordinate labels of the fragments X
and (4 — X); p is the parity of this permutation;

J 70 M

Uyt 1 {,lpJfﬂ,fﬂlp?’,x"‘XYL (QP)}JiniMi' (26)

is the channel function, characterized by the same quantum
numbers as the parent-nucleus function; 3™ and y”’*"* are
the translationally invariant shell functions of the daughter
nucleus and the cluster, respectively; ¥, ({1, ) is a spherical
function.

The shell spectroscopic factor W is expressed in terms
of the cluster form factor in the shell region using the equa-
tion x,

WY = § DF (p) p* dp. (27)
Following Ref. 70, it can be shown that for the smearing of
the Fermi surface characteristic of a real nucleus,

"mind2
Oy (Rx) = (— 0F (525 )™ @an (Ra), (28)
where
Sre = Wi A s mh =B, (29)

1, is the usual shell-model function,

UG = 7 XXV | Q) gty (30)

and n,,;, is determined by the minimum number of nodes
Vmin Of the relative-motion function @, (R, ) allowed by the
Pauli principle: n_;,, = 2v,;, + L, which coincides with the
analogous quantity in the oscillator model. In the end, in
changing over to the functions ¢, in the equation for the
cluster formation probability the factor [4 /(4 — X)]™™"
appears; its values are given in Table V, where we see that for
emission of a *°Ca nucleus this factor can reach 10'°.

Let us construct the formalism for computing the form
factor (29). Since the function on the right-hand side is to-
tally antisymmetric, it can be written as

JmM;

¥ (Rx)= (UL "

8(Rx—Rx) |4 (% 31

TABLE V. Factors forming the recoil effect for various clus-
ters.

X Ny |N=Ngq-N4 4,—Ny (4/(A—A N

8Be 4 40 4.5
12C 8 58 25.9
140 10 68 83.9
160 12 76 279
20Ne 20 90 3,88.108
2Ne 24 98 1.9.10¢
24Ne 28 106 1.06.10°
28Mg 36 120 3.82.10¢
34gi 48 142 2.17-10°
°Ca 60 160 1.67.1012
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All of the clusters X of interest to us fall into the category of
light nuclei, and the oscillator model is fully justified for
them.

Tocalculate the overlap integral (31) we write the wave

function of the cluster internal motion X"**"*in the form
of a multicluster representation, for brevity restricting our-
selves to clusters X pertaining to the p shell. Then, selecting a
partition of the group X into the required number of & parti-
cles, bineutrons, and, if necessary, a single neutron (pro-
ton), we obtain

| 47" xy o | XN =X —4[f] LySy)

A P 17
ety ] 1 1),

B+y-1
,-:[:I] Lpnji; (05) (L5} Lxly ymynry (32)

where {L,} is the set of intermediate angular momenta,
which can be chosen arbitrarily with the only requirement
that the selection rules be satisfied. For example, for X = 10
it is convenient to take all the angular momenta L ;i =0,
l; =0.1n (32), ¢, is the internal-motion function of a qua-
druplet of nucleons, and differs from the Gaussian wave
function of an & particle only by the dimensional parameter
i = #iw+g, and the coordinates of the nucleons in it are
numbered (4i - 3)—4i; ¢, is the corresponding function for
the light cluster of mass F, [for an even-even nucleus with
Ny > Z, thisis a neutron pair, and for an odd nucleus itis a
neutron pair or a neutron (proton) of spin Sy |; Py, (p;) are
the wave functions of the Jacobi coordinates characterizing
the system of 5 a particles and y clusters F, ;

oup
Yoy =(XN=X—4[f] LSy |A| _[_I1 (V)
v B+v-1
X M r) 11 ton, (001 Ly (33)

is the normalization factor. If the function on the right-hand
side of (32) is not to be identically zero, we require that
n=F, (y>1)if f=1, and n, =4, n, =F, (y>1) if
B = 2, and so on. The equality (32) holds, since in the wave
function on its right-hand side all the quantum numbers
needed to classify the system, N, [ £ ], Ly, and Sy, are deter-
mined uniquely, and the wave function is antisymmetric and
normalized. The normalization 1/a;,; is the multicluster
(in the case B + ¥ =2 it is the ordinary, two-fragment)
spectroscopic factor for the breakup of the nucleus X into
light clusters in the ground state. These quantities are de-
fined and methods for calculating them are given in Ref. 71.
We shall briefly describe how to calculate them below.

Let us return to expression (31). In this study we re-
strict ourselves to the case of an even—even cluster. We again
make use of the antisymmetry of the right-hand side. Oper-
ation on it with the antisymmetrization operator from Eq.
(9) leads to the result
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Al 1/2

v
(A—x)1 @8 || (Fk!)}
h=1

., (Rx)=[

p+y-1

H E(Puj.!j (PJ)I : L.‘[ =0

i=1

B v
xag (™ -H: ) hIL ($r,)

