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1. INTRODUCTION AND MOTIVATION

Although nearly 50 years have elapsed since the discovery of spontaneous fission

made by Flerov and Petrzhak 24

, the stability of heavy nuclei with respect to this
unique decay mode continues to represent a challenging prablem for both experimental-
ists and theoreticians., The reasons for this long-standing interest are easy to under-
stand. On the one hand, the instability of heavy nuclei against spontaneous fission

is conaidered as the main factor that limits the maximum possible number of elements
in the Mendeleev Periodic Table. On the other hand, the absolute values of partial
spontaneous fission half-lives, Tsf' and the pattern of their (Z,N) variations

contain valuable information about the mechanism of large-scale cold rearrangements

of nuclear matter /2/.

Theoretically, the spontaneoua fission process ls treated as quantum-mechanical
penetration through a (multidimensional) potential barrier. The problem is usually
simplified by considering the probability of tumnelling through a one-dimensional
potential barrier V(q) alonq nome effective trajectory | given in a multidimensional
space of dﬂfnrmatinnuﬂ(i (i =1,2,...,m). Furthor, uning the WKB approximation and
the teunt-uction principle the aspontancoun fionsion holf-1ifn v dotermined /367 to
be
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nucleus, it can be expressed in the framework of the macroscopic-micrescopic

approach 3/ as

V(@) = Vea) + 3_ [ 8uta) + 8P(@)] (6)
PN

where V is the macroscopic energy part, and §U and &P are, respectively, the shell
correction and the pairing correction calculated for protons and neutrons separately.
It is now important to stress the dynamical traits of the fission barrier
penetration problem. In fact, along with the potential energy V(q) which determincs
the generalized forces acting in the fissioning system, the action integral (3)
involves an essentially dynamical quantity -- the effective mass M(q). The latter
characterizes the response of the system to the forces applied and, together with
V(g), determines the trajectory of the system's motion Lowvards scission. The system
may not follow the minimum potential energy path {i.e., the static fission trajcctory)
provided the effective mass on lhis path is too laige. Therefore a kind of compromisc
is realized between the values of ¥(g) and M(g) on the least-action trajectory (i.e.,
on the dynamicut trajectory ot fission). The quantities V(g) and M{q) entcr the ac-
tion integral (3) in on equivalent way so that comparatively small variations in any
of them can lead to targe-scale changes in l”r. Therefere the problem of caleulating
I:;f and interpreting quantilatively the experimentully ubserved (Z2,N) variations ol
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shell structure effects in strongly deformed nuclei 3/ has resulted in a consider-
able progress in fission theory as a whole and, in particular, in the understanding
and theoretical description of the patterns of change in TSf vith respect to Z and N

/2-16/)_

(see, e.g., refs, Yet a closer examination of the available Tsf calcula-

tions /4-16/ shows that these theoretical achievements are far from exhausting the

problem.

In addition ta the shell structure, another essential feature of atomic nuclei
is the presence of nucleon pairing correlations of superconducting type /17-22/.
Hovever, as opposed to the shell structure effects, the role of pairing correla-
tions in subbarrier fission remains still to be much less clear both experimentally
and theoretically. Direct experimental data in this respect are so far virtually
absent, yet theory predicts quite convincingly /3,416,7,21-21/ that the cffective

mass M associated with Fission should depend strongly on the magnitude of the pair-
. . 21,22
ing gap parameter A . Thus, according to the adiabatic cranking mode 1 /21, /, at

A >>G (vhere G is the pairing matrix element /17_21/), the folloving approximate

expresusion is derived /3,8:22,23/
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perceptible increase in the magnitude of the action integral

s e AL (9
and hence to a sharp increase in rsf due to the exponential dependence in eq. (1).

At the same time,tunnelling through the fission barrier represents, as we have
stressed above, an essentially dynamical problem, Therefore, as proposed by Moretto
and Babinet /28/, it would be more appropriate to determine A in this problem by
minimizing the action rather than the expectation value of the Hamiltonian. In other
wvords, the gap parameter A should be treated here as a dynamical variable similar to
the deformation variables (see also ref./zg/); hereafter this treatment based on
determination of A by minimizing the action integral will be referred to as the
"dynamical" treatment. The dynamical treatment of pairing correlations, in contrast

to the standard one, predicts /28,30/

a large enhancement of superfluidity in
tunnelling: while at ng‘ the spontaneously fissioning nucleus is characterized by
the gap volue A = Ao’ in deepening into the barrier the value of A increases, reflect-
ing the barrier profile, and reaches its maximum Amaxszo at the saddle point
dcformation; after that A decreases down to A”AO at the turning point q = 9, (see

/31/).

Fig. 1 in ref, In the dynamical approach, a weakening of pairing in the initial

state also leads to an increase in Isf but the scale of Lhis increase turns out Lo be

/31/

much smaller than in the standard consideration. Heing nomowhat surprising, the
dynomical treatment of puiring correlotions in tunnelling, ao has been shown in
ruf./“/, doea not contradict any empirical evidence or genorally accepted theoretico-
al knowlodye. On the vontraey, it gllovsn o more ndequate cxplonation ot yome ompiric-
nl tocts to be qgivon, for oxample, that of the typical ordor-of -magnitude values of
the bindrance foctords associaled with ground-otate spontancoun fiooivn of odd-A and
odd-odd nuclei (soo ulso Sectlon 4).
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dependent on whether or not the dynamically induced enhancement of superfluidity tak-

state to a high-spin q-p isomeric* state, T;f/15f, is predicted to be strongly
es place in the tunnelling process. Accordingly, we have designed experiments to
probe the stability of g-p isomers against spontaneous fission.

Quasi-particle or K isomers are expected to occur when breaking up of one or
several pairs of nucleons in an even-even nucleus and appropriate recoupling of the
spins of the unpaired nucleons lead to the formation of relatively low-lying states
having high values of the total spin projection K onto the symmetry axis of the
nucleus. The high K values cause a strong retardation of ¥ transitions, wvhich, in
turn, favours searches for a spontaneous fisaion branch in the decay of the K-isomer-
ic states in the heaviest nuclei. By now, a number of K isomers has been found in the

region of even-even nuclei with 7392 32/

and the occurrence of many other K isomers
in this regiun can be expected on the basis of theoretical considerations 33/ (see
Table I).

