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AffaJIH3Hpy~TCll TTOJIYQeHHble B TTOCJie,IHee speMll HHTeHCHBHOCTH ,IBYXKBaHTOBblX )1-KaCKa,IOB • 
8 14 Tll)l{eJibIX 11,1pax: I3'1,13s,139Ba, I46Nd, 1sosm, 1s6,1ssGd, 160Tb, I64Dy,.16sEr,· 11.iYb, 1s1Hf, 
196Pt H 198 Au. 3KcnepHMeHTbl, HCTTOJ!b3YIO~He 3axBaT TenJIOBblX 'HeHTpoHOB, BbinOJIHeHbl npeHMY
~eCTBeHHO B Jia6opaTOpHH neiiTpoHHOH QJH3HKH OIBIH. Jf3 conocTaBJieHHll :JKcnepHMeHTaJibHblX 

, HHTeHCHBHOCTeH H npe,1CKa3aHHH CTaTHCTHQeCKOH TeOpHH BblllBJieHbl HeKOTOpble CBOHCTBa, CBll-
3aHHbie c paap11,1Koii KOMnayH,1-COCTOllHHll 'rsi)l{enoro 11,ipa. B cq,epHqecKHX 11,ipax 137•138•139Ba H 
_146Nd o6napy)l{eHbl OQeHb HHTeHCHBHble KaCKa,lbl C BblCOKO:JHeprernqecKHMH nepBHQHblMH nepe-, 
XO,laMH. c1~eCTBeHHO OTJIHqaeTCll noee,ieHHe HHTeHCHBHOCTH KaCKa,10B B CHJibHO ,ieq,opMHpOBaH
HblX 156·15 Gd, 160Tb, 164Dy, 168Er H nepexO,IHOM 11,ipe 1: 0sm, HHTeHCHBHOCTb nepBHQHblX nepe
X0,10B c E1 ,.; 2-3 M:iB npeeocxo,iiiT pacqeTHYIO eeJIHQHH)' 6onee, qeM 11a nop11,10K. 
. ' 

Pa6orn BblmJJIHeHa B Jia6opaTOpHH neii,TpOHHOH qJH3HKH OIBIH. 

" ' I " 

IlpenpHHT Ooo,e,1HHe1111oro HHCTHtyTa ll,lepHblX HCCJie,IOBaHHH . .D:y6Ha, 1994 
I " • ' • • • • 

Boneva S.T. et al. . · · · . . . . E3-94-403 
Excitation. Study of High-Lying States of Differently Shaped Heavy Nuclei . • 
by the Method of Two-Step Cascades · · 

. R~cently obtained primary transition intensities fro~ two-step gamma-ray cascade investigation 
~is14 heavy nuclei: 1~7,l38,139Ba, 146Nd, 1s0Sm, IS6,IS8Gd, 160Tb, 17i4Dy, 168Er, 174Yb, 181Hf, T96Pt, 

' Au are analysed. Experiments based on thermal neutron capture were undertaken mainly at the 
. Frank Laboratory of Neutron Physics.· Comparing these measured intensities and statistical model 
predictions, some pro&erties of compound-state depopulation were derived. For the spherical nuclei 
of 137:138•139Ba and 1 6Nd \'.ery Intense cascades with high-energy primary transitions were ob~erved. 

· Rather different is the behaviour of the cascade intensi17. in the strongly deformed nuclei of 156•158Gd, 
160Tb, 164Dy, 168Er.and in transitional nucleus of 15 Sm - intensity of primary gamma-rays with 
E1 "'.2-3 MeV overestimates the calculated value by .more than one order of magnitude: 

The investigation has been performed at the ~boratory of Neutron Physics, JINR. 
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, ~ . . . . ... 

. For' a better unders_tanding of the depo'puiati~n mechanism for' levels \'Vitlf different• 

. · energies a:nd stru~tui-~s it is crucial to have inf~;ination on the dipoleradiati:;e widths , 

, o~er- a wide region; from low'to high e~ergy: gamma-;ays. A large amount of kno.:.k, 
.,. .. ; . . . . _· . . . ·-: . ; ·. . .:.. , . ·. ;_:.' 

. edge has been accumulated from photonudear reactions and thermal and resonance 

,neutron ca~tur~ gamma spectrosc~py. This informa:tion mai~ly coh~~rns high~energy 
'~ ... _ ' ( ... I - , . ' " ' , - : - , .., ,.... l ~~ ··: • ~ . . 

primary -y-rays that correspond to transitionsfroin the capture states to low~lying 
< ·" ", .: ; -·. - :\ •• • - -- ,· :·,, ,_ 

level/, 
- - ' . • • . • :_ ., . '. ·_ : - . ,- .' - ' . - . ~ ,. ' - $ -. - • . : " \ 

. An unambiguous knowledge about .the level depopulation mechanism can: be de-

d~~ed· fr~m investigatioi:iii o{ two-step cascades. Cori:espondirig spectra presenting 
''-



';C'.~ 

' -7~i:ay e~ergy distributions of two-step ca,;,cades i~~lude the c~ntribution of relatively 

~oft primary gamma transitions proceedhig from a high-lying c~ptur~ state, ~ well 

as the contributio; of secondary transitions coming from a large nu~ber of interme~ 

, diate levels. It is believed that ·these spectra may pr~vide indir~ct but ;ery important 

information about intermediate' e~ergy~levels (1]. . . 
. . 