% Yy, (Qry) 437 8(Rx— Rx)), (34)

where the symbol @, implies that we are using the multiclus-
ter representation with /; =0, L, = 0. In order to integrate
over the variables of the nucleons of the daughter nucleus, it
is obviously necessary to make a fractional-parentage expan-
sion of the parent wave function. The form of the right-hand
side of the overlap integral from (32), which is the product
of the wave function of the residual nucleus and several light
clusters, in which the sets of nucleon coordinate labels are
fixed, indicates that the left-hand side can also conveniently
be represented as the sum of products of nucleon groups of
similar masses, i.e., it is convenient to use the multicluster
fractional-parentage expansion rather than the usual two-
fragment expansion.”” By definition the multicluster frac-
tional-parentage coefficient is the coefficient in the expan-
sion of the totally antisymmetric function of the proton
(neutron) subsystem of the nucleus 4 into the sum of prod-
ucts of functions of several antisymmetric proton (neutron)
groupings. Here an individual product is not antisymmetric
under the interchange of nucleons from one grouping to an-
other. Then

tp:>=AZs<,a,- | ps(A), p(e)) | p; (A)) | p (2)), (35)

where [p; ) and |p,(A)) are the wave functions of the proton
component cf the parent and daughter nuclei, and A and ¢
are the sets of quantum numbers characterizing these func-
tions.

The most convenient form of the function of the isolat-

ed nucleons is
Z543

[2()) =[] 129 (e) ), (36)

.
where [p{* (¢, )) is the function of a two-proton pair. The
coefficient of the transformation (35) is easily determined in
terms of the usual binary fractional-parentage coefficients:

Zyl2

(pi | Py (A) II1 P2 (e,))

=

Zylt

=m2] Il <pr,_, (B0 2, (8)) 2 (e.)), (37)

r=

where |p; (A,)) is the wave function of the proton sub-
system of the nucleus of charge Z, — 27, characterized by
the set of quantum numbers A,, with |p, )=|p;) and
|Prz,s2 (Az,,2))=|p;(A)). Expression (37) includes a sum-
mation over the full set of quantum numbers {A, } charac-
terizing the intermediate states. Let us substitute expres-
sions (35) and (37) into the form factor (34). We note that
the variables characterizing the residual nucleus and the
clusters a;, F, are separated from each other on both the
left- and the right-hand sides of the overlap integral, and we
integrate over them. Then
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X @y

P, (Ry) =
e [m xmm"l[ (F,.!)]

B

Il & (Ra,) [[ Bef+ (R )‘

{A He, HA Mepny =1 k=1
B+y-1

><| [T (@nj=0(ps): Lx=0l Y.,(an)a(nv_nxg
i=1

(38)

where the primed indices denote the quantum numbers of
the neutron subsystem,

B2 Ry, ) = (P (e7) ni® (e1) | 8 (Ra, — Ray) Wa,), (39)

@ "'”‘ (Rp,) = (nfie (ep+n) | 6 (Ran, — R2u,) r,) (40)

are thc three-dimensional form factors of the a particles and
clusters F, for the configurations {¢;, £/} and &5, . The
expression

[A—4& (=1 7172

Ajh;_ 3
@01 (Rey) = | g

x 2

{e;)leg)

(B1,_, (i) | s, (B2) P (e)) (g, (A1) | mg, (A7)

X ni? (&3)) ‘D" “ (Rq 2) (41
and the analogous expression for the bineutron are the usual
three-dimensional form factors of the corresponding clus-
ters in the ordinary shell model with configuration mixing.
They differ, for example, from the form factor of the free
particle by the factor
[A--é(;'—‘.)_ “mlnfzn
A—4i i

arising because of the absence of the effect of recoil toward
the center of mass and the difference between the parameters
#iwy, and #iw, in the shell model. The quantity
. = W, (#iwy )/ W, (#fiw, ) is easy to calculate theoretical-
ly. Altogether we arrive at the expression

B4y
L2 (Rx)=ay Z "'lu"'lzn H (Wuz) H (Wér'::
(Ar}m;; i=l1 k=B+1
r ﬁ * ’
<1'[ cDA: ::Aiﬁiwi(na!)]] ([_)'2‘-';!&+ﬂﬁh+ﬂ-l(nrk)l
1= h=1
B+v 1
[T Um0 (0s) : Lx=01Y0(R)8 (Bx— RX)),
g (42)
where
(D;A (R:’) Ty Wm(D (Ri)
(43)

are the normalized three-dimensional form factors of the
light clusters, and their normalizations

Wi={|® (R | * RidR, (44)
are by definition the spectroscopic factors.
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We note that the scheme for calculating g, given by Eq.
(33) and involved in expression (42) is based on techniques
similar to those just used. The final expression is very com-
pact:

=1, b
Vao=L ] (S2) |1 (Se1vs (45)

where S, and S, are the spectroscopic factors of the corre-
sponding light clusters arising in the successive emission of
these clusters from the nuclei X, X — F,, etc., with forma-
tion of intermediate nuclei in their ground states and having
the parameter #iw; = fiwy . The values of a, for various clus-
ters from the p and s—d shells are given in Table VL.

