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1 = INTRODUGCTION

The spontanecus emission of fragments from nuclei is a recently discoversed
ragioactivity. Essentially, ths discovery was that some radicactive a-sources iike Ra and U
isotopes are smitters of fragmants like 14C, 24,25Ne, ... with branching ratios of 10710 or

less relative 10 the a—particies.

The theoretical prediction of this radioactivity was publisned in 1980 by Sandulescu,

Poenaru and Greiner!’.

The measurement which established this radioactivity was publishec in 1984 by Rose
and Jones who reported the emission of 14C nuclei from 223ma with a branching ratio of
(8.5 = 2.5)x10~10 rolative to a-particies?’ .

Within a few months following the publication of Rose and Jones several groups
from ditferent laboratories using various techniques confirmed tneir resutt®=6), The search
for other new cases of 14C radioactivity was the logical next step. Such cases were found
in other Isotopes of radium, i.e. 222,224R35) anq 226R37-8) Fyrthar effort yielded the
discovery of Ne emission from 232\_)9)1 23.3u11)' 231p.310) and 23012}

During ti-eir pioneering work, Rose and Jones met 2 serious difficulty in the choice
of the decay to investigate because they were guided onty by Q-vaiue and Gamow factor
considerations. The following investigators were orientad efficiently by the realistic
predictions of Poenaru et al. 13} obtained, thereafter, by normalization to the result of Rose
and Jones. The agifficulties encountered by these investigators originated, mainly, in the
preparation of intense radioactive sources and in the setup of selective detection

techniquses.



At present, the status in the spontaneous fragment emission study resembies many
other advancea flelds in nuclear physics : very specialized techniques are needed to add
new experimental resuils and theoreticai model refinements are being established in orqer

to 1ake into account the overall feawures of the experimental resuits,

We found it convenient to classify the experimental results cbtained so far accerding
10 the different detection techniques. Thus, after a section for pasic considerations, we
devote thrge sections to describe the experiments corresponding 10 thrge detection
techniques, i.e. the AE x E telescope, the magnetic spectrometers ang the track recording

foiis. In a last section we present a generai discussion.

2 - BASIC CONSIDERATIONS

The decay of a nucleus (Z,A) of mass M(Z,A) into a fragment (z,a) and a
residual nucleus (Z-z, A-a) is energetically characterized by the Q-value defined by :

Q = M(Z,A) - M(2,a) - M(Z-2, A-a)

The decay is possidble only when Q > 0. Using a iable of masses, one can see that
Q is positive tor a large number of heavy nuclei decaying into severai types of fragments
and that the largest Q-vaiues are obtained in the decays where the residuai nucieus is the
doubly magic nucteus 208Pp or a neighboring nucleus. The kinetic energy Jf the emittad
fragment is deduced from Q by Q2 ¢ (A-a)/A. in adaition, the main characteristic of the
decay, which is the decay rate, is very sensitive to Q.

The simplest way to evaluate the decay rate is the traditional a—mocdel where the
fragment is supposed to be preformad inside the nucieus and impinging on a confining
Coulomb barrier. The tunneling probability across the barrier, aiso calied Gamow factor, 1s
given, within the WKB approximation by :

cmexp -2 [°ar (2w - @) s wHY? g

wherg U(r) = z(Z-222/r, a = rg x ((A-a) 1/3 + al/3y i is the reduced mass and o is
defined by U(b) = Q. .



We calculated the fragment/a Gamow factor ratios for the most probaple decays of
e members of the 235U nawral series. We present, in table 1, their vaiues for rg = 1.15
ano 1.20. These Gamow factor ratios show the high sensitivity of tne tunneling to the values
of Q and ry. Cn the other hand, they correctly select for a given parent the most orooabie
gecay. Aiso, they are meaningfut (0 compare the probabilities of the decays of two
neighboring parents. Unfortunately, they compisiely fail 10 predict gither a reaiistic value

for a given decay or the ratio of the dacays of two parents as{ar from each other
as 223Ra ang 235y.