Over the last. ten years in Dubna a method of measuring two-step gamma-ray 

~_11:_~caae!'.with a fixed t~tal energy has been de:-elop;d (2,3]. Up to now the two-~tep 

cascade , 0 decay ~pectra of many miclei from 13:Bat~ 198 Au h~ve b~en m~a~ured and 

p~blished(4-13].: An i;port.ant ad~tage ~f this me~h6d is the op;~rtunity to de-,· 

tect all pos~ible 'two~step cascades between ~Ii~ c~mpound~state and sever~i low-lying / 

.·'·final levels ~d- to exti:a~t U:~eful infor~ation {~en i~ cases ,~he~e the ~paces betw~en •. ·· 

••.. _ decayi~g states are srrialler;than the detector ;esolutlon;· Th~· sp;ctrurn (l~ h;o~step; 
-· • • ~ ,' , -, • ' s ' 

·. cascade~ car~i es information on· the photon strength fu~ctionslhat•gcivern the average 

prciperties of prim'ar; .and secondary gamma-r~y emi~sion. A~~ysi~ cif the integral 

. characteristics/ suclt as the total intensity. of two-step cas~ades · betweenl~vel; with. 
- . '-,-.. . > '.' ,. . " .. ' . ' . '.-,,. :.,· ·' .· -« , :, , ', -,~ , ,. , ._ I 

. known structures, permits some indirect conclusions about their nature. ·For exam-- ; '-. . ' . 
pie, the intensities of_ two~step cascades ·exciting the :£i1al)evels of a single-particle 

~at~re in}43 Nd, 163 Dy, and 18;W riuclei are'co~patibl~ ;ith:-th~~reti2ally pr~dicted ' 
'-·. - - . ...- ' 

values [7]. Analogous:inte~sities exceed; by a factor of 1.5 orm~re, the.vai~es ~b-. 

t~n:d from _statiitic~ ~odd ~r~ictio~s in th~ nuclei of.165fl~, 1!5Yb~ 179,i~iH f, a11d 
187W [1,3]. Such divergence i/due toclifferent,values of theieduced nJu;ion width_ 

r~, or rg• differe:r;_t structures of the neutro~ r~sonanc~s;' In the. fir;t case r~ i~ ab~~t .. 

. 10'.-:20% of theaverage width <T~ >; in these~~nd casei
0

t is either,equal to ~r . 
greater tli~: r~ >. : • . .. . .. . . . . , 

. . . Expe~iments _show. that . cascades; from. µeutron re;onances with 'la~ge .r~ 'mainly 

. exci;!) fe"{-qu'asiparti~le low~lying fin~l. st~tis. -Those fro~ st~te; ~ith s~allT~ excit~ 

. ~any--quasip~ticle (collective)' high~lying .final. stat~i :~i rather. comJiex ,strU:ctu~es. 

Thi; result .leads. to aqtialitative expl~ation 'i3]of <;:ascad~- enhan,ce~e~ts :bet~een .. 

. c~~po~nd sfates _':'ith _r~latively l~g~i r~ and. final ~tat~s {of.~ ~~re ~inf1e:.~~rti~le : 

· n~ture. ,Such;a~. ~~planation supposes .the excitation <>f asystein of inter~ediate 

i;els, titll'rea:sonable few~qu~iparticle•_coriip~ne~ts·i~ theirw~ve functio~;, iri the 
.,~·:"".·;,••,'• .. •:.: '·.;·-!'"•·, : ,:_•,;:..,.., I • • ~. -~. ,::_., ' • ,,_ :.,."':,,··-;~ ~·•: -.-.-:--:·.· •• ., ·, •, •• • - •-; ·_,. -/ 

case of the decay of a compound state with a relatively large single-particle component • 
'\ •. • • ' ' .. •. I. ' ,',, . -- ._ . • • • •. . ·- . \::, "\ , ~ ·, ' ' • 

f ··: 

/ 
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. / -· ... '1.··, 
.. _,• 
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' 
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Ill its wav~ f~riction (the c.i:se of large r~)- . It also s~pposes'thii _excitation of _a 
_ ... _,,,_ ·' .. , '\. ·' ' .· _,'._ .. ';. . . 

.. system of-levels. of a collective nature in cases. of small single-particle components 
• , •·. '._. I . . ; • • • , 

in the c~mpm'md-state structure: A. test ~f the validity of this assumption requires 
• • < • I •' • • • •, ' - / 

mor~ investigations of tw~-step cascades fo~ different neutron resonances in the S3fl1e. 

nucleus.· 

· The s_et ~f nuclei pres~nted in this paper b~longs to the 4s~r~s6~ance of th~ neutron 

strength furictioii where(~/< ri ~) ~ 1; whiclt ensures ~ost the 'same d~pendence 

of th~ pr~cess of depopulation on th~ capt~ring state prope;ties. fuvestigation pf 
• ' • •• • • f ! 

differently sha'ped heavy nuclei,:spherical as.well as deformed: r;veals the,influe~ce 

6f the shap~ of.the nucl~us on' the nucleus decay. prop_erties at diff~rent excitatim . 

' energies. 

. .·, 

2·" Experiinent_and ·pa.ta. Treatment-:--· 
. , ,·. ·: .• . , , I·'; : ' 

. ~-
· The Dubna ~ethod is based on. the usual coincident tri~asure~ent of two~step ca,;,-
·: . ·,,- . .- ·,,. --. ,.: ~. i >. •' , , . : ' -· ,, ;. , ___ ..... -. - .-
cades'_that •follow thermal neutroµ capture:and end at several final states· of known 

spin and-~arity. _Gam~a:Cga~~a c:incidei::ices were nieas~recl by~ sp;~trometer cdrn

posed of two ·b:ck-to-back G€:(Li) ~~- HP(Ge) detectors, having about 10% efficiency. 

-Gamm1l.~rnys weredetected _after p?5sing through a 2.5.r;/cm2 le;d filter to mini~i;e. 

the detection ,of backsc~tter~d g<I.IIlma q~~ta [2]: To ;eje~t coincidences with anni-
- ' '<.,_ \ ~. • -- - ' 

hilation quanta, the c_oincidence d;tectio~ lev~l was set af520 keV. 1n· this way, all 

two-step cascad~s,· through ,;i1 i~terinediate ;tates lying 520 keV below the binding 

energy(Bn)and 520 keV above the e~cit~tion,ene~gy ofthe'final levelB1; could be 
,, .,_ '. . - . - ' 

detected. 