The procedure for calculating the form factor (42),
which contains a large number of summation indices, can be
simplified greatly by using the fact that this sum contains a
dominant component. The point is that the spectroscopic
factors W, of transitions between O ground states of nu-
clei with emission of an @ particle or a bineutron are many
times larger than the average values. This is a consequence of
the coherent summation of the amplitudes in expression
(41). Studies of a decay*® show that the scale of this effect,
which arises because of superfluid nucleon-nucleon correla-
tions in the ground states of nonmagic nuclei, is approxi-
mately a 30-fold enhancement per nucleon pair. In the end,
any term of the sum over A, (A]) containing a state dif-
ferent from the O™ ground state as one of the intermediate
states is suppressed by a factor of ~10°. The collective
paired vibrational excitations J 7, = 27,47 ,... are an excep-
tion. For them the amplitudes of a transitions J7,, -O*
also significantly exceed the average ones, owing to coherent
addition. However, here the sum of the amplitudes corre-
sponding to the excitation of an intermediate level is small,
so that these components cannot compete with the dominant
one. Therefore, the approximation of neglecting the contri-
bution of transitions for which there is no superfluid en-
hancement has practically no effect on the accuracy of the
calculations. Here the spectroscopic factor for X' decay has
the form

Wxi=(A_iT)"mm 2na lexﬁ ﬂ (VV"t) [[ (Wp, ) xy

i=1

Jx =\ J%(Rx) Ry dRy, (46)

where

B n 0 i
Ty (Rg)=( ‘H‘ D' BidigBidi-1 (Rs,) klﬁll (Dgih+g;5ﬁ,—ﬁ—l (Rr,)

ﬂ+?—

“ lan]J}.:u (pj)LX=0] Y, (Qﬂx)é(ﬂl—ﬁ}f))

(47)

and is the quantity which is most difficult to calculate. How-
ever, the method developed in Ref. 53 for computing the
analogous a-particle form factor from four one-nucleon
functions by successive convolution of them with the inter-
nal functions of the a-particle Jacobi coordinates is fully
applicable also to the calculation of Jx (R ), and in princi-
ple complications arise only because of the increase in the
number of repeated integrations and the appearance of
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TABLE VI. Change of the normalization coefficient of the wave function of the emitted

cluster with increasing mass and charge.

3Be 0.667 — N 26N 26.52 0.276
EEs! 0.988 — | =M 162,5 1,08
uc 2.61 i | soMg 125.8 0.095
160 3.33 = I eeg 235.9 0.082
20Ne 14.6 e I g 208.6 9.68-10-3
2Ne 20,2 6.16 |  19Ca 30.95 4.56.10-5
24Ne 21.15 1.57 |

I

weakly oscillating functions @y, (p;) in the integrals.

The overlap integrals Jy (Ry ) involved in the defini-
tion of the shell spectroscopic factor of the particle X were
calculated using the following scheme. Since, as shown by
theoretical calculations, the form of the a-particle (two-

--neutron) form factors ®, (R, ) [®,, (R,,)] is practically
unchanged for a wide range of nuclei with 42208 when
pairing effects are included, all the factors ®,(R,)
[®;,(R,,) ], normalized to unity, were chosen to have, in
the calculation of the form factor @, (R, ) (29), a universal
form coinciding with that of the form factors ®.(R,)
[®,,(R,,)] calculated for the 2'*Rn nucleus. The wave
functions for the relative motion of the & particles and neu-
tron pairs involved in the definition of the internal wave
functions Wy, of the particles X were chosen to have the oscil-
lator form with dimensional parameter equal to #w, . The
calculated values of the integrals #  for various X by com-
puter are shown in Table VII.

It is easy to extend this formalism to clusters X belong-
ing to nuclei of the s—d shell. The only modification needed is
related to the fact that the set of quantum numbers charac-
terizing the function ¢, namely, N, [ £ ], L, and S, is insuffi-
cient, so that it is necessary to add to it the SU(3) index (Ap)
and write Eq. (32) in a representation of SU(3). Here the
derivation of the equations carried out above for a p-shell
cluster becomes very complicated, owing to the presence of a
large number of Clebsch—Gordan coefficients of the group
SU(3). The final expression for W, coincides with (46)
with the replacement a,— a(,, where

(g et | ;
3t =} (n0) 0 (ne0) 0 | (Aeps) 0 [T ((hiausn) 0 (142000 |
-

X | Mg+ 1piat+10)), (48)

TABLE VII. Change of the overlap integral with increasing
complexity of the emitted cluster.

X I x X Jx
5Be 1.09-10-2 26Ne 1.5-10715
12C 0,92.40-4 28Mg 2.10-15
1C 0,77-10-¢ 30Mg 210717
160 0,67-10-¢ 32gj 1,5.10-17
20Ne 0,89-10-¢ 348j 1.5.10-19
22Ne 0,34.10-10 40Ca 4.1.10-20
24Ne 0,24-.10-12
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and the overlap integral ((4, u,)/, (A, u,) 1| (Au)! ) are the
Clebsch~Gordan coefficients of the group SU(3). In addi-
tion to the approximations discussed above, the derivation of
Eq. (48) contains another approximation: components as-
sociated with /; #0 or L, #0 are ignored. Direct calculation
for X = **Mg shows that their contribution to Wy is suffi-
ciently small. The values of g/’ are also given in Table VI.
The appearance of the product of a rather large number of
Clebsch-Gordan coefficients of the group SU(3) in the final
expression for the spectroscopic factor W leads to the fol-
lowing: one of its factors which for light clusters tend to
increase with increasing mass 4, begins to decrease, which
should seriously affect the general behavior of the depen-
dence of the spectroscopic factors Wy (4 ). In addition, we
note that the use of the j—j coupling scheme, which is more
accurate than the SU(3) scheme for clusters of mass
Ay > 28, leads to a decrease of the a;’, but, since the overlap
of the functions of these schemes (¢35 |14/ is fairly large,
the decrease is not very important and is neglected in the
present study.

