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1. Int1'oduction 

Since the v/o1'k 01" Но зе aI~d Jones /1/ the study of the 

sропtапеоuз decay о! heavy e1ement nuc1ei iпv01viщ; emission 

01 пис1еоп c1uste1's . such аз 14с and'24Ne• cOlltillues to агоизе 

conside1'able iпtегезt. 

The пеп mode 01 1'adioactive decay was detected i Jl 9 isotopes 

о! На. Th. Ра, ~~d U /2/ . The ехре1'iтепtа1 data accumu1ated pe1'mit 

the study 01 the dependeace 01 the c1uster emission p1'obabi1ity 

оп the atomic питЬе1' Z and таsз питЬе1' А 0 1 both the initia1 

пис1еиз blld the c1uste1' emitted. I t c~~ also Ье possible to 1'eveal 

the inl'luetlce о! the пцс Геат рагл, t y effect, and dеtеl'тiпе the 

1'atio of dec ay p1'obabilities fo1' опе nu cl e us emitting diffe1'eilt 

с шатегв, The ввшл ешрлл-д св Г dependences oi the Geige1'-i!utta11 

type 1'01' o(-decay obtailled i1'om the з еt oi data а110\'/ о пе to 

give тО1'е p1'ecise est imates о! c l us t e1' de c ay p1'obabilities 1'01' 

аз yet un s tudied nuc l ei . 

Th e expe1'iment a1 data оп the s pon taneous emission о! pa1't ic1

ез y/ i t h таззез i n te1'mediate between thos e of ()(. - рвгтдс Ге в ала 

fiss ion f1'agment s g i ve an impetua t o an ~la1ysis 01' the diffe1'enc e 

and a i mila1'i ty от the oC-dесау and fiss ion of nuc 1 e i . 

I n this context it is inte1'esting to investiga t e c1uste1' 

emissi on ггош nuc 1e i that unde1'go both 0(- ё ес ау and s pon t ane ous 

fission. Bea1'ing in mind the expe1'imental роssi Ыl itiез and the 

theoretical estimates о! the c1uster ешiss i оп pr obabi1ity /3-6/, 

the studies о! uranium isotopes look most promisillg /7/. The 

emission o f Ne llu c l e i у/аз established to о ссцг in 232 U /8/ ало 

233U /9/ decay . For 234 U зоте 11 decay events accompanied Ьу 

Ne emi s s i on ~~d 3 event s i:rivolving Ые; ешз.авло п пете detected /10/. 
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ТЬ е present l y kao wn results about clus t e r emi s oi un fго ш 

nuc l ei heavier t he.n rad irun мег е obta ined u о iщ; tlю 00 1 1d"/I t a t 

t rack detec t or tech ni qu e at Berkeley / 2/ and а t DIЙJ/ 1/I /11 I • 

ТЬс resul t s obtaine d Ьу thc t\VO ~Г ОЩ>D аго с о ш р llJ lП"" 1 LHr V t o ош 

ало тпе г s i nce t hey us c d di 1"1'cl' ol1 t dot Ot.: t OI' IПнt Оl ' 1н J II '11,,1 !'.! I'o"i 

processing methods. Thi:} iac i 1о 01 g l ' lш t ,1 mрU I ' LШlс 't 111 1I1vuuL,1,;ui 

i ng ргосез з е з \'/hi ch сап Ьс r ecol'dc d ut t llO 11,m1 t ,1 1I ш.1 L1v I t y 

о! t h e mode r n tесhпi quе s . ТЬе ргвпсл ь рпрег !Iou l u vl l LI, LI' II IILll<ly 

о! c l u s t e r ernission i :1 the вропталсошз Й СС I1У о r ? J~ 11, ,'1 ') \1 . Hl1 d 

2)6u. 

2. Experimen t a1 t e c~'1. 1 q u 

l' od l uli<: Ll v. цпрГе аEx perimeats were carried out us i щ; t hl' 

o Lo p t Hthe chaгacteri stics о! which аге given in te.blc 1. '1'11 

compos i t i on о! t he se.mp1e s was determined Ьу muо з - о р" " L,'um" t I ' 1 с 

and о( -spec t r ometric methods . 