· ;lie two~st~p cascade di~tributio~s ~ere obtained [2] · using the spectrum' of the 

. su~med amplitudes of coincid~nt p~lses: ··The pe,ks in that s~~ct~rrCare form~d 

by those incidents of ,-detection' when the enei-gy. of one of the transiti~n~ is. ~om-
~ - . - - . : ·, .. -: . -- . . . ·- - _, 

pletely ~bsorbecl iii" cine detector: and that _of the _seco!ld is c~~pletely absorbed in > 

the ,other detect~~: • Ea~ <>f thes,e peaks, .tlter appropriate backgr~~d s{ibtradion, 

comprises a :two~step c~cade ~pectx-uin .. Thus c~cade quanta .bet~een the capt~re 

stat~ and different firial lev~ls are register~d in different·spei:tra th~t ;;;nsist of~everal 
~- - . . - . --. . . . . . - . -. - •. -

1, • components: 

j 

'I 
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- . I . . . . •. . . • • 

1) a s'et of discrete, experimentally resolved peaks, usually related to high-energy 

primary ,-tr~siti~~s that ~ainly 'popula~e the intermediate leyels b.elow a~proxi: 

mately 3 MeV for d~formedand 4 MeV for sph~rical ~u~lei. 

. 2) a num~~r ofJow intensity, expe;i~e11tally·unresolved_ca~cadequanta fro~ th~ 
f " , J , -

same excitation energy interval as in 1). 

·.~).a ~~oad quasi~co~ti~~uril form~d. of low a intensity l~w-energy pri~ary transi

tions wi,th an energy E1 smaller oi- approximately equal to the second transition 

·energy Bi. 

Tlie "noise" -iine of these s~ectra h;~ a zero average ~tte and normallY dist'rib~t~d . 
,! • • ' • ': ' . ' - •• ' ( _._· ••• _. 

in. tensity flti~tuations with.i:iispect to tlie ave __ rage. · . ,, ' , . , .. •.· '--. 

. 
3 ·· Cascade· ~nt~n'.sity Modelling· 

,;' 

Sy-~tematic -measrireinents (Tablt:-1) .of t\Vo-step cascade intensities I:;'/ for some·. 

heary, differ;nu;·shaped ·;mclJi were ~ar~i~d otit in the ~x~itation e~ergy 'range" up to 
\_.' , . ' . , ' . - - ' 

·11,.: .. :.'-'... 
'.Th~ int~~sity of a single cascad~ iTI = I'>..g/r~ xTgJ/I'g. is determined by th~ 

. :_ jj~i'tiitl widths of the c'asc~de tr~nsitioris b~tweeri st~tes· X ~ 'i/'-> f and thet~tai,: . 
" • • ~ I c. ,• / ' , , • ,~ • _., • • -•-., ,' , . 

radiative wid_ths r of decaying states ,tand g. Therntio I'j,9/I'>.. has the same energy 

. . : ·. dep~ndencf ~. t~. parti~l ~idths bf the; pii~ary. tr~~sitio~~ :f )..g; sinc/r).. . ~ cdnst 

f" or the compound~st~te'.. Hence2 the ca:;c~de i~tensity &I~ ;'."'hei-e .the' ene'rgy of one . 

'.of the quanta falls' in the i~ter~i t.E-y,' can be:~ritte
0

n a~ . . . 
·_' ; . . -, - .. ..,.. .. ' ' 

·m "I 

t.iTI = Er>..;;r,;. x :z:=r;j/r;, 
: .; . . .J . 

where ; .-~- iE. p( E;J()fiE; is th~· ~umber -~finteimediate ie~els_.in. the ·int~rvalflE . 

. .. . '.The case~~ inten;ity calcttlations ;h~~id be ba.~ed on level d~risityrilodel pr~dic~ · 
• ' ' ,' / • • -•: ' • ,• • - > ;,.;••' I ••• • • ' -• • 

tions (fur a cerfain .~pin and parity) an,cl cm ga.mI!la width; modelling of states belo"7 . 

·. Bn. B~cause:~f th~ experi.me~tal f~ct th~f i"he -~pin differeri~~ betweed the initial. and. 

. fi~~l le;els: 6f dete~tecfc~cad~s 'is'Ti-:)J I::; 2 - only El, Ml ~d E2 trnnsitio~; 
·,, - ·- _.· • ,_ ·-- • .·•.-: , ,.- __ ,_ ••• r - • '. - "' - , • • • • •• • ,. •• • • ,. 

were included in th~ calculationi. . .. . 

; . . In thi~ paper the intensity p~edi~ti~ns were o~tained a~~o~ding to r:latively simple .. 
and ~ft~n used models: . . . - . . . ' ... · . . . . . 
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. 1) for levd density 0: the b,ackshift~lFer~!-gas m~df (BSFG-niod~l) with th~ 

parame'ters specifying the experiment~ data as in (14]. . ·. . . : . . ., . . /' 
. . 2)for the El-photon strength function - the standard Lorentzian modd [15]; with · 

~ width that is independent of energy, was employed for. the. photoabsorbtion cross 

. section after. extrapolation 't~ the :xcit~;io~ e~ergy bel~w B,;. 1'a acco~da~~e wit{;he: . 
. . .: . ·.,/. . . .. :· .. 

· Axel-Brink hypothesis, that expression is valid for the ground-state as well as for an 
/ - - - .. - _\ . . --·.' } ., :·.:.. . ' . '. ·: . .:' , -: . . ,' -- . ~ .-- : 

excited one. For Ml and E2 transitions; the single-particle :Weiskopf£ model was_ used 
\ . -. . , , . ""'_·:. -- . , . ~ . \ - - /· . ' . . . . . . . . '' ' .. ' ._ •' ' . . - -.. 

. and the relation B(El):B(Ml):B(E2) was adjusted by 7 MeV to~the experimental 
. . . ·.· . ,· ,., - . ' ; .;. .• 

dat~ [16]. . . 
. . < \ '. . .. ·< . . . " .. -;· . . . : 

As_ was already mentimied in earlier·papers [3]; the measured two-step. cascade 1 

spectrum .carries. information on· the photon. strength ftJnction 'that' gov~ms. the av·-- . 
- . ·,• '· - . / , ~ . . : . . . / 

erage properties of primary, and secondary :y-ray emission. and provides an answer . 1 1, • •• .S • • '• • •,/' • > •,, ', e• > .,' , ••• C / - , T~• •~~• • 

conceri1ing lcveldensity and energy stre11gtl1 scalii1g. To i11vestigi1te the cascade iri-
, ' . . . ' , ,, '.:· ,,·, . -. ·'. - '. -\ ~ ·.~ .- . . :-. : 
tensity energy dependenc~ one should divide the cascade transitions irito primary .· 

and secondary ~omponents. This .pr;blem ~as already sol;ed for, ~esolved p~aks ~Her 

th~ir placement in the decay :~heme, The ~rdering-~f ~1;1piaced transitio;lS ~J,well 
~ \ , ' - ~ - . " ,' ' •' 

as ,those that are1mreso!ved'.was rriad_e i~l a<;corcja{1ce with certain assum1Jtidns (see 
. :~ [7]). ·. .. ' >, :· . . ·. .. ·•· ··.· ' ... ' . . .· . . ·.·. 