Equation (46) can be used to calculate the shell spec-
troscopic factors of particles X using the experimental a-
particle shell spectroscopic factors as the W, . These quanti-
ties W F can be calculated from the expression

=W (A,

A% (49)

related to the idea that the cluster and shell spectroscopic
factors of @ particles are similar. Using the facts that for all
even—even nuclei with 4 =212-240 we have the factor
[4/(4—4)] Y=15, and the experimental a-particle
cluster spectroscopic factors W S® lie in the range 10~ 24—
10~ %2, the experimental values of the factors W, (49) turn
out to be fairly close (10 ~°-10~2*) 52, so that to estimate
them below we can take W, ~10~** 2. For W,, we used
the theoretical estimate W$ = 10~°%, which agrees well
with the experimental value of W . The values of 72 are
similar for all clusters X>12, and for #iw, = #iw«, they are
% =2.7, while the 73, are close to unity.

It should be noted that in the decay of parent nuclei
with N2 136 in going to the region of daughter nuclei with
NZ 126, as = rule, the equilibrium deformations f3,, of the
parent nuclei (0.15<f,,<0.20) differ significantly from
those of the daughter nuclei (8,, = 0), which have a spheri-
cal shape. In principle, in an Sp(2,R) model close to the
simple shell model it is possible to calculate the forbidden-
ness factor ;; in the shell spectroscopic factor Wy related to
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TABLE VIII. Change of the enhancement coefficient K, of
the cluster formation probability with increasing cluster
complexity.

X Ky X Ky
8Be 8-10° 2Z2Ne 2100
120 7-108 24Ne 5.1017
14 1010 28)Mg 5.4020
160 7.4011 348j 1-102%
20Ne 6.1014 40Ca 3-102%0

the inclusion of the change of shape of the nucleus upon
emitting the particle X.

For the above deformations the forbiddenness factor is
close to 0.1. For example, in a transition of a parent nucleus
with B, = 0.20 to a daughter nucleus ***Pb (/3,, = 0) with
emission of a fragment X, we have y; = 0.041. However,
when for W, in (46) the experimental values of the shell a-
particle spectroscopic factors WP (49) are used, it is not
necessary to include the factor 33, since it is automatically
included in the WP,

The most important feature of the mechanism for heavy
cluster radioactivity discussed in this study is the presence of
a manifest superfluid-enhancement effect. It causes the
dominant contribution to the spectroscopic factor to come
from functions of neutron (proton) pairs with total angular

umentum equal to zero. As was shown above, the enhance-
ment coefficient is ky ~30 per nucleon pair in going from
the shell model which neglects correlations to the superfluid
model in the expressions for the bineutron (biproton) spec-
troscopic factors. Here the enhancement coefficient of the a-
particle spectroscopic factor is
WiEWE,
k= ~ 102
W W
in'nuclei with 4 — X ~208. Since the effect of the superfluid
properties of the nucleus on the other quantities in (46) can
be neglected, the spectroscopic factor Wy in the transition
O+ >0 isenhanced by the W, and W ,, factors appearing
in it.

In spite of the fact that Eq. (46) is not suitable for
quantitative calculations in the shell model, which neglects
superfluid-type nucleon-nucleon correlations, for illustra-

tive purposes we can obtain the enhancement coefficient K
for the cluster X by introducing the values of the shell and
superfluid spectroscopic factors of light clusters into (46).
The results of this estimate are given in Table VIII, which
demonstrates the extremely large scale of the effect. We note
that the inclusion of superfluid correlations allows the al-
most complete elimination, for particles of mass X<40, of
the structural prohibition” on the formation of a fairly
heavy particle X in the ground state from the nucleons of one
principal shell.

The calculated shell spectroscopic factors % of heavy
clusters of the p and s—d shells are given in Table IX together
with the W calculated using the potential of Ref. 65. In
view of the uncertainties in the values of W§ discussed
above, the agreement between these quantities and W is
quite satisfactory. However, no real significance can be at-
tached to this, since the choice of a different potential V“X‘jf;
increases W< and spoils the agreement. Meanwhile, the ten-
dency for both quantities to vary with varying 4 and X turns
out to be very similar, so that the results obtained using the
potential from Ref. 65 can be used to predict the width of
cluster radioactivity for a wide range of masses 4 and 4.