Experimentally, spontaneous fission from K-isomeric g-p states in the first

potentisl we]l“) has never been observed. The only attempt tu observe it was made by

/36/ 204

Vandenbeosch et nl, for thc 34-ms K-isomeric state in Cm; howover, no effect

/31/
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the reaction recoils from the target were collected on a 0.2 ml;|/cm2 Al catcher foil

Table T fixed in a vacuum chamber at a distance of 1 mm from the target. Upon the completion
Properties of some 2 q-p K-isomeric states in heavy even-even nur:leiﬂ) ‘ of an irradiation, the catcher was first brought, for an appropriate time, into
contact with solid state nuclear track detectors registering spontaneous fission

Energy of the Ni lason Half-life of the fragments and then placed in a semiconductor & spectrometer for determining the

Nucleus isomeric state K™ configuration isomeric state total yield of the 25Dl»'m nuclei by detecting their ¢ decay. After the ok-decay
Ex, Mev T;: * measurements, the catcher was put in contact with track detectors again in order to
23“U L2l . 5+ 53 7" 3 3.5 % 2.0 check whether there is present any long-lived spontaneous fission background. Thus,
. 7 [ ]n v 7 [ ]n +2 = .U ps ) spontaneous fission and of -decay measurements were carried out alternately.
2}GU 1.054 4- %_[71‘}]” s %+[6}1]n 120 Y20 ns K The search for spontaneous fission from the 1.8-s isomeric state of ZSOFm wvas
238U 1.082 4 %‘[M}]n , %+[631]n 8.5 * 0.5 ns made in on‘—llne experiments using a ta-lpe transport system thz.at is similar to a tape
244 . o* 7+ recorder wvith spools separated by a distance of about 1.8 m in order to form an
Cm 1.042 6 7 [622]n v 7 [ﬁzl‘]n 3 T2 ms ] appropriately long rectilinear path of the tape motion. In this system the reaction
ZBDFm a- ;’[621‘]” , ;’[7}1‘]'—‘ 1.8 fa1s recoils from the target (placed near the middle of the rectilinear path) were collect-
_ 7 7 ed on a Ni tape, 2150 m long, 25 mm wide, and Q.05 mm thick, which moved with a given
7 7*[6}5];) ' 7_[514] P constant velocity., Mica fission fragment detectors were arraycd along the rectilincor
z%Fm 1.3 9 -i‘ [615] "' % [725]“ path of the tapc and covered a distunce of 0.8 m in both directions with reupect to
+ - ; .
1. r % [655] o % [I’l[‘]p the colleclion sone. The gap between The tape and the mica detectory as well ag that
2094 ) : e 7 o between the tape and the torget wan equal to 2 mm,. The Lape transport asuenhly, the
102 1.2 8 7 [75&]” v 7 [6” n 0.28 - 0.U8 5 larget, and the mico delectors wvere encloaed in a vacuun chamber. Aa the entiro
1.1 0 %_[';llu] b %'[(,‘1/4]p 190 m  lTength of tho Lape hod beon reeled onto ono upool ol the “tape recorder”, the
‘1(,(|“m 1.3 9" %'[(’“]” , _1_% [7?.,]“ direction of the tape motion reversed uut.nmnl ically (while ita Linear velocity
romained onchanged), Thun, both halves of the cectilinear path - on bolh siden of
the collechion sone -~ were explolted to rocord apontancous Cinsion fragmentu, Tho
“)Hu' Lines of the tuble which cantoln the I; vilues alund for the aaomers absedy - corvetponding Lrack dintribullonn wers then uommirized, e velocity ol the tape
e oxperimentally /5/,5"/; m these canen the indicated values of r' onel KW mat fon wan chonen in nuch o way that (U wan ponnible to obnerve, in the preoonce of
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Table II.

Summary of experimental results on detecting the ground-state

250,

spontaneous fission of Fm and searching for a spontaneous

fission branch in the decay of the 1.8-s K isomer 25UmFm

a) e) d,e) f) e,h)
[ ‘/‘csz ! 6w Nof &(sf)

He [mb] [rb]
250g, 27%3 0.6 0.45 ¥ 0.09 29 %7 29 ¥ 10
27t 3 1.4 0.53 ¥ 0.12 97t 11 ity
B0,y _29%) 7.9 - PR <03
a)EI‘"I‘"ecf:ive target thickness calculated according to refs. /a2,l¢3/, with

44,45/

experimental dats of refs. taken into account.

b)Four targets of different thickness have been uased in these experimenls.

o)

d)

Beam dose in unite of ][117 incident purticles.

25(}

Foruation cyoss secilion of tm obtained from o decay measurementu. Un Lhe

bauin of all the moasurements performed in tho present atudy (including
thone not mentioned in the table), the weighted nverage 6(‘) virtlue hos boen

determined to be 0.41 & 0.06 mh at € ?‘: = 32.4 MoV,

)

All crous nection voluea glvea in the tableo corrospond to the bombardiog

vnnrgy l[l'a: = 32.4 Moy,

')Numlmr of apontunsoun Finnlon events attributed ta the deeay of 2’“' n or

2%0m, 2

Fm, For .)“l’m the N ' swmborn are thone after backgroursd subtract ion

(noa the toxt)y lor 2508

q) /ut/

Ihin ronult obtalond by the maximum Likelithaod melhod carrenpondn

I'm ooe §lg. 2b.

to the a90% conf idence Tevel.
h),. 250
Urona wect tang corroaponding to the spontaneoun Clealon hranch of Im

et ? .“ml m.

A comblined anulynln of the data obtalned i the ol -linnel decuy atd sponlanooon 1o

P
abory mennuresments han alloved an to deternine hul (6.9 ! .0 « 1 ' anl, orren
.
pondingly, T 0.ns Yoo yr tan M Caee alon Table V do el ton 6).

Thee nround ntals apontancoun fiaalon of wl“l wownn debocbnd alao s bodegend
enl owny, by undog the "tape tecordec™ ayalom. Jo That owpecimont " npeontaneans L
whon vvenby were oboerved of which The oo disbribabvon b nbwwn S Tig, Zas Lrom
(i diaby that bon, o hallt Yite of H"Z min wan deived aning The acimam Vike b ihood

Ntz
pr o athon: .

htn
e the search Toe the spontanmono L laaion docay ot thae [0 0 Do T m, n

nat bon of bowhar doenl e was cardiod oul oal o high velloc ity of The Gape of the "tecogd



er" system. A summary of the results obtained is presented in Fig. 2b and in Table II. ed particles (protons,d particles or heavier clusters) are strongly suppressed compar-

ed with those followed by the emission of only neutrons from the composite system

As demonstrated in Fig. 2b, the time distribution of the recorded spontaneous fission 2y
).