~ . 

,4 Results 
. ~ 

Figs.1-4 preserit th'e dependence of intensity distributi011 (!Tl primary trans/tion en:, 

ergy. The histogram shows th~ experiti1e{1tal ~lata. ~ t~o-~ti~nta cascade iriten~ities 

. summ~d in500 keV energybins; The l~~dell~d vaiues ar~; rerir~sent~d by\ine~. Ta-. ' . . . . •, . . \ . . . 

~le 1 sumrriariz.es. the. irivestigated !1uclei with their bin'ding'e!~ergy and spin ( Bn, J'), 

--number offomi.Ievels - n1;•i.e., the 1iumber,of observe(! two~st~1J-cascade intensity.· 

· · -;pectrnint~grated ~ver all int~nriediate and final level intensi.tics I;~p and o~her ·1>a: . . .- - ,, , 

rameters. ·-. 
':Due to the low efficiency of.the ~tectors only cascades \Vhich have: a primary• 

tr~n~itio~ int~nsity of more th~~ 0.01-0.05% of the whole spectrum intensity per decay 
- ' - • - - • ' • ' : • "- - - • ' •• ~ • ' ' ' - ' ' - ' ' • : • ' • < 

·could.be deteCt'ed.·.This minimum value.of resolved ·cascade intensity is considered a,f · . . ; : ' ' '' - . .. '-~ ~ ' ~ •---:· . ' 
the low,er liniit of our spectrometer.sensitivi.ty '... L~. For the majority of experini~ntally• 

) -~'"~ • I • ' , ' 

' \ 

'\ "·._;_ 

-
5, 
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• 1· 
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. ' -. ' 
,·' . ' .... , . ' . . } .. :: . . . . 

unresolved cascades it is true that the _primary tr~sitions have soft e1iergies: But -· 

. for sorile othe; unre;olved cascades, th(t o~derii;g of the ca'scad~ quailta is. probably" .... 
cletermined :incorr~·dly. . ·. . . .. . 

Taking into acco.unt the available information on decay modes and level schemes, 
. . .-, '• -,· . . -· . . . . 

·as-well 'as the two-step· cascade re~ults, an energy E* c~uld be set for each n·ucleus, 
__;,. • ~ r·~ , ; ~ r • , . • • • .· •, ' , . ," • - . . . , '·, . ' ·• ,./ ' • 

. E• divides the energy interval between Bn and E1 into two parts - levels below E•_ are : · 

~opulated ~31inly by well ;~wived ciis'~ade trilmif,ions; ~nd abov~··E· the i~fo;~atio11 . 

. of.c~iade i_n,tensity i~ ~onta}n~d'in 1;1a11y unres~lved transiti~ns. Hence the accura~y 

(Figs.1-4) of the obtained ·cascade intensity dependence o~ the primary ray's energy 

is limited by the le;el of eq~ipm~~t;~~nsitivity ~ L,.~ The L,· val~es for the"cqui;rrienf 
- . ',. :; . - . - ' . . . - . ' 

· used.are given inTa:ble i .. . ; 

At. th°e' present· time· experimental .c~cade intensity distributions areidecomposed 
I ' • "-• • ' 

into prim~~ and seconda:ry transition -~~mpo;e1its in thi'tfol~~wing nia1111er [7]: 
• "I;: ~ , - . ' -~ • - • • ', • . - ' ; . . .· -

. 1) Peaks related to the detectio~ cif l;igh ene;gy and intense transiti011s populating __ . 

levels: b~low E· ~re irn;luded in .the priU:ary transition i'wo-~t~p cascade intensity • ., ... < .. '.- ," ,_ : t;·· ·...-: t- . .::,• ~·: .. ':<. ., ,;__•-:.1 .. ' :: ,, .. -·-~ >~·,'.'.'> 
. distribution. For unresolved parts ofthespectra in this energy region, it has been 

.· as;umea ·that: th~ • Iow:energy fr~nsi ti~~ is·. the pri~a11: o~~ · and th~ high-e~er~y o~e .. 
. • ~- ., . ... . .. . .. ·. ' .. ' .. • ... 1·· 

_is the secoridaiy. ·' 

2) .for l~vels froin the \~terval:E~.: $ Eg; $\ (B~ -B*)half of, the 'transitia"ri': 

. intensity is ascI"ibed to prin';_ary and half to secondary casrnde transitions. 

. ,·. It i~ ne~es~ary t~ esti~a~~ the ~robable influ~nce of this un~ertairity ~n the shap~ 
I f' '_:. ' ••: .: . ' \ .•. '-- :', ' .. , .•,-;:.•:.•, •••., •.'• \ . •- ',: ·--•;'' • ... •:•, .-.•., • 

. of the primary transition intensity distrihution. As was seen from Table 1, fordi(: 

c· ferentmiclei, ,?-Ve ~ere ;~9le to o~i;erv; a rather diffe~e~t ;or;i~; ~ the total radiative 

... width o(thci ~mnpound-sta~e ~ t~o-step 'casc;des ~ fr~~ 12% to 100%. The fracti~~ 
. _, , .. -• ' .. ., ' ', .. .- -·' ' ·. ,.. '( - . 

,of'cascades re~olved experimeritaHy in the form o(p'airs ofpeaks-~mounts to.at least· 

50-70% or m6;e of the.t~tal ~&rn of the observ~d intensity (~i;j_;olved ~ T:ble 2)., The-· 

: re~aining 30% ( or at ~ost 5~%) of th~ tot.al qt~c~de intensity is for~~cl by. c~;tin;:: • 

uous di;tribution. Theprohlerii·"of system~tic e~ror iii thedeco~position procedure. 