Table IX shows the phenomenological scale of the
spread in the values of W¢ for a fixed cluster emitted by
various even—even nuclei: 10" for **Ne and 2.3 10" for
28Mg, and also a reliable decrease of W % in odd nuclei. This
is yet another consequence of the superfluid-pairing effect,
which provides a natural explanation of the existence of
transitions with various degrees of forbiddenness among nu-
clear decays with heavy-fragment emission. Zero-order
transitions, which in the theory of @ decay are termed fa-
vored, correspond to the pairing of all the neutrons and pro-
tons in the isolated nucleus. First-order forbidden transi-
tions arise when the angular momenta of the parent and
daughter nuclei are not equal to each other ( J; #J,), which
corresponds to the unpairing of one neutron or proton pair.
Here the forbiddenness factor is F= K ,,, ~ 30. Second-order
transitions are associated with two unpaired pairs and are
characterized by forbiddenness factors FS (K,, ) =10
This transition hierarchy can be extended to the case in
which the order of forbiddenness is 4, /2.

Theoretical estimates of the suppression factors F ¥, for
cluster decays with '*C and **Ne emission in the case J; #J;
have been obtained in Ref. 73 in the diagonal approximation.

TABLE IX. Comparison of the shell W% and experimental W §* spectroscopic factors.

sh WP (parent Weh W <SP (parent
% % nucleus) # ‘ % nucleus)
28 et L0(—22
*Be 6.6(—7) * R o R
. 1.4(—9) = t 6.4(—22)
140 5.9(—11) | 2.0(—10) ** | (opu)
160 3.2(—12) i g s Sa)
e i e i
e al— o 300 e L
3N 7019 | 7419 | wg® | 3(T35) 2.1(—24)
(38U) (238Pu)
TS Pust | s0—em) AL
40 — —t
o 2.8(—21) & Ca 6.0(—33)

*The symbol ( — n) denotes 10"

**Averaged over *’Ra, ***Ra, and **°Ra.
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TABLE X. Comparison of the theoretical F'j. and experimental F$® forbiddenness fac-

tors for the cluster decay of odd parent nuclei.

Parent nucleus Daughter nucleus Emitted Fexp pth
() (I cluster xc xc
23R, (1/24) 200p} (9/2+) 14 84 360
231Pg (3/2) 207T] (1/2%) 24Ne 13 50
233y (5/2+) 202Ph (9/2+) 24Ne 103 160

Therefore, the values of F§. given in Table X can be viewed
as upper limits on the forbiddenness factors. Thus, it can be
stated that the theoretical approach discussed above satis-
factorily reproduces even—odd effects in cluster decay with-
out the introduction of fitted parameters. In ending our dis-
cussion of the results of calculations of the spectroscopic
factors of cluster decay, it is relevent to note that such a
scheme was first developed and realized in Refs. 74-76. It is
interesting to observe that the structure of the quantities
W% (46) differs from the phenomenological equation (17).
In addition to products of the a-particle spectroscopic fac-
tors, (46) contains factors with a different behavior as the
cluster mass increases. From this point of view it is difficult
to give a microscopic justification of the simple and clear
structure of the spectroscopic factor introduced in Ref. 56.

In Ref. 77 an attempt was made to calculate the cluster
spectroscopic factors using the technique of Talmi-Mo-
shinsky coefficients developed at the dawn of cluster phys-
ics. Calculated equations for X = '>C and '°O are given. The
awkwardness of the technique did not allow calculations to
be made even for clusters from the p shell in the simple shell
model of the parent nucleus.

An approach somewhat different from the formalism of
Refs. 74 and 75 but based on the same premises has been
developed in Ref, 78 for calculating the width of nuclear
decays with "*C cluster emission. The main difference in its
theoretical scheme is the use of the “new” definition of the
spectroscopic factor and the cluster form factor introduced
in Refs. 79 and 80. The new shell form factor ®3 (R) is
obtained from the traditional one by using the expression

% (R)=[1—K (R, R)" "2 o3 (R), (50)

where K (R, R ') is the exchange nucleus of the integral equa-
tion of the resonating-group model.®! From the theoretical
point of view the new version takes into account nucleon
exchange between the decay fragments in the exit channel
more accurately. In the scheme of the pioneering studies of
Ref. 82, the ratio of the new W %™ and the traditional spec-
troscopic factors W™/ W, turned out to be 3 X 10 for a
decay (Ref. 80) and 4 x 10® for *C decay (Ref. 78). This
naturally forced the authors of Ref. 80 to use wave functions
of the parent and daughter nuclei which reduced configura-
tion-mixing effects to a very small scale owing to superfluid
pairing. Because of this, in the good quantitative description
of favored a transitions difficulties arise with the description
of semi- and unfavored a transitions. In some nuclei (2°°Po,
21'Rn, ?*Ra) even in a model without configuration mixing
the a-decay widths calculated in the new scheme are about
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60 times higher than the experimental values. Several other
problems arising in this scheme can also be mentioned.

The reason for this might be either the method®* of seek-
ing an equivalent interaction potential for the fragments in
the exit channel with the required smooth matching to the
shell and cluster form factors, or a significant effect on the
calculations from the neglect of coupling to channels corre-
sponding to excited fragment states. A return to the usual R-
matrix scheme with the new form factor in Ref. 82 led to a
sharp decrezse in the ratio of the a-decay width in the new
and old schemes: A /A, is several times unity, i.e., in this
case the diflerence between the schemes lies within their
theoretical accuracy.