TABLE 1 : Most probable decays in the 235U natural series

[ FPRAGMENT,
NECAY Q-Value Gamow factor ratio Branching ratio
(MeV) | r=1.15] r_=1.20 ref.13 | ref.l4
2357 , 2Byg o 207, 72.20 |3.3%07° 1.14 1.6x10 1|1, 472007
232pa, 2% + P §0.42 {2.9x10> 0.37 1.0m10 %09 s x1079
227, V0. 4 W3y, 29.45 [5.3x00 22| 9.2x10™ |4.0x2072%]9.2 x107]
- - - -1
S0+ % a2.21 |2.1x107° | 9.8x07® [5.0x2071%]7.3 x107Y
2232012+ Pl | 27,73 |6.9x07%2 | e.sxo™ |a.oxi0™ 7.4 xa0™d
13 4 20y, 28.95 11.3x107%% | 1.9x10™° |s.00071?[1.1 x1071H
- 1% 4 9% 31.84 |1.2x07° 1.7:07%  [3.2x107° 6.5 x107°
- - - -2
2% ¢+ %mg | 28.11 |2.6x07%% | a.3x071° le.3x0” 5.7 x0™%

At present, it is the fissionlike description, even in its simplified form as was given
by Poenaru et al, 13 ang, later on, by Yi-Jin Shi and Swiatecki'4), which yields the best
predictions for the spontanecus emission of fragments. Such a description takes into
account the nuclear collective oscilfations times the fragment penetrability factar through a
deformation energy barrier parametrizeo to fit experimental data. In table 1, are presented
the fragment/a branching ratios calculated with thase supersymmetric fission modeis for the
decays already selected according to Gamow tactor ratios. Not only do the calcutated
branching ratios select 223Ra as the best fragment amitter candicate but also they predict
realistic values when compared to observed resuits.




3 - THE 14¢  RADIOACTIVITY OF 223ma MEASURED WITH A AExE TELESCOPE

A aExE Si surface barner detecior telescope was used by Rose and Jones2) in
their discavery far the 14C gecay of 223Ra and later on by Alexandrov et at. %) in tneir
repetition o1 the measurement of Rose and Jones. With this techmque the teiescope 1S
olaced in girect view of the source. in the experimeant of Rose and Jones, the aE detector
was 8.2 um thick with an arsa of 200mm2, the E detector had an area of 300 mm2 and the
solid angle an was 1/3sr, whersas in the experiment of Alexandrov st al. the detectors were

16 um ang 500 um thick with aQ = 0.1 sr.

Since the high counting rate of a—particles producing muitiple pile~up events is the
most sevare constraint in a AExE telescope measurement, the source and the measurement

time shouid be carefully chosen.

The main decay sequence of 235y is

23550 4,7.10%) - 22 m(p T, 25.6n) - 2lpace, 3.3:10%) - 27ac(s,22y)

-+ mia,18.78) - 2®PRa(x,11.4d) - **%Rn(«,3.95) - 2 °po(a,1.8ms)

- bi -
- op(p”,36.1m) » 2PBica,2.15m) - 2°771(p", 4.8m) ~ 207pb (stable)

Examining this sequence one sees, effectively, that 227Ac is the most convenient
precursoer tor 223Ra with regard to its half-iife of 22 y and to a measurement time of several

months.

ln the experiment of Rose and Jones, the Ac source had an activity of 3.3 pCi in
.a-particies giving a counting rate of = 4000c/s and producing up to ;quadruple pile=up,
whareas in the experimeant of Alexandrov et al. an Ac source of a 85 uCi yielded a counting
rate of 25 000 c/s and produced up to quintuple pile~up. Figure 1 shows the results of Rose
ang Jenes obtainegd in a run of 189 days. In this figure, 11 events lie around a vaiue of 30
MeV of the total energy which corresponds to the energy (deduced from the Q-value) of the
14¢ nuclei expected to be emitted by 228Ra, whersas their AE fall inside the two dashed
lings delimiting the location of C isotopes as extrapoiated from a calibration with an a-
source. In figure 2, we show the rasults of Alexandrov et af. obtained in a measurement of
30 days. There are 7 events lying around the total energy of the expected 14¢ nyclei
(indicated by an arrow) and within the location of C isotopes (limited by dashecd lines).