·.reduces t~ the questi~n of how_reiiable is the de~ay scheme for:th•~ inte;~~diate le~el 

energies E9 < (3 ~ 4) Me\! determined.by this~ m~.t~od; '.The ;t;dies'. {17] shb~eitha! 
•,• .- ' , • ' ' ''..,,-•• •• •• • .•,.'... ' ' , •'. •: •" -•••- •\ • "•.• •. ,•, • > w',. _' • '•; 

at an excitation ene_rgy below B,;/2 the, probability.of incorred'determ~nation of the 

quanta ordering in intense cascades is fai~ly l~w,: 
! ' ,, -/ - '' -. • ' ,·,, ' 

·, 

l 
... 

1 
l .. , 

1 
l ·, ,> 

"i. 

l 

I,· / y .. -. 

--:< .. 

Table 1. Some m·ain properties of the nuclei studied: Bn,'J,. 1- binding energy 

and spin of the c~mpound stat;; n f ~-numb~r of dete~t~d t~o-qu~tli. irite~~ity distri

but,ions;. J~P-, _. total ~bse~ed intensity of _all spectra;: L. -. ;~gistration u{;eshold for 

,.,,. the equipment used; ntP - number of :X:perim'eritally revealed .Ie~els up t~ 3 'MeV;' - , ~ . . . . ' 

nfa1 - riumb~r. of l~vels populated by El~primary t;ansitions in accordance with the 

· BSFG-~odel i~ the. same e;ergy interv~l:. , 

Comp.2,_i:ind Bn,·J"· ri1 · J•xp 
TI• 

L,. I expl cal'IRf .-ni ~ ~: ni . · e 

nucle~s MeV ·% persdecay :% per decay 

I37Ba 6:9, 1;2+ 4 · ~1(3). ·0.04 '15 17 4 
, 1:isBa r6, 2+ 2 ,•·.· 26(1)" .0.03 11-·. 3 ,5 

t39Ba 4.i;1;2+ ·,3, -100(4) ', . 0.04 · 18 16 6 
146Nd,: · 7.6, 3~. 4 36(!) 0.02- 62 - 13> .7 '. ' 

- -~- . -
1sosm· 8.0, 4- -6 20(2) . 0.01 -- '71·. 96 .8 

1s6ci .· 8.5; 2-. 5 32(2) 0.02 72 ,: 155•.•· 9 

1ssad · .. 1ir•--,· 3 
. ,·' 

• ,, ,, I 
,19(1), 0.02 -62 · 116 · 10 

• l 

160Tb . 6.4, 2+,3-+ 12 · .22(1) .0.01 87 1790 

,l,64Dy · 7.7, 2-,3- 6 ; 46(2) 0.03 . 64 240 I 11 
• 1·,,., 

7.8;3+ ,4+ .59' l6~Er 3 . 15(2) 0.01 126 
'. ~,-: ,, . ' 

, t74Yb '7.5, 2-:, 3- ,3 . ·. 22(1) ·0.02 72 82 7 
, I 

lSlHJ. _5.7, 1/2+, 5, 52{4) : : · ".0.04 "106' -263 12 
'< / - ., 

l96pt ·7.9, 2- ,3 __ 32(2f 0.05. -; . '54 · 25 : 13 

l98A~ 6,5, 2+ · 19. 41(1h 0.01. · 213 · _480. 
.. -:::, 

. .... ', 

. \; 

7 

',,. 

I 



) 

-. 
-. : ..- .:"-

Table 2. Some pardi.meters u·~ed in d~termining t~e energy scaling '?f _ the primary . 
-.... -· 

. transi ti<?n irit~nsi ty'.. .. 
. ,. I' . - t.i:;;ddle f. iresofoed Compound nf . r, E* 

-Y-Y_ 
§ir, 

nucleus % 'per_:decay MeV % per decay % per decay *) 

,131Ba·• 2 77(3) 3.0 , 0 . 71.0 - ·15 

;138B~ , 2 .... 26(1) 1.0 0 -~·rn 
~.39Jia· -· 3 100(4) 2.3 0 83.O / -I 15 .- ------ . 
t46Nd 1 . ,20(1) 3.1'. 3.45 15'.6 .. 

: .:.·1sosm 2 13(1) 3:1 3.76 -: 6.7 16 
1·s6Gd --• 3 23(1) 3.1 5.22 13.1 25. ,. ---.. -- -~ . 
1ssaa 3 19(1) 3.0 2.71 12;1 20 

~6oTb '.12 -~2(1) .· . 2:1)__ 12.8 
.. 

8.4 

3 29(1) 0 3.0 . 7.17 -

' :~f. lEI 3 ' 15(1) - ·3_0: 6.6 

myb. 3 , ·22(1) , 3.0 :__6.91 
"'" 

' .· ' 
1s~HJ 5 52(4) 2.5 , -10.58 36.7 

'.196 J't' 3 32(2) ?.3,_ · · .. 2_.05 ·,29.8 . I , ,I ,' . ..:.._ 

19sAu 19 Al(I) ,3.0 1.61 .· '30.0 .. 
_ _·. . .. , _ . _, ,·~~ ,. r . _ ., . · , i . • .. ; . . 

·*),upper limit_of intensity error by qua:11ta orclering in % of only part of the spectra 
/ .. : < •• . -." \ . . . .- : ( ,,.", •. ,, ' ; .. -.., ~, I ~- •. / 

area in the energy region 2 $ E1 $ 3.MeV.' ·: ._ ·. : · ·_ .. -... · .· ·. 

Tabie 3_'. Comparison a'(p~amet~~~ for 160Tb and 19~A~ . . ' . . . ·--·•-- . . ., 

Nucleus I En, Jr_ 
MeV 

. 
160Tb , 6.375,2-1; I •. 3.9 , 

- ms Au , 6~513,2+ • 16.5 -

.'. .Jj • 

1.:.. 2..'. '3.:. 4-· 
' , ' 

multip~l~rity~: 

EltMl 

Bl+Ml •··-123_· . , 3.3 ·' 

-

\.-
I. 

-} 
r 

)
'•· . . 

"1 · tt· .. 