Meanwhile, the calculation of the widths of cluster-
radioactivity processes in the new scheme is very important
because large differences in the results can in principle make
it possible to uniquely choose a particular scheme. The inter-
fragment potential of Ref. 55 was used in Ref. 78. Config-
uration mixing was taken into account in the 1k, and
2f7), shells for protons and in the 2g,,,, 3ds,,, and 1i,, /2
shells for neutrons. Here the scale of the enhancement
turned out to be k 2 = 5 for a single @ particle. Recoil toward
the center of mass was neglected. The uncertainties of the
calculations are discussed in detail in Ref. 78. In some cases
their estimate is overly optimistic. The methods of Ref. 78
allowed calculations only for emission of the “C nucleus.
Here also an equation was proposed for parametrizing the
spectroscopic factor S(**C) ~ [S(a)]'*/#, which was used
in a slightly modified form in Ref. 56 (see above).

A scheme in which the cluster form factor is calculated
using the solution of the inhomogeneous two-body Schré-
dinger equation with the shell form factor used as the source
function was developed in Ref. 83 for application to cluster
radioactivity. However, the methods used in Ref. 83 to cal-
culate the shell form factors are questionable, and therefore
the results of that study are not discussed in detail below.

The coupling of the channel containing unexcited frag-
ments to other channels via a specially chosen interaction
has been studied in Refs. 84 and 85. The perturbation theory
used in the first study gives an enhancement of decay with
'*C emission by more than an order of magnitude owing to
channel coupling. The exact solution of the system of equa-
tions in Ref. 85 showed that this factor is considerably
smaller and close to unity in the present case. However, the
results of Ref. 85 pertained to a range of energies higher than
those characteristic of cluster radioactivity. In this sense the
conclusions cf Ref. 85 cannot be considered definitive. Nev-
ertheless, we note that lowering the energy also lowers the
coefficient for enhancement due to channel coupling.
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TABLE XI. Comparison of the experimental and theoretical logarithms of the cluster decay periods T’ ,.

TeoperHyecKHe 3HAYeHHA 1g (TUZ- €) No AAHHEIM Pa3IU4YHBEIX pabor Experimental
Type of decay | E,, MeV et values of

471 | [38] | (23] | [&11 | [56] | [s01 | (78] | 371 | D571 | gugy log(T, s, sec)
P Er (1) 29,28 | 14.4 | 16.0 [ 15,2 | 16,0 | 15.5 = = = | 448 16,2 =>15.8
2{Ra (14C) 30,34 | 14.3 — | 14,14 | 14.8 | 14.2 | 126 | — — | 13:8 15,0 > 14,4
32Ra (14C) 30,97 |11.2 | 13.4 [11.2 | 11.6 | 11.8 | 11.2 | 13.1 | 13.5 | 12.2 11.8 11.0+0,08
223Ry (14C) 20,85 |15.2 | 15.7 [15.0 | 15.7 | 15.1 | 14.1 | 15.2 | 15.2 | 15.7 16.0 15.2:£0.05
224Ra (14C) 28,63 |15.9 | 18.2 | 16.0 | 16.8 | 16.2 | 15.0 | 16.9 | 17.4 | 16.6 16,6 15.94-0.12
225 Ac (14C) 28,57 | 17.8 — | 18.7 | 19.7 | 18.8 - — —_ - 19.7 >18.3
226Rp (14C) 36,46" | 21,0+ 232210 | 22290201 | 22| — | .3 | 21.2 20,6 21,2--0,2
231Py (23R 46,68 | 25.9 g PTG N N = o T R — >25.4
230Th (24Ne) 51,75 | 25.3 | 26,2 | 24,8 | 24.9 | 24.8 | 21.2 | — pat — 25.6 24.64-0,07
3T (26Ne) 49,70 | 29.5 | 30.6 | 29.1 | 28.4 | 27.9 — —= = -~ 30,4 =27.9
231pg (24Ne) 54,14 | 23,4 | 23.5 | 23.7 | 23.5 | 23,4 | 19.3 | — = | 231 24.4 23.4+4-0,08
232(J (24 Ne 55,86 | 20.8 | 22,0 | 20.7 | 20.0 [20.8 | 16,5 | — == 1L B0zh 2.1 21,0+0.1
2337 (24Ne) 54,27 | 24.8 | 24.5 [24.9 | 24,8 | 254 | 21,3 | — — | 23,0 25.6 24.940,15
333[] (25Ng) 54,32 | 25.0 | 24,7 |25.4 | 244 | — = — _hoggil 2 —
234]] (24Ng) 52,81 |26.4 | 27.0 [ 25.8 | 25.7 | 25.6 == = = — 26.0 25,3+0,05
234]] (26Ne 52,87 ['26.3 | 27.5 | 26.2 | 25.0 | 26.4 = | ROy =
347 (28Mg) 65,26 | 25.8 | 26,5 | 25,4 | 25,7 | 25.4 — — == — 25.4 25,7+-0,06
337Np (3°Mpg) 65,52 | 27,5 | 27,8 |28.3 | 27.7 [29.9 | 21,0 | — — — 29,3 =272
236py) (28)Mg) 70,22 | 21.0 | 22,1 | — L = = = = [ HofiD 2.4 ~ 21,7
238y (28)Mg) 67,32 |25.7 | 26.5 [ 25.9 | 24.6 | 25.8 = — — —_ 26.0 25,7+0,25
38Py (300 g) 67,00 |-26.0 | 26.8 | 25,5 — | 26.9 = — — — —
8Py (328]) 78,95 | 251 | 26,4 | 25.7 =25 o587 = = — — 25,9 25,34-0,16
241Am (345]) 80,60 |24.5 | 25.6 | 26.5 | 26.2 |[28.8 | 16,3 | — — _ 28.0 >25,3
"lgrm* 0.45| 1.4 0.26| 0.7 | 0.35| 3.0 1,3 1,5 | 0.9 0.7

*rms deviation of the theoretical estimates from the experimental results.