Therefore the Cm-fm nuclides detected in our off-line measure-

events is practically uniform, showing no evident excess in the initial part. The (see, e.g., ref.

observed yield of fission activity corresponds to that expected from the ground-
250

/46/

state spontanecus fission of

the maximum likelihood method makes it possible to set the upper 1limit for the

effect in question (see Table II) and then, taking the isomeric ratio* into account,

to establish immediately the lower limit for the ratio of the partial spontaneous
fission half-lives of 250mFm and 25Ol'm, T;f/T5f>/U‘l; correspondingly, b;fg 8.2x10"

*
and T %0.07 yr (see also Table V in Section 4).

3. sTUDY ar 22102 anp 2%%M102

3.0, Fxperimental technique

208

i/
e 2M8py, 48

Ca,2n) reaction vas used to produce 2'l‘lUZ and 2)1“"1[]2. Experiments
wvere carried vut at the U-400 cyclotron of the JINR Laboratory of Noclear Reaclions

/41/ 48

(Dubna) by using the technique deseribed i ref, AT Ca heam struck Loangeot val -

ly the lateval surface ol a cooled copper cylbinder ontn which atant 3 nu;/l’mZ al the
metallic Larget material woo deposited. this cylindeical Larget (serving sioalttane.

ously nnoa recoil coteher) rolated with o conntant velocily relative to the mica

fisaion tragment deteclorg arvanged around 40 The Zlml’l: target material used e the

20 i

present atudy had the tollowing 1sotopie composilion: 99% of Ph, 0.6% ol I,

; 2006 . 2014

0% ot 'h, £0.01% of Phy some cantrol experimenta were pestormed wilh o targel
746, .

ol Phocorrched ba 90 9% Carlaa, thas setup wan widely uned an oxper imead s yoned

al syathetrsing trangtetmon elementa (aee, eLqg., |'|‘lel.//','/‘”/) where b permt bed

the delection of apontanconly Crastoning nuelei produced with crons sect o o Uhe

picobiin teqran. 1w alao caployed o recent experimenta which hove Ted Lo Lhe
] 10 hay

dincovery ol b--(ltvluyml ouclear fioniton o The reglon ot ! 1) /4 T

Inaddibaon to the on bione npontaneoun tinnon meanurement s, we perd ol ol |

Line o decay measroment g to determine Dhe Yabal yiobd of Fhe /'“Ill’} nvic Loy O one e
Jat

terdbiat don vin thin o snfivity of 1t Lot Livest decay poods Uy vy g
, .

'y
. Wilh thin o b view, the enlive layer ol Ve s

T it

’
Ph tinget maleg il win

tadiorhemivad ly Grealed alter the toeadial ton bn oeder Lo separate the eoe Lion of
Al i/ )

clemond o Lrom G bo bae (oo gola, then the prepated soarcey wer e o eed

AN
tning thoe ke Livit by npes Lromet oy dencr thed b 1ol At b af nomme oo
vxpra tent e pea foroed in recont o yomra al bolh Dubias ol Dsg mnt acdt o b han oo

anbub Erahed thal i nene The i i hombardnenta ot Phoor B Leaget o Ted wilh

AdAE o jer L b the complote Tutron reac Uiong accomponded by the emlanbon ol clueeg

"} (3 . .
Heevo wos aooimesd Ahal The doomer b ol do ("\n'«’h 1 menaucon by Wb aa ot ol w
A .

ab
al I,,|”" Al MoV hao oppa as Tinal oy U same value ol I}.;Ill‘_: 2.0 Moy,

10

fm, An analysis of the distribution of Fig. 2b within

7

ments should be products of the sequential radioactive decay of the Z = 102 isotopes
formed in the ZOBPb(z'alla,xn) reactions.

3.2. Measurements and results
At first ve carried out control experiments to produce the well known spontane-

52102 in the 2[‘]Gl"b(z‘all'a,ZU) reaction and to determine the
48

ously fissioning isutope
dependence of its yield on the = Ca energy. The results of these experiments are
presented in the first four lincs of Table I1l. In all, several hundred spontaneous
fission events have been detected of which the time distribution corresponds to a
half-life of 2.25'0-18 o
252, /32,51/ , ;0:16
102777 .As the target in our case is "infinitely thick", the eperqy dependence

of the yicld of the 2.25-s fission activity has the form of a rising curve reaching

in complete agreement with T, = 2.30 Y 0.22 8 known for
3

a plateau. The weasured yicld curve provides an information aboul. the shape and the
2(16|,h(a0

- . . . . . . max
Aa for the maximum cross section of this reaction, our mcasurements ql\mé?“

0.5 ph taking inta acconnt h.”.(l’zltl'z) - 0.2/ /51 (see aluo Table V),

pouition of lhe maximum of the excitation funclion of the Ca,20) reaction.

ALl The subsequent experioeonta (nunbers S5-8 in Table 111) were cavried out an-
210)

. i} L 294
ineg b targets. The h'n vilue far the ground-gtate spontaneons Cission of 12

1
win determined in expecimenta 5 and 6. A total ol 138 spootancoun Tission evenln

have heen detecled ol whaeh the time disteibution ia shown an 1ag, Sa. An analynn