.. ' - , I 

There is no difficulty.: in subt:acting s~v~ral t~ns • of narrow ( ~ev~ral ke V) peaks., 

frorri the experimental intensity distributions/ Naturally, .the accuracy ~f this pro- : 

· cedure depe~d-s on the quality ~f _the spectrum,' i.e.; ~~ the "noise"· fluctuations· re-. 

lated to the backg;om~i subtraction pr~cedure (7] _to obtain the C

0

asca.'de int~nsit; 

distributions. ThaHsthe reason for ~xd~ding som~ iwo~step casc~de spectra whe11-

decomposing the distrib~tio~ i~to two components: ·Fa/ insta.'nc;, in the ~46Nd nu- . 
' . ·, . -- - . . ,_.· ,. ·, ~ 

. deus only c~cades'io the· first ;~cited 2+'_ stai~s .;;e considered. ·;.Table 2. co~tains · 

some infor~nati~; u~eg to obtairi ti{e shown (Figs.1-4) ciscade intensit~ dependence 

. on the·primary transiti:n cnergy.E1, namely,~, -:ti1e __ number of d.eco~posed t'o- . 

stepc~cade sp~ctrn; I~..; -. the ~otal intensHy of these spectr~; E* - the e~cited st~te 

·. ·. ~nergy dividi~g all ~b~ctra in two parts; i.imiddle -J,he are,(of.all deco~posed ,c,ascad.e ·• 
· , . '. · ... - '7"'~--- .l''Y .,; /:·, _r . • 

0

.0 ·, , \ , _ • ; • ,. , 

spectra in. the energy interval E* < -Eg <,_ Bn. - 'E*; and t.i;e_;olved C th~t, part of the 

.· cascade intensity, whi~h i~cludes ~o~~tributio;1s from 111 -resolved -~a_:,cade t~ansitioris. 
. . , ' ' . , - ', . 

ff i~ eyiden~ tiiat the interval E*
1 < _E9 < 'En -· E; is ~mi-row ~d contains 

no more th~1~ 20 - 30% of the t.;;tal inte1isity and ti{~ ,posible inaccuracy is not 

significant; It shoul~ b~ n~~~d that this interval is sittiated in the iniddle of thi tw~: 

· ·. step cascade spectrum; and ~he e;e~gy of botl1 primary -;;1d sec~ndary 7-tr~n~itions 
• • • • " - , r~ • - • ~l .,, ' 

I is approximatelly equal; .dividing it-into halves seems. reasonable . 
• ' ''--. - •••• J •• ' / , : \ ·- - , / -

' A more considerable systematic error. co~ld be connected with the assumptioi1 ,,_,_ 
~ '. • • ' • • ; - • • •: • • v' • • ' :. • • \' /, • • • ' --

about the. iuiresolved part of cas~ades populating iriter~nediate states below E* ( E 1 _>( 

. B,; ::-E•): From Tabl~- 1 i.t can be ~een thaLin the-~pherical. nuclei ;37: 138•~39 B~ and 

146 Nd and the n~nd~formed ~~deus of ;9~Pt, ·almostall le~el:/below. 3 Me V pre<li~te;l 
. .. '. ·. . ., 

:, by the· BSFG-model were observed and their resolved cascades placed. In that c.-ise, 
·. ·,· .... ·.. ' ·. . .· '\ . '' . . . . .. ·. 
: for the unresolved peaks, the reliable ass1tmptionis that the lmv-ei1ergy transitionis 

' • • • < • • • ' ~ • • • ' - • - ' ' .• • • • -. ' ... 

the p~ima~y one. . . - . . -
'.' .·' .·• '~'., . • , • ••. • • ·-. ·-· 'o•~ • '. •• . • . -

In'the deformedhuclei of156·158Gd, 164Dy and 168Er; only 30 _:_ 5p% ofthe model 
. . . ' . . 

[14] levels (nf~1) V'(~re experimentally ·obscr;e1. So up,,to half of t.l~ei_r predic'ted 

,two-st~ cascades ar~ in~l~ded i11 ~orresponding two-~te; cas~;d; spectra as bro~d 

unr"es~l;:d, qu'asicontin~a .. I~ ~ho~lcl be 'iiot~cii, tliat . th~ most i~te~1sive"part o/ ~l~c: 

c~c~es is ;esolved andtl1is qu.1sicontinuum partca~ri~s less info~ma~ion ~J cascad~ · 

inte~sity.· For that 'residu;l unres~lv;'d part di~ided ~y the assumption that the low-
--....,, ' ' ' ' - : . ' ' - ,_ '• \. ·t .' - - - . - _,:._ - ' .• . , ,'· .. 

energy tra~~ition is primary, anrsystematk error should be correctly. taken into -

account. 
J 

9 

,... ... ~-__.. 
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neutron bi1idi11~- ene;g~, B,.->ver;i1s. at01i1i<" -i;{ass riumh;r .4.:. Li~es reprc~ci/ tl~e. 
~. :· .. ·· ..... ·:-/ .: : :,·. . . ··.:.. _.,~_ .-· .. ~•-'..,, ... '-;:, ··:',_ \',•.··-•Jc 
QPNM.predictioii of single-particle (Woods~ Saxon pcitiintial) 3p,j; micL3J>:it1° stall's 

for\phe;ical~~clei a~d st~tes.with ,Ki<= 1/2::-and 3/2:_ for ;lcfor~{~d i1~1dei: 

. ·.-~ 0 \i1e location~-of~h~ ma:ici~~:m for_~J;heric~(nu~lc{ _·. • . .- • 
' -· . - _,· . ' ,. . ,. - . 

- , 6 - _th·e locations of two maxim·a in the rase <>(deformed nuclei. 

:; of Fig.3 are decomposed. into two peaks, assm;1ing it Ldr~~ntziai1 slia.'1-ie; 
' • • -. . ,·, .~ / • ,._ '>- -· ' ' ·, , • • . ·. ', ·• -- ,'' - ,. • • 
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Under· the acceptable assu~ptioi1s for EI- and MI-tra~sition radiative strengths 
' :.- ~ . ' .··' -.- _·- ., . . ·- . .,, 

and their Porter-Thomas fluctuations, the_ error estimation gives its upper limit as 
• • • - , - • ~ ✓ - • -

Hrr- That uppe~'limit of spectra dec~mposition err~i is present in Tabl~ 2 in % 

~f~~resoh(ed
0

~ascade i~tensities fo~ the ~arr~w.enrrgy.inter~al (2 < E; <.3 MeV}. 