5.DISCUSSION OF THE RESULTS AND PERSPECTIVES FOR
EXPERIMENTAL AND THEORETICAL STUDIES OF CLUSTER
RADIOACTIVITY

In Table XI we compile the results of the theoretical
studies discussed above. The experimental half-decay per-
iods and energies of the emitted clusters are also given to
facilitate the comparison. The latter clearly indicate the
cases for which experiment does not discriminate the type of
cluster. From the pragmatic point of view the best descrip-
tion of the experimental data is given by Refs. 23, 29, 47, and
56, discussed in detail above and claiming to be alternative
approaches. However, from the viewpoint of the physics of
this decay it is interesting to note the quite satisfactory de-
scription of experiment, on the one hand, by Ref. 36, where
the fission ideology was apparently followed most systemati-
cally, and, on the other, by Ref. 78 and also the work of the
present authors (see also our earlier calculations in Refs. 74—
76), in which the cluster formation factors were calculated
microscopically by analogy with a decay and including the
structure of the nuclei participating in the process.

At this stage of the investigations it is apparently impos-
sible to draw any unambiguous conclusion about the cluster
decay mechanism on the basis of this agreement.

It is true that the picture of nonadiabatic cluster forma-
tion in the decaying nucleus appears more promising and
diversified. It gives a natural explanation of even—odd ef-
fects, and easily interprets the success of the simple cluster-
decay period systematics and the absence of strong coupling
between the yields of fragments from ordinary “‘statistical’
fission and the yield of clusters with E~Qy . Let us consider
the latter in more detail. The experimental yields of @ parti-
cles, *C clusters from Ra nuclei, *Ne and **Mg clusters
from #**U nuclei, and also fission fragments are shown sche-
matically on the same scale in Fig. 18. We see that if clusters
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and fission fragments are formed by jumping over a de-
formed barrier, the barriers for these two cases are quite
different.

The results of ‘Ref. 86, in which the reactions
233U(ny,,*Ne) and ***U(n,,, f) on thermal neutrons were
studied simultaneously, have recently been published. A
yield of Ne nuclei with kinetic energy E ;, =~ Q. Was not
observed at a level of 10~° of binary fission, and a yield of Ne
nuclei with E;, ~Q n./2 owing to ternary fission has been
observed. The experience gained in studying fission shows
that the form of the mass distribution of fragments from
spontaneous fission and from the reaction (n,,f) varies
weakly. Therefore, extrapolation of the results of Ref. 86 to
the case of spontaneous fission of the compound nucleus
234U would lead one to expect a yield of cold **Ne and *'°Pb
at a level certainly below 1078 of fission, owing to the de-
crease of the ratio Q,/B%". However, the experimental
yields of fragments and of Ne nuclei are roughly equal (see
Fig. 18). This indicates that it may not be correct to apply
fission ideas directly to cluster decay. This conclusion is also
consistent with our systematics of the experimental data on
the cluster decay probability.

At the present time the experimental sensitivity in clus-
ter detection allows detection of the effect down to
Ay /Ay ~107 1%, The main thrust of the experimental studies
has been and still is the study of the cluster radioactivity
width "y as a function of the mass number of the cluster X
and, owing to the condition 4; — 4y ~208, as a function of
the mass number of the parent nucleus 4, . All the theoretical
and phenomenological schemes and also the extrapolation
of the experimental data predict that the ratio A, /4, falls
off with increasing X, but the rate of falloff is different in
different schemes. It is interesting to carry out experiments
to observe cluster decay with **Ca emission. From the ex-
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FIG. 18. Comparison of the probabilities for various types of radioactive
decay (a decay, cluster emission, spontaneous fission) for ***Ra and 2*U
nuclei.

perimental point of view the most promising **Ca nucleus
emitter is **°Cf, which is available in quantities of the order
of milligrams. Although most models predict small values of
this ratio (for example, the theoretical estimates of the pres-
ent authors give A ¢, /4, =107 *?), even upper experimental
limits can prove critical for eliminating some of the proposed
models. Moreover, this is apparently where one should look
for the transition to the fission regime.

The authors of Ref. 23 pointed out the possibility of
using the ISOLDE-III setup at CERN to study '*C emission
from the odd-odd nucleus **°Fr, '*C emission from !'*Ba,
and ®Be emission from '*¢Bi. Except for the first variant,
working with such highly neutron-deficient nuclei in quanti-
ties of about 10'° nuclei appears to be very problematical.