I
of thia distribution within the maximum 1Tie bihood mothod a0/ mrves g bl S1ite of
$2 .
';ls':‘ ty dooexecellent agrecmetd with the kbowo value 1 Wby /327 deteremined
=0y, ]
for }‘I‘IIIY by deteeling itnod decay. Aftar the Tegmlnatvon of howbnedment S, b

ton Uy tract bons wees radiochemcal ly uegavated trom the targel maberial. The ol potd

b energy specbra resultang Teom thio Toac oo e shown o bigs 4, Lompon oy tow

‘M(.'_

tie ylheld of the S4o0 apontaceoun Cioadon act vty widly that of The gl omd s |

iy 3

arul “/( wowe ohlnin I f (.o« and, cuntespondiogly, l“l (s.2'0.9) «
/ nto,

0 o e noe L /"Illi (hoe alun Tuble Vode oclion 4),

Aloo the venalla o boghardment 5 allow oo too oblaln tntormat bose aboul the
e vt loon of e reacttonm )lml'l»(’lul'u,uu) for x 1,2 mul 30 Lot nowvantely ol
toauonn, the properl oy of Thn (“"l wysnd teacUionn mo wey mparbond i cevenl g
wd anddor ot amding the geoeral Tenturen ol the oo cndled cold faian reac brono Vhal

necur b Bowba diog Corgota aroned Ph by piogecbiTon willy manses A @40 Cuee diloaon
/07 Ml on

bona et atul iy the Dot decnedey e O agan) reo blone Tead

) ) Wi sn/ o
ing Lo the iaoloper of element 1072 were aladied al Db AN . /i

L/ YAV NTY,

al Honkaloy
arnl al Dwtmnd aill Howewer , the tonnlta ot alned bo Vhaann capor faent o
uwe coms Tder el to (o ropmmn oo and o some yoopee to paoun To b oven conbadiclagy
(oo e biculor, Tahle 1 Lo Tallow) . therofore Hho new coapee bnend o b totaamat fon

21N at
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255102 EC{38.4%), 255Md EC(93%) > 255
of 255

Fm.

Fm are very similar

reaction and of the subsequent decay chain

It should, however, be stressed that the ol-decay properties

to those of 2°%Fm (Fx=7.06 Mev, T, = 25.4 h) ">/, 0n the other hand, in our case
252Fm can be produced only via thezrather exotic reactions (ABCa,X) and (ABCa,o()whose
cross sections are expected to be much lower than that of the (ABCa,n) reaction,
Indeed, according to the direct measurements /53/
tion for the system 204% + 48
ZOBPb(48

, the radiative capture cross sec-

/u8/

Ca does not exceed 0.5 nb whereas the measurements

demonstrate the Ti,n) reaction cross section being at least a factor of 65

208
208

Pb(“BTi,d.). If we neglect contributions coming
Pb + 48

MeV o activity ve obtain 6?? = 0.13 pb for the (QHCa,n) channel. The cross section
aof the (ABCa,Bn) channel can be estimated from the yield of Z)BES. This gives
6';§x~0.1 pb. Unfortunately this estimate involves somevhat uncertain informa-

tion 798,59/ about the electron capture branch of 25'31(]2 and 2)5I"Id, as vell as an

larger than that of the reaction

from the exotic channels of the Ca reaction, from the yield of the =7.02-

extrapolated value of the yield of 2)3Fs since a part of the (M]Ca,'in) excitation
function is expected to lie at 'cm>]88 MeV. Finally, as to the (ABCa,an) channel,

. . max . . .
the determination ofézm does not gseem posaible from the measurements carried out

it l'cm = 188 MeV; we note, however, that at this eoergy the thick-target yield of

2)21()2 in o factor of at least 100 lover than that of 2"'“)2. A comparison of our
206,208, 48, .

data on the Ph(™"n,xn) cross seclionn wilth the results of previous measupre-

menty ig given in Table TV,

Experimonts 7 and 8 designed to neaveh tor the apontancoun Ciaslon decay of the
inomer I')llm“]z vere carriod out at an inecreased rotationnl volocily of the target,
in necordoner with the 0.208-0 half-Lite of the fnomer. Lo thiu case the groond-slate
apontoaneoun finuion of 2"I'HW ahould produce noamiltormly dintributed boackqgroond, The
bonbirding enerqgy won chonen o an Lo cover mont of The energy ringe correaponding
ta the (Im('n,'/n) excilat von funct oo and yot 1o minbmize o contribat ton from Lhe
(““l'n,lnl) renction beading Lo the Lot ope '/'.'/“w - the nource of an extrn nponl nne.
oun Dianbon bockground. The of & e gk -decay meauarementa cart bed oubt ool ter homboed
et W Cone Table FHE) nhow That the contesbut fon Teon apontanooun T lenion al 7"7“'/

4l 2060,
v actuad ly Lo pegloctod. flowever, the (700, 2 30 coae bons oceoes bag one Che It

' . or
'“/l'ln admilusen o the ‘lml'h Barget give oo noticeab e yie)d of I'llll'l.

]

Atotal ot 167 aponbaneoun Dianion vyentn hove beon delectod i bombardments 7
andd 0 An aeen i g My The fome dintoibatton of wse oventy G prac Uion) Ty and
torta, abww it o evidenl cwevan o e b sl pen U e obsoryend yield of Tinalon
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to be equal to 0.4*), we abtain immediately the lower limit for the ratio of the
256102 and 254102, T5/T 025 x 1075
and T;f>,140 s for the K isomer 2°4M102 (see also

partial spontameous fission half-lives of
carrespondingly, b;fsz.u x 1072

Table V).

Table IV.

206,208

Maximum cross sections of the Pb(ABCa,xn) reactionsg

(in microbarns)

Reaction max ® Reference
xn
206py,(48ca, 2n) 0.5 /53/
0.19 ¥ 0.03 /57,58/
0.5 ¥ 0.2 present study
208py, (480 1) 0.40 * 0.15 B+¢) /56/
£ 0.035 (181 MeV) /55/
£0.03 (172 MeV) /58/
0.13 Z 0,06 c) present study
208pp, (40q, 2n) st ? /547
5.4 T 0.4 /u95/
0.39 007 797,98/
1ol present. ntudy
208py, (48ey, s10) < 0.02 (184 Mov) 5/
£0.025 (<101 Mev) } oy
U133 (HE-183 Moy)
0.0 it:'}]f: prosont ofudy

n) 4 .
When o (beackoted) value of Ui Ca contor-of -mona honbarditg energy 1o Indicod -
od, the roupeclive cronn avel fon vilue corvenponda to Thio poarticalor onergy

rather than Lo tho max invm of tho oxcrbal ton funetyon,

f) //

o ool binte obldned on the b oF the axporiment o) detay of cel

/32/ ?

g {he

RTIPATT! ™ "M,

omp i beal valoon tor the nlectom caplme brmahes of

I;I ¢ 0.4 and 0.9% ) ronport tuely.