Аа in оцт ear 1i e r vlOrk / 9,11/.,the pr oduc t ::I о! UI 'II I1 II11 I1 ,IOCHY 

wer e r e c orded Ьу l avsan (po1yethyleneterepht h a l e.t e ) t r l1c k 

det ec t or s s ens i t i ve to part i c1es with charg e s Z? 6. TI18 d 'IL" o tUl'!J 

were exposed i n the air in а ge ome t r y с1оае to 2 51 . TIIO tI' IL C\ 

detect ion was carried out i n the angulaг range 150 - 7 00 witll 

respect to the detector р1anе. This yielded а cluster det oc t J.ulI 

eificiency equal to О.)) of 4~. 

For obtaining the visible (under а шiсговсоре) opt i c a 1 i mщ; 

о ! а pe.rticle track the detectors were etched Ьу а 20% NaOH 8о1 и 

600С.tion a t е. temperature о! ТЬе etching procedure i ncluded
 

SQVCr l11 ::I t щ;еs . ТЬе reve l a tioll of the fu11 Пе track length 01"
 

IIbout ) 0 FП took about 4 bouгa. ТЬе 7/Ьо1е etching proce s s was
 

div ldud i fl t o оеуеги 1 ) O- mi n steps. A1"ter еасЬ step there were
 

ТаЫе 1 . Chara c t e r i s t i c s о! th e ura n i run s amples a nd t be nurnbers 

о! t h e c lus t ers detecte d 

I s o t ope 
Ез о ъо ре с опс е . г з гв зГоп , '; ~ 

samp le 1 ::;о.ш р l е 2 s ample ) 

Ur a!1irun - 2)2 

2)4 

2)5 

2)6 

238 

-
0. 85 

8 9 .80 

-
9 .)5 

0. 001 2 

98. 05 

0 .13 

0. 24 

1. 58 

-
0.001 

0.047 

99 .845 

0.107 

Total amoun t 

о! ш-ал дшп , 

mg 1)50 18 . 5 25 . ) 

Squar e , ст 2 1940 256 46 

160 

~ xp o s ur e 

durat i on, 

days 2) ) 4 20 

Nrunber о ! 

1Ie trac ~ s . 7 24 О 

О 

!l uinЬег Ol 

1,1[:; tra c ks э 13 

carri ed out the s ea r ch and mea sur emen t of the parame t er::; о! the 

trac ks r evealed in s canning ~'1.der a n op t ica l mi cr oscop e . Such 

а proc edure make s i t pos s i ble to obtain аате data О П the kinetic s 

о! etching . 

То ide!1tify th c particle pr od uc i ng а t r a c k и в е was made 

о ! t he dependence of t he etch.ing s e l ec t i v i ty VT/VM (VT i s t h e 

velocity о ! etchi ng a l on g the tra c k io de t e c t or materi al , a nd 

V is the e t ch i ng veloci ty ou t s i de t h.e de.:na ge zone produ ce d ЬуM 
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spe cifi c ionizat i on in unit s о! MeV cm 2/ mg , and cP~ i s t he 

r a nge R Vlh i c h i s t he dif f e r e nce between t b e l e ngth. of t he fu l ly 

t he part icle dete cted ) иpo ~ t he value о! the res i dua l particle 

number o f о<. - partic l e s t hat have р аааес t hr ough. 1 ст 2 of t he 

etched t rack and t hat of its part etched Ьу the mome ~t о! detec tor . 

t e r mi na t i ng а g i ven еt сhiПб s t e p . The dete c t or s we r e cal i br a t e d ' 01\ То t a ke th.is effect into account the de tect or sample s 

u s i ng 1 . 6 - 3 .0 j.leV/amu 20 Ne and 26Mg лол Ьеатв from the U-300 calibra ted Ьу iог-s at t h e U-300 cyclotron were e xpo s ed in th e air 

cyc l o t r on o f J I HR. It wa s es t a blished tba t thc I'utio VT/ V wa s оп t he urani um sam ples s t udied under the вате conditions ав t h e 
M 

affected Ьу tlje ;::agni tude o f t lю integr a t e d D(- pll r t i c l e flu:x to dete c t or 8 f or recordi ng spontane ou G deca y . 