Important information for analyzing the appearance of
forbiddenness factors in cluster decay for an odd parent nu-
cleus can be obtained by raising the sensitivity by two to
three orders of magnitude in comparison with that attained
in the experiments which have been carried out on the decay
of #"Np, 235U, 233U, and »*'Pa. In the case of 23U it may be
possible to observe decay with emission not only of 2*Ne, but
also of *’Ne separately. In the case of >*'Pa it is possible to
observe decay with formation of >*Fe in addition to the main
branch **Ne. It is important to significantly increase the sen-
sitivity in the study of decays of the even—even nuclei >*Th,
336U, and 2*°Pu, for which so far only the limits of cluster
decay have been determined. Our previous theoretical pre-
dictions for 4, /A, are the following:

Y > WPh |+ BNo; — g (hx/hg) = 15.1;
26 — 05Hg | Mg —lg (Ax/hg) = 15.1;
28] — 26Hg + 4§i ; —lg (Ax/hg) = 14.3;
0Py — 208Hg + 4Si; —Ilg (Ax/Aa) = 16.2,
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i.e., the observation of decay events is not hopeless.

Experimental searches for cluster decay to excited lev-
els of the daughter nucleus are important for choosing the
best theoretical models of cluster decay. Such experiments,
which require an energy resolution of <1 MeV, can appar-
ently be carried out only using electronic techniques or mag-
netic spectrographs. Sources with high specific activity and
small area must be used, which is possible only for relatively
short-lived nuclei. It is possible that here again the optimal
variant will be ***Ra for decay with '*C emission to the first
excited levels in 2*°Pb.

The change of the widths I of this transition relative
to the widths of the transition between ground states is a
consequence not only of the change of the barrier penetra-
tion factor, but also of the change of the forbiddenness factor
F. Since the relative change of the penetration factor de-
pends weakly on the choice of interaction potential, while
the effect of changing the centrifugal barrier is negligible for
cluster radioactivity, measurements of decays to excited
states provide a direct determination of the forbiddenness
factors. Moreover, they serve as a good test for choosing
between models with widely different barrier thickness, i.e.,
adiabatic and nonadiabatic models. It would be very inter-
esting to study the favored transition of an odd parent nu-
cleus with emission of an even—even cluster to an odd daugh-
ter nucleus with angular momentum J, = J;. If here the
forbiddenness factor, in contrast to transitions to other lev-
els, proves to be small (several times unity), this will be
convincing evidence in favor of a nonadiabatic mechanism
of cluster formation, since for the “fission” mechanism
even-odd effects can be related only to a change of the bar-
rier—they are practically independent of the angular mo-
mentum J, .

Theoretical predictions of the characteristics of transi-
tions to various states of the *’Pb nucleus in the decay
*23Ra(J ™ == 1/2%) - "C are given in Ref. 89. The calcula-
tions were carried out with assumptions analogous to those
used in Ref. 73. The results indicate that the suppression
factors depend strongly on the quantum characteristics of
the states of the final nucleus.

The article of Ref. 90 appeared while we were writing
this review. In that study the fine structure of *>Ra decay
was confirmed experimentally. The forbiddenness factor for
transitions to the first two excited levels (J/“= 11/2* and
15/27) turned out to be ~2-5, while for the transition to
the ground states it was more than 500. The first value of
F %2 is characteristic of favored transitions, and the second is
characteristic of semifavored and unfavored e transitions.
In our opinion, the result of Ref. 90 is convincing proof of the
analogy between the mechanisms for @ decay and decays
with emission of heavier clusters.

The decay mechanism changes in going to highly excit-
ed states of the parent nucleus.” Since the potential barrier
for an & particle is much thicker than for clusters, the in-
crease of the penetration factor in the latter case is much
smaller.

Accordingly, the observation of heavy particles in such
processes is problematical. This is confirmed by Ref. 88. A
detailed discussion of these questions would take us far be-
yond our chosen topic.

The following topics are very important from the view-
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point of developing the theory of cluster decay. It is neces-
sary to take into account shell corrections in the calculation
of the potential surfaces and the mass-parameter surfaces in
the theory of adiabatic cluster formation. It is also important
to solve the Schrodinger equation in a space of collective
variables adequate for describing the evolution of the system
along the trajectory corresponding to the minimum of the
action integral.

In models of nonadiabatic cluster formation it is neces-
sary to develop the theory of the forbiddenness factors for
the case in which the parent and daughter nuclei differ sig-
nificantly owing to deformation. It is equally important to
determine the scale of the enhancement of the cluster decay
probability owing to nucleon exchange in the exit channel, **
taking into account the channel coupling due to the noncen-
tral interaction. The effects of variations of the a-particle
and cluster dimensions in the inclusion of superfluid correla-
tions in pp and nn pairs in the parent nucleus also need to be
refined.

An important theoretical argument in the determina-
tion of the cluster radioactivity mechanism might prove to
be the development of a hybrid formalism which takes into
account both adiabatic deformation and the formation fac-
tor (the shell spectroscopic factor) for a nucleus of this
shape. This approach would make it possible to fix a certain
state of the system in the exit channel and could perhaps
describe both cluster decay and cold fission.

On the whole, the experimental discovery of cluster ra-
dioactivity has given new impetus to the development of
theoretical ideas about nuclear rearrangement mechanisms
in radioactive-decay processes.
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