itained on annompt boon Vhind the TWIM o the owoitat bon tone Lione 1y w'y Moy

I ¢
whetean crann nonel tonn ot the ( R A sl ( 'nl Y e b o e kD ocompaned

At
wilh Thal of the 1”ln,n) toncblan, oo wluo The Teal,

o)

/i
Uor ent banbe abtained on The oo of The eepet riment ol data ol set i bivg U

vilue of 2 1 MoV Tor 1he (WM ol The e it ton tunctton, 1 nccordanc e willlv e
I,/

tonulto ol 1oty ancwe b b oan e data ol Ahe poonent elaly,

o | /307
eowe o ny,}hu Fammnn be ol b menmnod by by oo ol al . Coa the o b lon
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4. DISCUSSION

Our experimental data on the stability of the ground states and 2 g-p isomeric

250 254

states of fm and 102 against spontaneous fission are summarized in Table V,

together with the results of previous measurements; here one can also find the

corresponding dats for the ground state of 244

244m

Cm as well as for the 2 q-p isomer
25Ol-'m and 254102

has been detected for the first time and this has allowed us to meke an accurate

Cm. As a matter of fact, the ground-state spontaneous fission of

determination of Tsf values for both nuclei. Although the results of our measurements
do not lead to crucial changes in the Tsf systematics, they introduce quantitative

certainty into the systematics in ita essential psrt -- near the N = 152 subshell.
Table V.

Summary of experimental results on the stability of the ground states
244 250 254
Cm, fm and

and 2 q-p K-isameric states of 102 aqainst

spontaneous {ission

Total Spontaneouy Partiul spon-
Nuc leus half-1ife fission tancous Mission Reference
branch half-11fe
2480, 181%0. yr et Dx10™®  (Lstoaxa0’ y 60/
244m, st 2 o ) gman? »lante? yr /36/
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284me >10™° /36/
250m, > 107! present study
254m, 4, > 5x10_3 present study
While the 2M""Cm result seems to be inconclusive (see below), our data allow us to

state quite positively that, despite the excitation energy £~ 1.0 - 1.3 MeV, the
stability of the 2 g-p isomers against spontaneous fission is practically not in-
ferior to that of the ground states. According to theoretical estimates (see, e.g.,
Fig. IX~7 in ref./z/), all other things being equal, a 200-300 keV change in the
energy £ of the initial state leads, via egs. (2) and (3), to a factor of approxima-
tely lﬂz variation in the fission barrier penetrability. From this point of viewv, a
factor of 1[]6 - 108 decrease in the partial spontaneous fission half-life could be
expected for a 2 g-p excited state, as compared with the ground state. Yet our
experimental results demonstrate unambiguously that practically no decrease takes
place. This meuns that the specific structure of the 2 g-p isomeric states strongly
hinders spontaneous fission. let us consider possible sourees of thia hindrance.
The ground slates of even-even nuclei are known to have gpin-parity 0" and in

/1-21/

terms of the superfluid model of the onueleus they correspond to a8 g-p vacuum
(the number of quani-partictes V= 0). The loweal-lying noncollective excited state
of an even—even nueleus s o atote with one broken paiv of nyeleona, i.e., 8 V= 2
atate with two quusi-port icles Tocated on the levels ob the average tield. The un-
paiced parlicles exerl ntrong influence an the supertluid propective of Lthe nucleus

ared Lhia inf Tuenee i reterred ta an the blockimg olfeet /”‘?]/. In pacticular, the

blocking ctfect Teuds Lo the poaring gop porometoer A(I being, on tho aversye, by
20 40% vanl ey for Ve 2 atates Ui for thane vith Vo 0 VM ool also be
emphags e thal the blocking eftect haa eathor conyincimy ompirical jostifications
(e, e g, reln, /”-'1”/).

e, o bk pade 1o the aeatran (o) or proton (p) aubnynton of the nocleus
nol only leadn Lo an exc bHat ton voergy | Y 1.0 1.8 MoV bl alua entar b a oaquala
vant wenbening of nuelem oapert leadity, Thin, o Care, oy st vongly attect hoth the
potential onepgy Vod the oftectbue mona M oannocestod wilh finaton. 1o addilion,
Lhe omes 1o ot oten 0 gquest ton ponsa tathun high npioe, Therelae, in dancunibng
the wlabibity ol g p fnomoro agained apontaneonn $iatiion HE s incenoney oo Lo
Lok frdo e cout the tnd Taenee owet bedd on W oad M by The agine Cgumntum namber ¥
of Uhe dontial alute. Oher ofted g e aloo ponuibley Tov example, ome dif terenee
e dedarmal bon of the geonund atale il 2 g poatale /lll/. iy thee who e, connbderatile
hangen I al 1 the ingredioid o of Abe acUhon integqrael (V) me oxpocted to ocome 3n
detig From Vhe gquonnd shabe Cooa K bmemer te 2 g e nbode, T80 1o tha combinesed of Fect

of Yoo changen thid wi Tl deloombor Ahe difference botweon The odoboom viluen ot
.

the e bion tntegrabs s S and thue The vichiee ol l”‘/l“' CHwe negles boponnid e
"
hingen b (oo g caponent bed facbae o v, C1), the Toga b of P |,i'/'l|'

vt o can booadef Band s Fal Lowng

*
sf

*
= — * - s
!STSf = g T " 0.434(S - 5) = 0.434 Semp(s_ -1, (10)
wvhere Semp is the empirical value of the action integral for ground-state spantane-

ous fission, which can be found from the experimental Tsf value by means of eq. (1).