\vh i ch the det ector mat e r ial \'18B exposed in th.e air оп а r adio
ф.- I.н(f!сm 2 

a ctive 8aтple . Thi8 de pe nd e~c e сап Ье llppr ox i mll t ed in оиг 
~.e::::t-=1- Ne 

зо Mgmea 8ur ement s Ьу the f o llowing expre ssion 

Vr/VM =a(dE/dX)b, Fig.2 . Dep end ence of the et 

whe r e а 0.0063. Ь = 1. 83 + 0. 81~ ( ~X1 0-9) 0.04 . dE/dx i 8 the 

( 1 ) 

c habl e track length оп e tch in8 

20 

15 

~ 
<, 

:t'.10 

фd. _l ,6 . 101't:m 2 t M2~ Фс1 . /J 1OЧ:m-2 

26~ 

~Mg 

~:~ ~,
 
N. [~,~: "\:~ ~ 
26 I 2О 

~~~~~ 2~ 
J"~~ ~ 

. 

~~..~ ~r6..' 
1....... "'"
 

10 20 30 10 20 30 

А ...... 

Fig. 1. Dependence o f the etchi ng selectivity Ут/Ум цроп the Ne Mg ff 
residual r ange. The сигуев аге dravm a c cording t o 

Fi g. 3 . Profil es of Ne , Mg and f iss i on f ra&~en~ t r ac k s witheq.(1) . ТЬе calibration data оп 20Ne аг-d 26Mg ~e 
the э ате magnification o f х 1 200 aft e r et ching duringindicated Ьу c los ed circles. ТЬ.е results о! рго се в в з.п ; 

3.5 h ours . ТЬе c i r cu l a r tracks о! d~f fe rent di~etersв от е of the tra cks reve a l ed in Btudi es ef 234 U de ca y 

аге due to reco i l nuc lei knocked out Ьу ~-part ~ c le s.
аге s hown Ьу ореп circle s. 

51

_ .._<4.I',.' ....l",'I• . ,..,~ ,,' . ~', ..••ч.', · ; ' · 1Ct ' .. ,.1\.'.~~! '' i '..., . ,- .~.~ .•:.. . . ' .. .... . . 'Р.,""'.... а'. ..·,.,,;. .lt....~ ...~ . ~, ""'".."'" -.~''''', flI.' .·..::(...;-.д>: ~

,oL... 1

'" 

time f or Ne a nd Mg . The curves 20 

drav.':l through. the dat e аге 
Е 

t o guide the еуе. :>. 
..J 

10 

о I I • • , 

• t .hour- ........
.. .. 
•.'"'" 

" 

I 

http:drav.':l


-тз

The зс аttег iпg о ! ~-рагtiсlез aпd fis зiоп fragme nts оп <1 
., 1, ФН ()().... '" .,"'.,., .,р, .,р, ~ ""' v il'\ \.оlight nu c l e i i nc orporated i n the зоuгсе aпd detector material s ...... 1...... ' ...... 1......<, <,~ i ('J ........................
H cJcz: 
р,р, р, ьз, 

ргоduсе з the зесопdагу backGro~~d due to r e c oil nuclei with 

~ <J'\Z ~ 6. I n order llo t t o exceed the пшв'оег о! recoi l nucle i over lj)1 ~IO
о:...:

') 
~ ~ ::1 0"" ~ ~ 

соt h e опе maki ng cluster observat i on d i i fi cult, t h e time о ! 
О 

СО ~ о;;е хрозurе wаз limited f or each detector Ьу the аdmiзеiblе ~ ;:; 
" о I~ <о 

" 
~л. ci' N '" [J N ~ 

о
part icle Пих (~1012cx-part icles рег сm2). 

$ 
'i
н

"" Меазurеmепt з о ! tгас k з during тulti-зtаgе etchi ng have '" ~ I~. 1 
\D "'" о '" ~ 

соthe advwlta 5c t hat ойе and t he з ате track сап Ье uзеп repe a t ed  ·. 1 
'<t'" ~ I ~~ т1 '" . , 1 ф It-•;:::ly f or iden t i iying t he particle which has produced it . The в., 

<о л '"'" '"~resu1ts о ! c a librat i ons and measurements [ог 2З4u аге given ., " "+> 

i n f i g . 1. Тпе f ac t that in the etchi ng рго сезз Mg t racks were ~ '" !f1':1t-:' 1t-:' 1""о N .  t"'\ NО.-< r-"\ .  ...... ..... . u ·n "'о 