Such errors are -mainly related to weak casc~des with pri~ary t~arisition e~ergies . 

. . . / E~. > .• Bn .- E*: falling into th~ continuous. c::list;ibution (high -l~v~l ·. de'usity). That 
' ' ~ - ' . . ·.: 

part of alLcascade areas"is small and does·not change the shap~ of the examined 
- . ~ ~ . . - ' - ' ' 

dependence l:,':,P = f(Ei). -"-. 

,,,.-

·, [ 

· 5 Discu~~ion ·and Summary 
... 

. The int~nsitie; of two-step cas~~des to sever.tl lo~-lying levels ofsome sphericlil ~d 
,, ,., • . .· . ,r 

deformed nuclei are shown in the_ form· of histograms as a furiction · of thei~ primary· 

transiti_on energy E1• The ~~l~ulated cascade i1ite~sities (smooth line) of tl~e decomc 
: . ..· ., . . . - . . . • I • . ·.. ··, . . 

posed spectra are compared with experimental intensities. . . . 
'...;, -:,. '. : -: i'. :,·/· _, .-. -, . _'/ ·,' ,· . 

The most no ti cable e.x:perimeritally revealed feature. of compound-state: cascade 

· depopulation is "i10nstatistical''. .. ~ th~ strongly struct~red shape of the intensity spec

tx:a {Figd-4) .. Th;se structural effects :ppear in different ~ays foivarious nuclei. I~ 

spheri~alnu~lei tn~ m~st intense cas-~ades are meastf~ed at prirriary tr~nsition energies 

E1 > 4 ,-- 5 MeV(Fig.1.). Low-energy prim~ transition inten~iti~s in tho;~ ntciei 

are comparable with' the·c~~ulated ones: A:nother gen~;al featur~ of the 137,138,139 Ba,· 

· 
146 

Nd and 1
;

6Pt, i9~ A~ nuclei is a relati~ely. large v;l~e orri -the red~ced n~~~r6n 
·:· f- '.' ,' ;_ • ·.- ·, ,'·. '; ! . _,_:__, . ; ·. • 

resonance width determining the cross section for' thermal neutroncapture. • For these 

nuciei r~ ~it g;ea'ter th-~n < ~r~ :> [18],. the average valu{ o;er aU ~esonances of the 
nu~leus. ·~~. ! 

In strongly deformed nuclei from the begining of th~ 4s-;esonance of the neutron 
• • I ' ' • • • ' • • ·• • ' • • \ ~ 

strength. function, namely .15~•158Gd ~d · 164 Dy, a· second locitl rii~m;m of intensity 
·- . ' . ,_ . ..., . - , . . 

distributio;;_: was rev~aled at the primary ,-quanta energy of Ei = 2 ,;., 3 M~V. This_ 

intensity enhanc:em~t .is absent iii c~cul~ted intensities; becati~e the chosen ~~dels 
. , - • . , . .:._'___:__·· ..-. ' • ·. - . ' _.- .• ,_ I , '_ , '. 

predict a smooth energy dependence for level density.as well as for gamma strength; 

.. In the 160Tb>fiBEr,H4Yb and: 181Hf n~clei t~~se two local i~~ensity ~a~i-ma are 
. . . ' " . ~ . ' '' ', ·, ' 

., 
14 

,;_ 

ll 

' . .,_' ', - . - . ~ ' l 

: --very close arid P,rnbably create a joint peak, i.e., the· greater part of the primary 

transitionjntensity falls in the·ex~it~ti~n energy region of about 1/2Bn;' · - ' 
. . fo n~cl~i fr~m the end of ti1; 4s-;es~nance region, 1~ Pt and 198 _Au,, ~his se~o~d 

·. ~/ loc~l_intensity ~n~im~ is not_ reve~~d, i.e., there i~ no si~ifica~it intensity enh~~e- · 

· . ; ~ent at· th~ priinary tran"'siti<m' en~rgy ;f E 1: ~, 3 MeV: P;obably, when incre~ing 
. - . ,· . . . . /._ ' - ', . ..· , .· .. / -. ' . , -

the mass number A 3:11d changing the _shape o['°the nucleus, the cascade intensity 

distribution ch~~ges its shape as ~elL . • , '. .. . . _ _,__. '• --·. ' , ·~ . ' 

. Additional. e;idence of this hypothessis is the transitional nucleus, 1.50 Sm. 
. ' , . ~. . 

casc~de intensity ·peak at E1 = 3 MeV exists; but it is riot as clearly expressed . 

Fora hette~ understau'diiig_of the above men~i~~;d attempt to expl~n'.the o'b~ 

tai~~d -results b;: th~ r~lition be~wee~ nucleu; shape and the e~cit;;ion p;;bability 

of high:lyi~g level~: the 16~Tb. and· 198 A~ nu~lei ~ill- b~: analysed: sepai'ately .. Both 

nuclei are ocld-odd, but t~e 160Tb nucle~s ~s ,v~ll def~rnied.aiid ~Ii~ 198 AJ nucle~s is.· 
• - ; ' . ·- ', ' •• , •. ·. : .- .• ' .. , 'J •· • ,,/· •' .• 

sph~ricaL · P~rameter~ defining ca_pture· gamma decay prope~ties; in a~~ordance with 

ni~dern comp~~l~ensi~n, ,a:red~se for th~se t~~ ~~ciei (se~ Tabi~ 3). . . . . 

-~ Since ~he ~diodd £~deus has th~ pot;~tiai for a great va;ie~yof~o_mbinationil ~f 

'different. qua,;,iparticle ~icit~tion~, e~~n at lo~ ~~ergie;, the 'level densities. observed~;· . 

. ' are. hi~h~r than th~se. s~e~ in neighb;u~ng riucl~i. ( ~ee Table I): Fig.4 ,s~ow; ~- ;:th:; 
. ~ ~--- ',.. ••-.··,· - . ' ··. ·. -·· .-- ,, ---•~·,· ~ ','., 

different cascade intensity dependence on the-e~cited level energy for these two nuclei. 
• ' :.·• ,' ': , :. f .' ' •• ·_/ _, .·• • f. ' :.·:' .. - -. ' ' ,·. ·' , .. 