Here tha arrow and the dasred lines represent the calibration establisned with a i2c beam

from the cyciotran of the Kurchatov Institute of Atamic Energy.
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Fig. 1 Raauits of Rose and Jonas2) with an 27A¢ Fig. 2 Results of Alexandrov et al. 47 with an 227ac
source and a AExE telescore. In dots, the L] sourcea and a AExE telescope. In dots, the g
nuclei emitted by 2Z3Ra, The arrows and the nuclei emitted by 229Ra. The arrow and the dashed
dashed lines are tha results of the calibration, The lines are the resuits of the calibration. The salid lines
lower of the two crosses rapresents & quadruple pile— bound the region of quadrupie cotncidences of &
up. The upper cross is an event which was pulses. The crosses represant quintugle coinci—
recorded during a thunderstorm. dancas.

On the basis of the location of the 11 events in the AExE plot (tig. 1) and of a
favorable calculated Gamow factor (tabie 1) Rose and Jones established the 14C decay of
228n,, As to the results of Alexandrov et al., they showed that the measurement of Rose
and Jones was reproducgible.

Considering the AExXE telescope technique itself, we see that it invoives here the
detection of the very high flux of a-particles emittad by the sources, a fact wnich not only
produces a high rate of multiple pile~up events even in long measurements but aiso
damages the detectors. These features led physicists 1o use in the later experiments on
spontanecus fragment emission more selective techniques, i.e. the magnetic spectramaters
and the track detectors.




4 - EXPERIMENTS ON 14C DECAY OF Ra ISOTOPES WITH MAGNETIC SPECTROMETERS

Because the decay into fragments Occurs as very low branching ratio reiative to a-
amission in an a«-source, an aftraclive idea is to seiect the fragmenis from ihe very high
flux of a=-particles and o0 direct them towards a detector. This is accomplished by magnsetic
spectrometers. The main advantage In such a method is 10 use very strong sources with no
risk of damaging the detectors. The limitatlon in the pertormances originates in the
smalinass of the solld angle of the existing spectrometers and the acceptabie thicknesses of
the sources which do not disturb too much the kinetic energies of the amitted fragments.
Many spectrometars were certainly considered but oniy two led 10 diffused publications : the
superconducting solenoidal coil SOLENO'S) at Orsay and the weli-known type Enge spiit—
pole of Argonne. The main characteristics of these devices will be succintly described and

the experimentai resuits wiil be given.

4.1 - Experiments with SOLENO

The spectrometer SOLENO is a superconducting soienoidal coil surrounded by an
iron shield and enveiopping a vacuum chamber. it presents a perfect azimutal symmetry
with a large soiid angle of 100 msr and a large bandwidth in Bp of 5%, which saem to be
the suitabie characteristics for fragment seiection. When the electric current of SOLENQ is
set to focus the fragments emitted from the source on the detector, the doubly charged
a-particles, a**, emitted by the source are focussed welil before the detector and the singly
charged a* are focussed well behind the detector3) . So both of them do not impinge on the
detector (iig. 3a). The transmission of SOLENO is usually described in terms of the
effective solid angle at its entrance versus the magnetic rigidity gp of the incident ions (fig.
3b). When the ions have a wall-defined energy, e.g. in case of thin sources, the
focussing is adjusted in ordar to piace the representative point of these ions at the maximum
of the transmission curve, whareas when the ions have a wide distribution of energy, e.g.
in case of thick sources, their rapresentative points lie along the whole transmission curve.
In the later case, it results in a reduced effective solid angle.
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Fig. 3 (a) Setup inside the vacuum chamber of
SOLEND : 1 - source, 2 = baffle, 3,4 = AExE
telescope. The trajectorias of focussed 14C5* and
unfocussed a* and <™ are shown. (b} Transmis~
sion curve of SOLENDO established with an a=sourcs.
The arrows indicate the positions of degraded «” and
of diffarent fragments which could be emittad from
tha daughters of 274¢. From reference 3,
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Fig. 4 Resuits of Galds et al.3} with an 27ac
source and a AEXE teiescone placed in the focussing
plone of SOLENGC, (a) in dashed lines are the
resuits of the calibration. A group of events falis
inside the expected location of 19¢C nucler emitted by
23p3. Atlow anergy counts due to a-partictes. (b)
Background measurement whare a slight contami-
nation from C! source was reveaied.