revea1ed co us iderably ear1i e r th~~ Ке trac ks Ьесаи зе of the ~ .-< 

., 
N 

:s:::01 ~ 
~• <о.,~ I'"

о u <J'\ л 
аГ N

Лhigher spec i f ic i oniza t ion о ! the f ormer а1зо al1eviated the [Ij 1:1 Р., ~ 

'" 'М Р '" +> \D ""search and e nh~~ced t h e r elia bi l i t y о! track identiiication. z . . ..'М "" '" 
о <о" 1 "" 1 "' 1 "" ~ loN N (\Jr' '" N .  ,.... .  ......': 

,п 'о ~ 1"'0This is demons trated L~ iig. 2. The profiles о! the trac~s due 
'М 

2 ~ ::. 
t o Ne ; Mg and а fisзi о п i ragmen t measured with t he зате magni  о •н " 

р, Р ~ I ~ I ~ I~ I~L1" C\I (""'\ N N 
N .  ...........
 .." fication factor aiter З . 5 -hоur etching аге shown оп а micro- '" JJ ~ 

+> со C::J 

photograph (fig. З)· 1:1 Р Оо 
~ ' .j ~ ,-о счu "'" ;;

~~ 0'\ О u'\~ rnш'О ~ 
, 0'\ ~ ~ "" " +> 00 О '" '" '<t""aJ ., .. , +1 ""'" 

А .<:1 ~ o '<t""00З. Rезults о ! measurement s a nd discussion +> + ; <о~ + I <о '" 
~ ~I \D о 

н "'"::<: 
н ~ ~~ ~I W о'" 

~ ~ ~N "" The питЬегз о ! t .he 11 е and Ме; tracks revealed in each saтple 
.-< 
., 

Р 
'<t 

.о "" t  t аге given in table I . Fr om the data presented in fig. 1 it Е-< '" '" 
О О 

" 
~ 0'\ 0 '<t"" I <J'\-;;fоl10WЗ that the most ргоЬаЫе mаsзеs о! Не aпd tlg сluзtегs аге ~~.~ ~ • \D~ N -е

~ ~ O'\ N ~ ., О '"0.. 0, +,24-26 aпd 28, гезресtivе1у. Оиг technique of ргосеззiпg solid с)z "'~ ~ + , o.. I ' Т 
е"" со" ., <J'\ о 

'" N . ~ 

<о 
state track detectors in t he regions of atomic пumЬегз Z ~ 15 ::шd '" ...; ~ ~. ";t '<t 

~ ~ "" ~ '" 
шавв питЬе гз ;, ~ ЗО provides the resolutions .6 Z'" ±0.15 and 1 
6A~ ±1. The соmрагi зо п о ! the magnltude of the e ffect observeu 

'" н., н )аУ ) ~01"''( )'101 Jл· г/ L ;:.::12- ' .,II ~ ( ру+> ру011 ашпр Гев 1 wld 2, made taking into a ccount the aтount of ,>"U .,Q.-< 
u ::1 
::1 

~ I А I ~<:.> I_--.r::=n-,:r. K.I O.:H'!' [, 
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i n e ach samp 1e a ad the ехро зurе t i me, shоw з tha t the observed 

eifec t о! с1uзtег emission iз 1i ke 1y to Ье r e1ated to 234и a1one. 

Тhiз сопс1uзiоп епзuе s from the f a c t that t h e d i f f er enc e 

betwe en the еffес tз \'lllich co u1d Ье a t tributed t o 235и iз e c;.ua1 

to 0.0 ± 3. 2 [ог ;;е Шld-1. 6 :t 2 . 1 го т Mg , i .e. it iз vlithin 

the measuring е ггогз . Together wi th the oretica1 е stimаtез , the 

ob t a i ned va1ues of the c1uster еmiзsi оп pr oba bi 1i t y re1at i ve 

to t h e о< :"de cay probabili ty аге 1iste d i n table 11 . ТЬе experi 

meata1 dat a t ake i nto ас сошш t h e cont r i bu tion [гот 232и de cay 

to the tota1 питЬе г о! the de tect ed t r a cks in samр1 ез 1 aad 2 , 

vlhich is 4 eve:lts г ог Пе апё n ot тоге thап 0.2 eve:'lt s [ог !Лg . 

Оиг 234 u гезu1ts a gree fair1y we11 with t h ose о! work /10/. 

A1t h ough the stаtiэtiса1 ассurа с у i s not very h i gh, both о иг 

