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UIECTBEHHO B J1a60paropuu HeHTponHON duanky ONSIH. H3 conocrarnenmns axcnepumemanbﬂux
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Excnatlon Study of High- Lymg States of leferemly Shaped Heavy Nucle1 N T
by the Method of Two-Step Cascades ', e o S iy

S Recemly obtained Primary transmon mtensmes from two step gamma-ray cascade mvestlgatmn
in 14 heavy nuclei: 137+138:13%g, 146Ng, 1505y, 156.158G4, 1 %Dy, 1%8Er, 4yb, 18hy, Mopy,
*3Au are analysed. Expenmems based on thermal neutron capture were undertaken mamly at the
Frank Laboratory of Neutron Physxcs Comparing these measured intensities and stat|stlcal model
predictions, some pr ‘pertles of compound-state depopulation were derived. For the sphencal nuciel
of 31381395, 146y very intense cascades with high-energy primary transitions were observed
‘Rather dlfferem is the behaviour of the cascade mtensl(tjy in the strongly deformed nucle1 of 3813854,
”GoTb, 164D 8Er and in transitional nucleus of 13%m — intensity of primary gamma'rays with’
Ep= 2-—-3 MeV overesnmates the calculated value by more than one order of magnltude o

cz\

" The irivesﬁgation has oeen pe'rforrned at the Laboratory of Neutron_ Physics, JINR; e

" . Preprint of the Joint Institute for Nuclear Research. Dubna, 1994
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; For a better understandxng of the depopulatlon mechamsm for levels with dlﬁ'erent

energles and structures 1t is crucxal to have 1nformat10n on the dxpole rad1at1ve w1dths E

° over a w1de reglon from low to hlgh energy gamma-rays A large a.mount of knowl—j :
edge has been accumulated from photonuclear react10ns a.nd therma.l a.nd resona.nce :
‘neutron capture gamma spectroscopy Thzs xnformatlon maxnly concerns h1gh~enetgy‘i
wprlvma.ry 7 rays that correspond to tra.nsxtlons from the capture states to low—lylng ;

: dlevels

;'An unamblguous knowledge about the level depopulatlon mechamsm,can be de- .

duced’ from 1nvest1gatxons of two step cascades Correspondlng spectra presentlng'“
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Y 1nformatlon about 1ntermed1ate energy levels [1]

: "known structures, permlts some"

=

7 ray energy d1str1butlons of two—step cascades 1nclude the contrlbutlon of relatrvely .
soft prxmary gamma transrtrons proceedlng from a hlgh lyrng capture state, as wellf“ i
-as the contnbutron of seconda.ry transitions comlng from a large number of 1nterme— S

dxate levels. It is belleved that these spectra may prov1de 1nd1rect but very 1mportant -

Over the last ten years in Dubna a method of measurlng two-step gamma-rayg_ -
cascades w1th a ﬁxed total energy has been developed [2 3] Up to now. the two—step-l v

cascade ¥: decay spectra of many nucle1 from }37Ba to 1984y have been measured andk =

publxshed T4- 13] An 1mportant advantage of thls method 1s the opportumty to de

tect all poss1ble two—step cascades between the, compound—state and several low lymg.’{h : -
final levels and to extract useful 1nformat10n even in cases where the spaces between
: 'f‘decayrng states are smaller than the detector resolutron The spectrum of two step’:fi/ .
cascades carries 1nformatlon on the photon strength functrons that govern the averager
?;.propertles of pr1mary and secondary gamma—ray emrssron Analysrs of the mtegral:;:»

'/characterlstlcs, such as’ ‘the total 1ntensrty of two-step cascades between levels wrth_vji

ple, the 1ntens1t1es of two-step cascades exc1t1ng the ﬁnal levels of a smgle-partlcle";i,; v R

' ";“values [7] Analogous 1ntens1t1es exceed by a factor of 1 5 or more, the values ob~_
tamed from statrstlcal model predlctlons in the nucle1 of 165Dy 175}’6 179 le f, and e

& ’87l’V [1 3] Such d1vergence is due to dlfferent values of the reduced neutron w1dth :‘ o

d1rect conclusmns about the1r nature For exam-. -

o nature in- 143N d, 163Dy and 183W nucle1 arecompatlble wrth theoret1cally predrcted o =

o 1n its wave functron (the case of large P°)

o

It also supposes the excltatlon of a TR

system of- levels of a collectrve nature in cases. of sma.ll smgle—partrcle components» -
T lin ‘the compound-state structure A test of the valldlty of thls assumptlon requrres -

L more 1nvest1gatlons of two-step cascades for deferent neutron resonarvces in the’ same‘ o

The set of nucle1 presented in thls paper belongs to the 4s resonance of the neutronr S

strength funct:on where (Fo / < PO >) >1, whlch ensures almost the same dependence - ;

“of the process of depopulatlon on the capturlng state propertles Investrgatlon of k

o lfdlfferently shaped heavy nuclel, spherlcal as. well as deformed reveals the lnﬂuence i

. :of the shape of' the nucleus on: the nucleus decay propertles at deferent excrtatron:vi

-

energles G

gy Fo or to dlfferent structures of the neutron resonances In the first case P° 1s about :

o : energy (B,,) and 520 keV above the excrtatron energy of the ﬁnal level Ef, could be "

: sp1n and parrty Gamma-gamma corncrdences were measured by a spectrometer com-' ‘

: posed of two back to—back Ge(Ll) or HP(Ge) detectors havrng about 10% efﬁcxency

The Dubna method 1s based on the usual corncrdent measurement of two-step cas-

cades that follow thermal neutron capture and end at several ﬁna.l states of known_‘,‘;‘? =