The detection system consisted of a AExE telescope of silicon surface barrier
detectors. The dimensions of the aE and € detectors were 9 uym x 200 mm2 and 200 um x

300 mm?2 raspectively.

The telescope was calibrated with a 14¢ peam from the Tandem of Orsay.

Despite the high magnetic rejection of SOLENQ for the a-particles eminted Dy the

sources there were two categaries of a which could reach the detectors

a) the o particies emitted by the Rn and its daughtars ceposited aroung the
detectors {the Rn as a gas emanates from the source and travels insige the vacuum towards

the detectian area).
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o) the degraded a* particles, especially in case of thick sources, which fail insige

e transmission band of SOLENO.

However, ail the detected a are represented near the origin in the AExE pilane.

)nty multiple pie-up could give events extending to the 14C location.

in figure 4a, we show the resuits3) of a run of 5 days with a source of 227ac of 210
Gl in 223ma. The presence of a group of 1levents in the middie of the figure and inside
‘he location of the expected 14¢  auclei (given Dby dotted line) has unambiguously
sonfirmed the 14C decay of 22304 discovered by Rose and Jones. n figure 4a, the counts
at the Ieft originate in s—particles ang the six dispersed events observed at the right are due
to a siight contamination by a Cif source during a preliminary test (reveaied in the

background measurement of figure 4b).

In figure S, are shown the resuits?) of the 14C decay ot 222Ra, characterized oy a

striking clarity, which have confirmed the results of Price et al.® performed with track

detectors.

in figure 6, ars shown the results?) which have proven the 19C decay of 226Ra.
Four events, labelled from 1 to 4 and located around the 14¢ line characterizing a thick
source emission, were identified as 14C nuciei emitted by the 225ma source.
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Fig. 5 Resuits of Hourani et al. 7} with a 230y Fig. 6 Resuits of Hourani et al. 7} with a 226,
source and a AEE telescope placed in the focussing source and 2 AEXE telescope placed in the tocussing
plane of SOLENO. A group of events coincide with plane of SOLENO. Events labeiled from 1 to 4 fall
the ion of the 14C f 9 t: pected from the within the location of 14¢ given by dashed lines,
daughter mﬂa. Events at low energy ars due to &~ They are 140 fragments emitted by 226Ra, Cther

particles. avents are dus to G-particlas.



Finaily, it is worthwhiie to mention otner capavilities of SOLENO :

- Taking into account the small size (¢ < 16 mm) and the reduced thickness (¢
1mg/em?) required for the source, fragment/a branching ratios of 10713 or better coutd be
antained for sources of haif-livas shorter than tan years.

- Pracise anergy measurement or mass identification are possibie, especially when

the version of SOLEND with iwo coils is usead.
4.2 - Experiment with an Enge split-pole magnetic spectrograph

Kutschera et al. 8 measured the energy and the mass of the C nuclei emitted in the
decay of 223Ra. A swong 227Th source containing 223Ra as a daughter was used and an
Enge split~pale magnetic spectrograph with a gaseous detector in its focal plane servecd to

select and to detect the C nuclei.

The source at 227Th, 100ug/cm2 thich, with a diameter of 5mm, had ar average
activity of 9.2 mCl in 223Ra. The spectrograph had a solid angle ¢f 4.38 x 1074 of 4 7 and
it accepted 14C6* ions with energies ranging from 20 10 33 Mev,

The detector measured for each focussed ion its magnetic rigitity 8p (geduced from
a positlon measurement in the focal plane), its specific energy loss AE and its tota! energy
€.

A measurement of 6.09 days with the 22TTh source was performed. The counting
rate was of about 700¢/3 due to the same arigins as explained with the spectromseter
SOLENOQ. A background measurement of 2.85 days was obtained by turning the source
hoider by 180°. The comparison of the two measurements, in either AExE or Exgo plane,
yleided a total of 24 events faliing outside the background region and at the 14¢ jocation as
obtained with a calidration using a 14¢ peam from the Tandem of Argonne.