mеаs urеm еп t э апа wor~ /10/ give the lower probabi1ity [ог Mg 

ешз. а вл оп than that гот ; : е whereas theory ргеdiс t з the сопv егзе 

/З-6/ . 

. ТЬе теге syst eQa t ics о! the experimenta1 dat a ob t ained 

аге ргезепtеd in iig. 4. Тhiз f igure зhоwз the logari thm s о! 

the partia1 ha1f- 1ives о ! urалium iзоtаре s emitting he1ium, neon 

алd ma gnesium lluc1ei аз funсtiопз о! the nat ur a l logarithm о ! 

the Cou1omb potential barrier penetrabi1ity. This approach is 

зiтilаг to t he зimрlе theoretical justiiication о ! the Geiger

Nutta1l law f o r ~- de cay /12/ and Ьав already Ьееп uзеd in the 

analysis of the c1uster emission decay ear1ier /2,13/. ТЬе 

barrier penetrabi1ity was ca1cu1ated using the fol1owing 

re1ation 

Z1Z2e~Q	 1/2 
(2)p=eX+/hj [2 :;:12 U(Z1;2e2 _Q~dr} 

where А 1 , А2 and Z1 ' Z2 аге the тазз алd a t omi c пumЬегз of the 

c1uster ~~d the daughter nuc 1eus , r espect i v e 1y; Q is the таэ з 

differe nce be tween the i nitia1 алd f i na1 nuc 1e i , n i s the P1anc~ 

сопstалt, U i s t he unit тазэ , алd е is the sing1e сЬагбе . Tlle R 
N 

va1ue was taken to Ье equa1 t o 1.44 ( A~/3 + AJ / 3 )X10- 13 ст. 

The с1uзtег тазэ пumЬегз given in brackets i n fig. 4 соггезро~d 

to the highest penetrabi1ity о! the barrier and do n o t co ntradict 

the experimenta1 data the error о! which i s a bou t опе mазs unit . 

The str a i ght 1iпез [ог Не and r1e еге drarт t hrough the роiп t з 

[ог the even-even isotopes о ! urалium. The position of the 

/ MgNe 
30 ~ 

(~~rШ51 / J з5( 26) 

(28)234 ;r~7'" ~236(26)
/ 8 234(26) 

/ 233(25)=.. 
/ /8232(24)~20 

'нЬ 

о 23 5 /~38е'" ..... 
• 236 

2ЭЗ .~4 
10 /

/'232 

/'230 

O~, I • I 

30 50 70 90 
-Ln (Р) 

Fig. 4 .	 Dependence о! the соттоп logarithm of th.e part ia1 half 

1ife оп the natиxa1 logarithm of the Cou 1omb PQtentia1 

barrier peneyrabi1ity for the emissi on of Не , Ые, алd 

Mg nuc1ei [гот uranium isotopes. Unbr a c ke ted f igures 

indicate the тазs пumЬегз of the uran ium i sotopes, 
RN bracketed figuгез аге t he тав в numbers of сlU Еtегз . 
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straight 1 ine fo r ~iG i5 de t e r mined Ьу the e :cpe r im enta1 уа1ие 

of the partia1 ha1f-1ife of 23 4u. Its э1оре is chosen to Ье 

the зате аэ that о! the straibht 1ines for Не and Не . Ву ~~a10gy 

у/! th O(-de c ay о пе сап speak about t he ргеа епс е of the hindra.'1c e 

factor fo r t he с 1uзt ег-еmi s s iоп d ec ay of od d-m e.8s nuc1ei , 7/h ich 

i8 about 40 a..'1d not 1 ез э t han 3 for Ые emis s i on from 233 u D.lld 

fгош 235 u,re s pe ct i ve1Y. 

А differeat choi c e of the radius paraтeterD or the изе of 

nuc1ear potentia1 other t ha~ а зqиаге we11 wi11 certain1y r e s u1t 

in а change i n the position of роiпtз о п the аЬзсiS8а axi8 i n 

fig. 4. It i8 however lli11ike1y that thcy wi 11 сhа..~бе the 