None of the systematic errors nm any statistical -errors explain this dis~repancy of 

~he })rinciple o(obtainecl cascade intell:sity at.E;;-i, 3 MeV .. ~< . ~ , . ' 
. The· averag; 4:S~wave res~n;nce spacing.< .D > differs for th~se two nuclei a~d one· 

- could e~p~~t its influence ori 'th~ inte~sity'depe~de~ce. ~uttte ~-alculated :~ascad~ 
. . ' ·c. . . _. ..... :· . . ·,. . . ·, . . C ..•. , .· . . , . ,.. \.. ·.·: ,_._ 

. intensity distributions· are ,very close in shape, i.e,; in the statistical. approach the· 

~arame{er,< D >:.d~es nJt ~ffectively infli:nce the.iiite~sity dis~rib~tio;. . .. 

.. Similarity i~ the .sha:p~ of'theobserved d~pendenc~-/~P = f(E1) fm: e_;en~even,· 

eveii-o.dd a~cl odd-odd nuciei havirig the same n~cleus shape, arid its "4iffere~ce when 
. . . . ' ·. ' . - . ' . " ' - . . -, ' - . - -. ·-· ~ . 

· --~" n~clei_. diffef in ~hape, permit one t~ ass~e that two"~tep cascade intensitie~ in heavy· . 

nuclei depend ()n th~ shape of the n,ucleus. 

:._The differ~nce: in,}he processes of high-energy, le-;el P,Opulation in spherical :and . 

deformed n;cl~i could be connected ~ith the feature of th~ir" ~tru~ture. :·Among th~ .. 
' . - - ; -- - -. •, -_. ,_··_., - . . : .. · '. . '--· ,_ 

reasons· are strong. nonstatistical ·. effects related.to· the. 4s~ma.x:iim.iin of the neutron 
( :_ . . ·.- . . . ~ :. . : , ., . -.. ; . ; .- .. ' ~-- . . -::._ --~" -_ .. . , . , ...._~ 
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strength function. The model calculation {19] shows that the quasiparticle state 510j 

,, . . , . , .. - ,. - , , I .. - . - -
· in the mas..5 region 150 <A< 180 is situated about 2.5 ¥eV bel?w Bn (Fig:_5). Fig.5 

. h!!S been taken from paper [19] and shows the QPNM ~ppr~ach to the 3p112 and 3p3/ 2 ' 

neutron states for sphedcal nucl~i and the, K"'<.~ 1/2-. and 3/2:... st~t~s for deformed ' 

nuclei. The energy 'of the 3p neutron subshell decr~ases-;ith i~creasing ma~s n~mber 

. ~ A in spheri~al nucl~i. In the r~gion of well deformed ~~cli 150 <,· A < H)O close 

, . to Bn there ar~ single-particle K1<= 1/2~, i/3- states. The en'hanced t~~~~itio~~ in 

light ·nuclei are ~uccessfully explained in terms of ~ingle-particle neutro~ exchanges 
• I • •• : ' ' ,. • ' • ':s,: • • ; / • . ; ~;,; . I, " ~ • ~ • . - ' • • 

between the 3s,and 2p or 3p and.3s shells [20] .. , · , . 

In ieavy, deformed' ~{iclei th~ single-particle strength is f~gmei1te'd and is· di~c ' / · 

~tributed amo~g many nude~~ lev_eis. Thus the contributi~n ~f 4s-+ 3p tr'ansitions to 
- -·,:"•, ' ·.-,:· ',:·,,: ,, .. '.,· '.'•.' ' ' ' ' . ' /.' ' 

the partial gamma-width is small and.not observable by simple detection techniques 
' _: ', ' - ' ' .- ,, , _· . ,: ' ', ·- : ' ' ';,-- ' - , ' .' 

[21 ]. The advanced two-step cascade method allows one to see the sum of the transic 

t:io; interisiti:s as:~ integral ~haracteristic of that f~agment;a"st;e;gth, and re;eal; 
', .' . . . L . . . , . / • , ·, , ~-

information on transitio'n;·between the 4s a;d 3p netitroU: o~bits/ · · 

In pape; (22] the proriounced local ~aximi'.t~ of 111,tensity of p~i~~y ~a~~a ra~s' 
• " • • • ... -~ •• • .: - < ·:'" • '\ • ' :·. ·.:--: <, - : '. -. -: /,· :._, - ·, ,. 

at 2.5 MeV for the 156Gd nucleus was treated as enhanced ,~transitions between the . 
I " t:·::,_' ·:·< .. , .· i'_', '.•- • ,:'·: ,· . , ·,.: " :• .. -, ·, .• -", .. · . •_· . . ·, 

i;nany-quasiparticle components of the capture state and e~cited stat.es with energies 

'of 5.5-6.5 M:v. Becii.u~~ the ~xperi~ental data involve oiify10-5 ·p·~~t ~f the ~~utron~ / 
' '' ·,. ' . ' . ' i . ' - ' '' ''' ; ·: ---. ,, ' - ' ' 
resonance wave foriction, it is possible to say that a state .whose largest component 

is described by·~ single many-quasi~~;ti~le configu~ation (morethari,10~20%) h~ its· 
' ,, ,· . ' ' ' . . ,' ' 

own chara~teristi~ features. 
, ' ' • ~ /. '' '. - • . • ', ' . •. l • - ' ;' . '. • • ' - . :~ • 

. To 'suA:tmarize, 1the proposed explanation of observed intense cascades via inter-

mediate states lying~ni; 2-iMeV beiow)}n i~ only a hypothesis, Most i~~ortant i~'e 
· .. t_he resul;S' of th~ br6ad inves~igati6n of many heavy nuclei. The t~o sets ·~r nuclei,. 

\ , • \_ .;. ~; ,.' ' ~ . I -- ,._ , .- ' ' • ·, • '• 

generally_differing.in shape, manifest different forms ofcascade intensity di_stributions · 

.as ·a function of their primary transition energies. 
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