A further consideration, as we emphasized in Section I, will essentially depend
on the approach adopted for treating pairing correlations in the tunnelling pruceés.
Let us first discuss the problem in terms of the statical (BCS) approach. In thig
case changes in the gap parameter in tunnelling are expected to be comparatively
small /3’4’2}/, so that a weakening of the pairing in the initial state will
proportianally decrease the superfluidity of the system in the subbarrier region of
deformations,

Now we shall eatimate the partial spontaneous fission hindrance factor due to
an increase in the effective mass M in the presence of g-p excitations in the
fissioning nucleus; althounh this problem was considered earlier by Urin and

/23/

/aretsky , not all of their conclusions proved to be justified. Let us assume
for a moment that in eq. (3) the averaye value of the guantity [V(Q,A)-r] does not
chanqe in qgoing From the ground state to o 72 g-p isomerie state and that the ratio

v " —_ —
[M (g, & )/M(q,A)] = [M ( Y )/M(A)] 15 indepeadent uf deformat ton, Then

iLi ~ " [\LL 1/?
G HoAs (11}
e
M-M +M (12)
n P
anel Wi N
L
i " am
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vrettubion, eogo, e thee nentron nuboyaten ol o nacleono, we obitain

Ln .7
Mo N T14)
M A

Ll

\M':l'll' b“ l\”“//\““ Voo bhee bitocking factor, bor p“ S0, v (1) by Lo

M/H ool Heney, by tnboeg ego. (10} and (DY we abtada Sl { enlimalen ot /.6

ad 6B Fon 1"”1 m ALY nnd /.'/'llll (! S1on), nn ):: iyl ' lar

ey . ,"”'I' S0, [HR virly o vtmd Lo

crlimalen can bo deg bved aloo for the yane of 2 g e oxcbbab foenn 1o the puolan oty
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the following estimate can be made:

" z -2 + Np;z
_ ) (15)
M A

N W AToN
uhere B y0.6 ~ 0.8. For B =B = 0.7 it follous from eq. (15) that n/ W2,
Calculating average pairing gap values for V= 4 excited states of the (4n) or (4p)
type represents quite a complicated problem; some examples of such ecalculations can

/61’62/. Finally, if superfluidity of one of the subsystems

be found, e.g., in refs.
of a nucleus is destroyed completely, the effective mass for this subsystem should
decrease to the independent-particle value Mi‘()p)which is known to be several tens of
times smaller than the Mn(p) value for a superfluid subsystem /3,4,23/ (remember
that for A — 0 eq. (7) is invalid). For example, if superfluidity of the neutron

subsystem vanishes, then

* ip
M =M M ~ M
p*in p (16)
and
-—
Moz
] A

Such a situation for, say, 2’UFm would lead to 8T ¢ = -10.3, i.c., to a strong
increage In the probebitity for spontaneous finsion, which results from e factor of

/23/

2.% docrease in the ¢ffective mann. In 1966 Urin end Zoarotaky vuqgosted that

thin kind of offect might explain the origln of the spontaneounly finuioning isomers
ol the actlnlde nuclel, In parlicular, H.Zfl\m. Surprisingly enouqgh, nowadays oome
altemply are obill being made to relale upontanvously flssloning foomers to q-p
oxcitations ot doformat lon (()w(l.l': charactoristic of the ground-nlate polential

/65/)'

vell of the actinide nucled (noe, e.q., rof. At the omm time, our experi-
menl ol rocullo unambiquonanly ahow thal no accoloratlon of apontaoooun (insion takoews
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method /3/

results of our analysis of these calculations are presented in Table VI. Hence it

, with non-axial variations of nuclear shape taken into account. The

follows that the blocking effect can lead to a noticeable increase in the fission
barrier heights of odd nuclei.
Table VI.
Increments (in MeV) of the calculated fission barrier heights
for odd-A and odd-odd nuclei due to the blocking effect

Howard and Myller 64 fuiok et al. 765,66/
96 £ 7 £100 100€ 7 €104
Odd-even character 140sN gl60 lazghgle2
= a) min b) max| ,= min max
ABf ABf ABf ABr ABf ABf
even 7, odd N 0.25 0.15 0.45 0.5 0 1.1
odd 7, even N 0.15 0 0.3 0.2 0 0.6
odd 7, odd N 0.4 n.2 0.6 0.5 0 1.1

“)Aﬁl. is the average increment ubtained on the basis of 15-20 individual Aﬂ’ values
for nuclei with a given odd-cven character. In turn, the increment Aﬂ[" c.y., for
an cven -/, odd=N nucleus iy definod s AH’.(/,N) - llt(/,N) - %—[H'(/,N - 1)
H'(/,N ¢ l)]; for nuclei of other odd-cven charactera, yimilor interpolation
formulae have boen used.

Ly min

/\“' iy

nnd AH' mndreate mimmm ond moxcdmum valuaes of All‘ appeaging i the
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associated with passing from the ground state to a 2 g-p K-isomeric state. In other
words, one can hardly expect that the fission barrier for a K-isomeric state will be
lower than that for the ground state. On the contrary, the barriers for K-isomeric

fission are expected to be increased, by some 1 MeV or even 2 MeV, as suggested by

250m 254m 73

the simplified estimates for Fm and 102 made in ref. 173/ vhere the fission

barriers for these isomers were constructed by adding the energy of 2 g-p excitation

to the ground-state deformation energy. In ref. 73/

250m d 254m

the lagarithmic hindrance fac-
102 were estimated to be STsfz)’—B

We emphasize that these hindrance factors are due only to the

tors for spontaneous fission of

/74/)_

Fm an
(see also ref,
potential barrier increase. As might be expected, this increase turns out to be
considerably different for different assumptions concerning quantum numbers of an
isomeric state and their conservation during the tunnelling motion.

All in all, due to the blocking and specialization effects causing a consider-
able increase in the effective inertia and a noticcable auymentation in the potential
barricr, spontanecous fission from 2 g-p K-isomeric states is predicted to be strongly
hindered compared to ground-state spontancous fission. As for the hindrance factors,
[:;l'/T:,-l’ values of the order of ll)’r) - lDl“ und even greater would not be surprising
despite all the uncertainties involved in the quantitative eatimates and their
sensitivity to agsumptions concerrfing propertics of a particular nuceleus and
atructure of o particular wsomeric state.