There was a considerable spread in aE measurement resuiting from the
degendence of the path lengths across the AE getecior on the angular incidence at the
entrance of the spectrograph. The total energy signat was better carried out and there was
essentially no deterioration in the pgp signai. Therafore we present, in figure 7, the 24
events plotted in the Exgp plane. The large part of the events ciearly falls on the 14¢6+

mass line. Three of them fall on a different line which is consisient with the location of
TS5+
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There is no Aoudt the results of this expérimem demonsirateg that the detecteq ons
nad a mass number 14. Unfortunalely mne statistics of the cata and the energy resolution
ware né)t sufficient to aliow aither the identification of possibie transition to exciteq sitates in
209pp (as was attempted by the authars in figure 8) or the existence of a paraliel decay of
223Ra py 13C emission (suggestea by the occurrence of ane event on the 13C mass line in

figure 7).
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Fig. 7  Rasuits of Kutschera et al. 5 with an 2275¢ Fig. 8 Theeventsshawn intigura 7 are piotted hare
soyrce and a gaseous detactor piaced in the focal versus the total energy. The positions of the g.s.
plane of a split-pole spectrograph. The events and of some excited states of the daughtar 209pg
covncide with the location ot 19C nuclei as given n ara indicated.

dashed tines by the calibration.

5. EXPERIMENTS WITH TRACK DETECTORS

Track detectars are insulating solids where paths of heavily ionizing particlgs may
be made visible in a micrescope after a chemical et:hing15" Polycarponate detectors have
been used so far in the detection of fragments. Tuffak foils which are sensitive to particies
with Z > 2 were used by Price et al. S) 1o measure the charge number and the range of C
nuclel. A maximum a-dose of 8.1070a/cm? was tolerated in order to control the dagree of
overiapping of short tracks of C or 0 ions produced as recoil nuclei in elastic collisions with
a-particies inside the polycarbonate. Much less sensitive polycarbonate, i.e. the
polyethylene terephthalate, also calied cronar, was used ihereafter by gifferent authors to
detect Ne fragments®~12) . This detector is sensitive to ions with Z > & and the limiting a-
dose is about 2. 101 Tasem2,



5.1 - Experiments on Ra isotopes

Price et ai.3) selected radium and francium 1sotopes producea in spallation
reaction at the CERN synchrocyciotron using the ISOLDE facility. The ions of masses 221-

p24 were implanted in the bases of cups on ne top and sides af which were ceolioyed a

125um Tuffak sheet coverea with a 10um Makrofol sheet (fig. 9).

§0 keV ISCLZE Seam

Polycarnonata sneets
after stcung

Fig, 3 Radium isotopa collactor cup uged in the
axperiment of Price at at.5) whern polycarbonate
sheets ware taken as track detectors.

in filgure 10, they piotted the rate of the chemicat etching along the track against the

residual range. Because the etching rate along the track depends on the primary ionization

rate, which is a function of the velocity ang the charge number Z of the particie, this plot

nas the property of a AExE detector telescope with respect to the identification in Z. in

figure 10, measurements at two points along the tracks of 14C emitted from 223Ra are
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Fig. 10 Ratio of stching rate along track to genara)
atching rate platted as a function of residuai range,
Dots represant measurements at two difterent points
along the trajectory of '4C nuclei amitted trom
223R,, Dashed lines ara the calibration. From ref.
5.
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Fig. 11 Results of Price etal.S) with track gatectors
and 222,223.224Ra soyrces, The histograms are
the measurad range distributions of 14C compared
with ranges caicuiated fram Q-valuas.
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representea by dots whereas callbrations obtained with heavy ions from the LBL Superhiiac
are given in 0ashed lines. The location of the dots coincide with the line of C. in figure 11,
are compared the histograms of measured ranges with expecied ranges corresponding 0
the Q values of the decays. The agreement in ranges corresponds to an agreement in
kinetic energies better than 0.4 MeV.