c onc1usion ab out the р гейепс е of the hindr w1ce f ac t or in the 

с1uзtег decay о! оdd-mаsз nuc1ei. 

4.	 Conc1usion 

ТЬе el1tire set о! data permits the assertion that 23 4u 

decay proceeds via four спаппеГ а о! hadron decay, i. е. С\- decay 

(Т 1/ 2 = 2.45 х 105 years), the еmisзiоп о! Ne J1Uc1e i 

(Т 1/ 2 '" 5 х 1017 уеагз), the еmiззiОI1 of lIig пцс Гел, (T1/2~ 1Х1 0 1 8 

years), and sропtапеоuз fiззiоп (Т 1/ 2 '" 2Х101 6 уеагз). Beari~ ; 
in mind the data оп the уiе1dз of зерагаtе fission fгаgmепtз /14/ 

опе сап зtаtе that the decay о! 234 U throuSh the chW1!1e1s invo1v

ing Не and Mg production оссuгз with appro ximate1y the зате 

probabi1ity аз decay in sро пtanеоuз fiзsiоп a ccompanied Ьу the 

formati on of а certain Iluclide пеаг .t h e maximum о! the mазs 

distributio!1. The hindranc e f ac to r уе.1ие fo r t he decay of the odd

таээ пuс1еuз 233u acc omp~,ied Ьу the format ion o f Ne particles 

('" 40) 1ies be t \':een that for 0(.- decay (equa1 to 1.2 for the то з t 

i nt ensive tгenз itiоп /1 2/) and the hindrance f actor f or 

10 

sронtanео и з fisDioa (> 250 according to the exporimenta11y 

езtаblishсd 1imi t for 233 u spont w leous f i 8s ion /15/). 
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Тр еть якона С . 11. 11 др . Е7 -8 8-8 0З 

На блюцен и е и укпо нных кпа ст е ро в 

при спонта н ном ра спадс 2З 4u 

При с гю и тц и и ом расп аде 2З4u зарегистри рован выпет ядер 

Ne и Mg с ве ронтн ос т ъ ю по отношению к альфа-рас паду 

/ З,9 ±I ,O/x l O- 1 З и / 2, З ± О ,7/хlО- 1 З , cooTBeTCT IJeHHo. Ус та 

но вле н ы верхние границы вероя тно сти тако г о р ас пада для 

2З 5 u 11 2 Збu . Получена систематика п е риодов полураспада 

для эмиссии класте ров , аналогич на я зависимости Гейгера

Н э ттола для альфа-рас пада . Устан овле но наличие запрета 

на испускание кластеров нечетны!'1И ядрами 2ЗЗu и 2З5U. 

Работа IJыплненаa в Лаборатории яде рных реакций ОИЯИ . 

Препринт Объединенного института ядерных исследований . Дубна 1988 

Tretyakova S .P . e t а1. Е7-88-80З 

Obs ervation оЕ Nuc1 eon C1usters in the 
Sp on t ane ou s Песау о Е 2 З 4u 

Th e emis s ion о Е Ne and Mg nuc1 ei was det e cted in the 
spontaneous d e c a y оЕ 234u with prob abi1iti es оЕ, respecti 
ve1y, (3 .9±I. O ) x I O- 1З and ( 2.З±О.7) хlо-1 З re1at ive to 
a-deca y. Th e uppe r limits о Е this kind о Е d e cay for 2З5u 

and 23бu h avc b r en c s t abl i s hed . Syst ematics оЕ ha1 f-1ives 
f o r c1uster emiss ion have Ье еп obtained to Ье simi1ar to 
the Geiger-Nu t t al1 dependence for a- d e c a y . Some evidence 
t o r the pre senc e . o f hiпdrапсе t o c1uster e mi s s i on from the 
odd-mass nuc1 ei 2 3 3 U and 235U is obtained. 

The investigation has Ьееп performed at the Laboratory 
o f	 Nuc1ear Re a ctions , J INR . 

Preprint оС the Joint Inst itu te for Nuclear Research. Dubn a 1988 