Now Tet ua diseuss the prablem for bthe cage of the dynamical teeotment of pair-
g carrelationa /28,50, 31/ which predictas w laege eohancoment of waceloor super~
thindity v the tanmeting proceons thun conaiderably changiog the andrance factors
tor spontoncous fiasion trom q-p igomeric staten. Ihe dingeassion will be done in
Lerms ot anoanalytically wolvable model a dotailed desceiption oand subatantiation of
/M, 80/

which nee qgiven o reta, o thang mdet the peneteabit ity of o one—humped

parabolee bhorrrer depends golely on Phe mognitude of the dimensiionlesn pacoameter

o ey o e
e ——y— = P, , (18)
'11\, Hrmn!
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ol
annoe batod wilh tloo presmu e ol Phe monopole poictog anterectton b mcien

0 % :;? 'fn'n!l%-‘ tn the Anbal deonity of the v formly dint ||Ill|l‘¢|.,\l|llll|l|y Hngeneral od
g be pra b le develn b Tanbve of sead poing and protone, and i 1 b the "macio
Atopre” feve d domnd by paramo e H”/. b nped Lo celevant Yoo pad g bnag Yhe mode ] mak on
no o fetene e hotwoen neot cona and pratonne the oo bevs b comsitderod an g one
vempiarpent dyabem o chabm Lo bzed Dy nbngle s fen Ul paade g gaape pivtisielber . T portion
Lar, ton Whe graand state aae io made of the sea s paramed el zal IunA“ = 104 Mv\l//\\'

ey : 1Y
(o and oo A demivilrabed oot , b the dynamlbo sl Vomstmonl ol padrinng
con e lat Tonn Dhec ke v hae of Thes we bion dndogeand noema babod with gpoud ntale

apontaneoea haoton e gluens Ty the Col Tow vy empreanion

den(aeb) = soaeuf(aeg) ’ (19)
where . 2.1/2
S, =g, - a))(F o/Ah") (20)
with F 3 <F(q)>q and 2¢ = (B¢/9 Ag)l/z. The universal function f(3) is defined as
; 2,1/2
fae) =« L. L) 7 gy o KL (21)
L K 1 +;
vhere K(k) and E(k) are the complete elliptic integrals of the 1st and 2nd kind,

/76/. The modulus of the elliptic integrals is

1/2
" :[362/(1 +ac2)] i (22)
1 /28,31/ the s

respectively

We note that in the framework of the accepted mode tatical treatment

of pairing correlations lesds to the well-known formula

th 2 1/2
sstat(’aeo) B 503% = 'n(qz - ql)(nfro/ AU) . (23)

Thus *apt »
S1M < 0.4385 % %) (24)
(1 “emp Sox()? { xo )

atat 1.

uf
Ty moke numerical estimates we assume Hf = 6 MeV and q¥ = 5.% MeV (see the

"
foatnole on page 256 in ref. /”/). For the blocking Factor b :A"/ Ao we toke the
/20,27/

"

¥
whereas 8[ is given by the gsame formula for F(xn) = l'(uo)

volue p = 0.82 vhich characterizes the one-component A = 250 gystem having
@ 2 -p excitation. At first we suppose that the potentiul barrier is the game for
huth the inomeric state and the ground atole. Hu-n“L: aq)/p and eq. (24) gives

5!::{":::2.') and 8!2:‘.{“‘,5().1 for 20

. . iy atul
1.5 MeV higher for the isomer, then estimntes will give 6!:]7';; 4.6 ond Sl”' 2= 1.1

Fw. However, il we naoume the barrier to be, say,

for ‘.:, "n“. In reality the values of 8'::7“ nnd 8[:::“' can be st b lorger oince
e nhould expeet That '-:))‘n“.
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either to neglect completely one of the strong effects (for example, the blocking
effect on the effective mass, as is often done) or to weaken several effects
simultaneously by making rather artificial assumptions, The possibility of awoiding
such manipulations represents an important advantage of the dynamical treatment of

pairing correlations in tunnelling.

5. CONCLUSIONS

The experimental results obtained in the present study demonstrate that the

ZSUFm and 254

stability of the 2 g-p K-isomeric states in 102 against spontaneous fis-
sion is rather high -- it actuslly is not inferior to that of the ground states of
these nuclei, Again, the principal outcome of the theoretical considerations we have
presented in Section 4 lies in that, irrespective of the approach used to treat pair-
ing correlations in tunnelling, spontaneous fission from 2 g-p K-iusomeric states is
predicted to be cssentially hindered rather than facililated compared with ground-
state spontaneous fission; quantitatively, the corresponding bindrance factors,

203 8

T* '/Tsf’ can be expected to vary in a very wide rangye, say, from 10 lo 107 -

s
olo

and experiment . Remember naw that 2 g-p isomeric states can oceur not only in the

and morc. Thug, we ovught to note a qgood qualitative aqgreement between Lhe theory

first but also in Lthe second potential well which givos rise to the existence of the
spontancously tisoloning shape isomers ot the aclinide nuclei. Lo fact, such stales
lying at an energy of 21.3 MeV nbove the bottom of the necond woll have been oboerved

. . o /34,3%%/ . R .
for o number of even-cven Pu and Cin isolopes ' . for spontanvsoun fisaion F'rom
these "doubly” isomeric olales, the empirical values of the logariUmic hindrance foc

lory 8':: ) * I(I(I;E')/l(' )) range from 1,1 to 4.5 whereon Lheorolical oatimolens

. .”f 250m, L. . . (1) dyn
aimt Iar to those mode for Fmoin Section 4 give 6|”' al.n - 5.% and
5I,(l:)“|"'e¢ 7.8 Y. l(see alno rof /”/).

Canlirming the theorelical prodiction aboul the high stabl ity of 2 g-p K ano
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the prablem. Howsver, o anbotant ol Increase o ssporimental nena b vty 1o 1egubood
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«mphasized in Section 1 of the present paper, removal of the ambiquity in treating
pairing correlations in tunnelling would be of great importance for a deeper insight
into the physics of large-scale subbarrier rearrangements of complex nuclei in fission
and fusion. Therefore undoubtedly justified seem to be any efforts to increase the
~ensitivity of experimental searches for spontaneous fission from g-p isomeric states
is well as attempts to perform thorough realistic calculations of the corresponding
hindrance factors to replace the order-of-magnitude estimates.

It is extremely difficult to increase the experimental sensitivity to the requir-
ed level in dealing with q-p isomers in relatively long-lived nuclei for which the
probability of ground-state spontaneous fission is low. Thus, for QSOmFm or 254m102
une could try, by using a different technique, to enhance the sensitivity of searches
for the spontaneous fission branch by several tens_uf times relative to the ane
achieved so far; however, one can hardly achieve more than that. At the samc tine,
the requirecd censitivity can sooner be obtained in the region of nuclei for which
spentaneous fission is the predominant mode of decay wheress partial spontaneous fis-
«ion half-lives are so short that they fall info the range of characteristic life-
times for K-forbidden ¥ transitions. Such situations are possible for, say, the knows
~ven-evon igotopes of kurchatovium -- olement 104 -- which are characterized by

'r{z] and T;(~](l'3— ]O-] 5; theoretically, the occurrence of K-isomeric states in
o 1

these nuelel io guite probable (see, ¢.q., 1‘1\f./”/).