5.2 - Experiments on decays intc Ne fragments

Further experiments at Berkeley®? and Dubnal9-12) investigated dacays into
fragments heavier than 14c, using Cronar as a track detector. The following sources were
considered : 232,233y, 231pg, 230TH, 237Np and 247Am. The common features tc all
these experiments are related to the very low fragment/a branching ratios which were
investigated, i.e. two orders of magnitude lowar than in the 14C decay case. Intense
sources with extended sizes (in order to keep them reiatively thin) and detectors of large
area were used. The irradiation time was tens of days. Some data are summarized in table
2. it was found that 232y, 237pa3 and 230Th are 24Ne emitters and that 233y is 24Ne or
25Ne emitter.

TABLE 2 : Some characloristics of the oxperiments with track detectors In the
lavestigation of decays lnio fragmants heaviar than 14C. )

Decays Ref. Styength or Size of Irrad. No of Range Beams
magss of the] the det; time events (pom) for
source tor (cm” ) {days) calibration
232 2%+ 2%%yp, 3 0.5aC4 250 0 a1 12.820.23( *%ne, 1%
7,
231Pa_.24w20 Tl 19 7T mg 17.5 13 25 3023 20“2
233042.Ne+209Pb 11 75 mg 227 28 pE- 30.521.¢4 zuﬂe
-025N e+208m:
230,
Th-2~Ne'-2°SHg 12 210 mg 1040 64 165 29 lso,zoble zsﬂg
7 E
23 Np- °Hg+2°7'm. 12 320 mg a0 122 -]
4325442%y
291}\!»—03*51&207'1‘1 12 3.7 ng 36 30 Q
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The number of observed fragments together with their measured ranges and the beams used
for calibrauon are given in the table. Since no fragments were observed with 237Ng ang

24Tam sources, only upper limits wera set for their branching ratios.

With all these findings, the track detecior technique appears 10 pe very powerfui

and incites Dhysicits to search for new decays witn stili lower branching ratios.

6 ~ SUMMARY AND DISCUSSION

The diiferant decays into fragments which have besn observed or investigated up 1o
now are reporied in tadble 3 with the corresponding experimental and caiculated branching
ratios relative to a-decays. it Is seen that decays of Ra isotopes into 14C occur with Q-
vaiues of about 30 MeV and branching ratios of about 10'10, wnereas decays of some Th,
Pa and U isotopes are characterized by Q-values of about 60 MeV and by branching ratios
of about 10712, Al these decays are explained within one order of magnitude by the
superasymmetric fission model of references 13 and 14, Better quantitative explanations,
however, can be carried out with the same models il hindrance effects for even—odd parents
relative to even—even parents are taken intd account as it is commanly done in a~decay
wark, The columns 7 and 8 in table 3 compare the resuits of branching ratio calculations

periormed without and with even-odd effects respeclively.

. . These results are displayed in figure 12 where
Logyg (Bexp/8th )
)

the full sgquares corresponding 1o even-odd

- =) - ~
! } R effects exhibit, without doubt, an impro-
221Ra [
2 H vement in the explanation of the measured
ZZRa}. R~ ] )
223Rq branching ratios.
22Rg
4
22¢ac Other teatures of the a—decay may also apply
12524 here, e.g. the sensitivity of the decay rate to
2 . i
{ 1 the deformation of the daughter nucleus or

the possible transition®: 173 10 excited states

_in the later.

Fig, 12 Rauoo"narneasuredtoralculatedbranchlng
ratios displaying the calumns 7 andg 8 of table 3. in
dots, for caicufation without even—add efects and in
squares for calculation with avan-odd effects.