Detai led theoretical predic-
tiong fur the occurrence of spin isumeric stales in the region of short-lived
cponltmoously fissioning nuelides ns well oas the performance of eoxperimonts degigned
spevially to search far such stales are lopical issves, Finally, we would like to
mphatiise Lhal Lthe exislence of o varicty ol spin asomeric stoles in heavy nucter not
“nly opong up new prospects Tor studies ot diverse eftects of nuclear st ructure an
satd Casion bul also may hove important onplicationn Cor the work aimed to synthe-

Crze nnd idontity new Lronnact inade e Les
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Nazapes W.A. w 41 E15-88-573

; NcenepoBaHme « v i 11t OCHOBHBX M K-M30MEpHuX €OCTOAHMMN
250Fm # 2340 wvrvi 0 1CJIbHO CNOHTAHHOMO AeNnenuA
€ Menonw e m aepHEX peakuyuit 249Cf (“He,3n) u 298Pb(%8Ca,2n) uamepe-
Hbl OTHOCHTeNniae nepoRTHOCTH Do 1 onpepenens napumansHwe Nepuoas nonypac-
naga Tg¢ sum oniroHHOro genexus 250Fm u 254102 3 OCHOBHONO COCTOAHWA.
Ana 25%Fm oo anadenns By =(6.9+1,0)-10% w T, =0.83+ 0.15 ner,
ana 334100 b, =(1.720.5)-107% u T, =(3.2:0.9):10% c. Monyuena Taxxe

HOBAA MHPOPM. i O CEYEHWAX peakyuit 206720Bph (4BCa,xn). B akcnepumeHTax no
NOMCKY BCTHi LNOHTAHHOrO [eneHWA Npu pacnage K-u3oMepHhX ABYXKBA3WUACTHUHUHBIX
cocTORMUM <59Fm u 2%%102 (c T,,p=1.8 c u 0.28 ¢ cooteeTcTBEHHO) IOPeKT He
obHapywcH. ANA OTHOWEHWUA NMAPUMANbBHEX MNEPUOAOB CNOHTAHHONO geneHwus w3 K-uso-
MEPHOTO U OCHOBHOIMO COCTOAHUI YCTAHOBNEHH CNEAYIOWUE HUKHUE [PaHMUbI: T:r/T

>
2
= 10°Y gna 2%°®Fp o T /1T 3

ot 251073 ann 2% ™ 102, 310 o3Havaer, uTo

CTABMABHOCTL K~k 10MUPHIAX [ABY X KB IUa0 TROHEX (O TORHMIA 22%Fm . 294102 OTHOCKH -
TENMHHO CHORTL 0oL O JLEDCHE TPDAaKTHUeo K He yotynaeTr CTaGHanOCTM OCHOBHBEIX CO-
CToM s owaep Bononmom cofnackik ¢ peldynsTataMu 3KCNepuMeHTOB, BbNONHEeH-—
M Teope niees ke agenk T4 /T 0 Takke NokaswBawT, 4TO M3-3a BNUAHWA 3d-
PerTOn it ragke M DIIVKMPOBKKM HA NOTEHUUANbHYK IHEPrunio U 3pdeKTUBHYID
MACCy, (un g ¢ felieHUeM, CNOWTaHHOe paenexdve M3 K-u3oMepHoX ABYXKB33WWac-
TUUHBIX Cod tomn 1 10/IbKO He MoweT GwTh obnerueHo, HO, HaNpPoOTMB, AONKHO
GbiTh 3HAYM T LI WNpCeWeHo No CpaBHEHUIY CO CNOHTAHHbIM AeNeHweM M3 OCHOBHOro
COCTOAHKR .,
Pabots munonnena 8 Nabopatopun nAaepHux peakuywin OUAW.

[Mpenpir OO LeIMHEHHOTO HHCTUTY TA ALEPHBIX Hecnenopanmit. [yGua 1988

lazarev Yu.A. et al. £15-88-573
Study of the Stahility of the Ground States and K-lsomeric States
of *3°Fm and #%“10. Agqainst Spontaneous Flission

8y employing the **°Cf(“He,3n) and 2°%Ph(“®Ca,?n) reactions, exgeriments
2

to study the stability against spontancous flssion of the nuclides °Fm and
494102 as well as of the two-quasi-particle (2 g-p) K isomers 2%%Fm (1

=1.8 +0.1 s) and 2%*102 (T, /5=0.28+0.04 s) have been performed. The ground-
state spontaneous fission of the two nuclides has been discovered and the

corresponding branching ratios b, and partial half-1lves T,y , respecti-
vely, have been determined to he: (6.9 s1.0) 1078 0.B3t0,1 yr for 42"Fm;
(1.720.5:107% |, (3.240.9-104% « far ?™10'. A4 a hy-urndug| of these
studies, new data about cross sections of the 2007208pL (%80, wi) react fons
have been obtained. Experiments designed to search far the spontaneous {15
sion decay of the 2 q-p K-isometric states in 23%Fm and %102 have not
revealed the effect in question. The lower limits of the ratios af the pag
tial «pontancous fission half-lives for the 2 q-p K-isomeric atates to thase

for the rewpective qround states, T; ’/Tsf , have been establlished to he
1070 for UM pn/*%Fm and > 5‘10‘% for 23%® 102/2%*102, This means tha!
the stability of the 2 q-p K-isomeric states in 2%°Fm and 2™“102 aqainst
spontaneous finsion Iu practically not inferior to that of the ground states
of these nuclei. In accord with the experimental findings, the theoretical
estimates of The /ot made In the present paper show that, due to the in-
tluence of the specialivation amd blacking ¢ffects on the potential energy
and the effective masny ansoc lated wlith fission, <pontaneous fission from
J g-p K~isomeric stales cannnt ba far [Htated bat, on the contrary, should
he essentially hinderved compared wlith gromul state spontancous 1insion.

The investigation has heon pertimmed Al the Laboratory of Nuc bear Reag

tinns, JINR. Preprint of Lthe Joint Instituts for Nuclear Research Dubina 1988