Y I W —

130Th
231P2
232y
wWIyL




TABLE 3¢

pranching ratics relative ¢ a-dgecay,

Decays into fragmenis opserved up 1o Now with their Measured anc caicuiates

Decay Q Pragment/a Ref. Fragment/s g, ° {ﬁ
(MaV) Exp.Branch. Theor.3r.Ratio h
Ratio Ref.13  Tef.la (a} (1)
221p, 190, 2070 | 31,28 [¢s.oxao™ | 8 | 3.207%2] 7.0m07M?] ~0.80 | -1.39
2213‘_.14C‘_207?b 32,39 |¢ L2072 | 1.2x30" 2 5.2%107%2| ~1.02 | ~o0.55
22200 %42 | 33,05 (3.720.5 ):.o':"clJ 5 | Lowo 2 19x0™® | 1.53 | o0.53
3.,1:1.0)10'1? 7
2232a14c42%%p | 31.85 s.s=z.5)1o'1? 2 1.2000~% | 6,900 | ~0.72 | —0.32
5.5:2.0 )10"'? 3
ms:z.o)lo'l? 4
s.no.a):.o'l? 5
4,721.3 )10'1? 5
- - -
229t %cs? % | 30.5¢ (4.321.2)207 5 | l.ex0 2| e.2x07 Y| 1.43 | —0.04
- - - -
P25 ot 0s 2y 30.47 | <a.0x10 2 8 6.3:00 2| 1.6x107| 0.20 | <.e7
- -2 -
226 pattc+? 2o | 28.21 (3.201.6)10 u,. 7 | 2.0m0™2| 3,207 2.20 | —.23
- - -]
230, 24,042%3¢ | 57.7g 5.6:1‘0)10'7 12 | a.om0™?| 3.ax0™ 015 | o.s2
P lpa??ne+2%7m1 | 60.42 4.3:0.9)10'1'7 10 | 1.0x2070] 5.ax10722] 137 0.0%
Po25.2Me42%%m | 62.31 (2.0%0.5510"F o | 1.3m07| s.exi0”P| .81 | 0.4
- -1l
2335,2%e+2%m | 60.50 13 1| s.oxo 2 gom0™| -1.82 | —0.10
7.822.5)10
~PPnes?%py | go.8s 3.2x10" 2 2.5%1072°
207 - -
P375p>%ug42%7m1 | 75.02 14 | 12| 2.5%0 21 5 gmo™
< 4x20
3 - -
251+2%2 | 88,41 2.5x10" 1} 3.8m0728
PAn348542%7m | 93,08 | < 3220722 | 7 | 4.0x0™?] 1.ox0™
< 30”® 12
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(b} As in (a) but with even-odd effect agtountea for via 2ero point vibration energy'® .
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Let us, also, mention the possibie coupling interactions between the fragment andg
the daughter nucleus during their reiative wnneling, by analogy 10 the ones proposed in the
inverse reactions, i.e. the low—energy heavy-ion fusion reactions. Such coupling inducing
transfer reaction as well as inelastic aexcitation couid affect the decay rate to the grounag
state of the daughter and aiso allow for transitions to finai excited configurations8.

7. CONCLUSION

Saveral cases of spontaneous amission of fragments from heavy nuclides have been
experimentally observed up to now. S0, spontaneous decays intermediale between a—decay
ang fission, previously predicted, are definitively established.

Three experimentali itschniques have been involved so far giving a striking
agreement in branching ratio measurements. The first technique of a AExE solid state
detector telescope piaced In a direct view of the source as in the discovery of the
phenomenon seems to have no roie left 10 play. The second technique based on a magnetic
selection of the fragments from the very high flux of a—pariicles is much more powerful in
tragment/a branching ratio measuremeants and present a specific inlerest in its capability of
measuring with grecision various characteristics of the fragments, e.g. the snergy, Z,A. ..
it is, however, the third technique using track solid detectors which seems to yield the
" smallest fragment/a branching ratios, and consequently 10 have in the future the most

imporiant role to play.

We have shown that the predictions of the fragment emission were achieved by the
use of the tradittonal modeis of a-decay and flssion. At present, the discovery of saverai
cases of fragment emission and the measurement of their fragment/a branching ratios offer
a new fleld for 1esting and reflning many theoretical aspects involved in a~decay, in flssion

and even in low-energy heavy-ion fusion.

Finally, it is interesting to point out that many fragment emitters, e.g.
223,224,226R,, 237py ang 230Th, occur in the natural series of 232Th or 235,238y,
Fragment concentration measurements in U and Th ores should be of interest for applied .

research.
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