Gamma—rays were detected after passmg through a 2 5 g/ cm2 lead ﬁlter to IIllIlllee : -

3 the detectlon of backscattered gamma quanta [2] To re_]ect comcrdences with anm-

hllatlon quanta, the corncrdence detectlon level was set at 520 keV In tl’us way, all

two—step cascades, through all 1ntermed1ate states lymg 520 keV below ‘the. bmdlngi,k;,

detected

The two-step cascade drstrlbutrons were obtmned [2} us1ng the spectrum ‘of the B

gt summed amplltudes of corncrdent pulses The peaks in that spectrum are formedv 1

by those 1nc1dents of - detectron when the energy of one of the transrtlons is com- s

pletely absorbed i “one detector and that of the seoond is completely absorbed in

the other detector* iEach of these peaks, after approprlate background subtractro 1,50

comprlses a two‘step cascade spectrum Thus cascade quanta between the capture\

state and drfferent ﬁnal levels are regrstered in drfferent spectra that consrst of several;f L



/ "
o

1) a set of d1screte, expenmenta.lly resolved peaks, usually related to hlgh energy L REE . B 1) for level densrty - the backshrfted Ferm1 gas model ’(BSFG model) WIth the

_ parameters speclfymg the experlmenta.l data as in [14). L

?

_ Aprrmary 7«transrtlons that mamly populate the' 1ntermedrate levels below approx1- .
- ."mately 3 MeV for deformed a.nd 4 MeV for spherrca.l nucler b

s 2) a number of low’ 1nten51ty, experrmentally unresolved cascade quanta from the > s e

2) for, the El- photon strength functlon the standard Lorentzxan model [15], vv1th e

a w1dth that is 1ndependent of energy, was employed for the photoabsorbtlon cross

sect1on a.fter extrapolatron to the excrtatron energy below B,. In accordance w1th the o

e same exc1tat10n energy lnterval as m 1)

3) - broa q quasr contmuum forme 4 of low mtensrty low—energy prlma.ry tra.ns1«j‘d',‘ Axel Brmk hypothesrs that expressron is vahd for the ground state as well as for a.n

r‘ exclted one For M 1 and B2 tra.nsrtrons the smgle—partrcle Welsl\opﬂ' model was used.

tlons w1th an energy E1 sma_ller or approxrmately equal to the second tra.ns1tron S ‘,‘ o e O
’ : . r T SRS S ‘ and ‘the relatlon B(El) B(Ml) B(E2) was ad]usted by 7 MeV to’ the experrmental o

; data [16]."

As was already mentloned in earher papers [3] the measured two step cascade ERE

‘,"'energy Ez

S spectrum carrles 1nformat10n on- the photon strength f\mctlon that governs the av- :

: erage propertres of prrmary and secondary - ray emlssron and provrdes an’ answer

,’i concermnﬂr lcvel dens1ty and energy strength scahng To 1nvest1gate the cascade n-
o tens1ty energy dependencc one should d1v1de tho cascadc transrtlons 1nto prlmary
o a.nd sccondary components Tlus problcm was alrcadv solvcd for resolved peaks aftcr S

‘f the1r placement in the decay SCheme The orderrng of uupl'xced transrtlons as\well

as those that are unresolved was made in accordance w1th certam assumptlons (sce

I‘,\g/I‘,\ X I‘gf/I‘g 1s determmed by the;

artla.l w1dths of the cascade transrtlons between states /\ = g - f and the tota :

“‘raidlatlve w1dths Nof decaymg states )\ and g The ratlo I‘ Ag /I‘ ’y has the same energy

. dependence as the pa.rtla.l w1dths of the prlma.ry trans1tlons l",\g 'srnce I‘,\ / const'

'»for the compound tate ‘Hence, the cascade 1nten51ty ALn , “where the energy of one |

‘of the quanta falls in the‘ nterval AE,, can bé wr1tte11 as’

" ble 1 summanzes the 1nvest1gated nucle1 w1th thclr b1nd1ng cnergy and spm (Bn, J )

. 'the number of ol)serve(l two stcp cascade 1ntens1ty -

»Due to the low efﬁcrency of the detcctors only cascades wluch have a prrmary 1, -

trans1tlon 1ntens1ty of more than 0. 01 0 05% of the whole spectrum mten51ty per decay S

; were 1ncluded m the ca.lculatlons : could be detected Th1s m1n1mum value of rcsolved cascadc 1ntens1ty is: consndered as

: In th1s paper the 1ntens1ty predlctlons ere obtained according to relatively simple ‘

the lower linit of our spectrometer sens1t1v1ty L For the ma _|or1ty of experrmentall:,

a.nd often used models



unresolved cascades i 1s true that the prunary transmons have soft energles Bnt

for some other unresolved cascades the orderlng of the cascade quanta 1s probably

determlned 1ncorrectl)

as well as the: two step cascade results an energy E‘ could be set for each nucleus S

: mtensxty is ascrlbed to prlmary and half to se' 'ndary ca.scade tranf'tlons

_of‘the prxmary trans1t10n 1nte1151ty dlStI‘]buth‘ : As was seen from Tablr, 1 for d’h

errent nucle1 we' ‘were able to observe a rather dlﬂ'erent portlon of the total radlatne
jw1dth of thecompound-state as two—step cascadcs - from 12% to 100% The fractlon
o of ¢ cascades resolved experlm"ntally in the form of palrs of peaks amounts to at least
‘ f‘50 70% or more of the total sum of the observed 1ntensnty (Az"“‘”" \d in Table 2) The
emalnmg 30% (or at most 50%) of the total;

' cade 111te1151ty ‘1s formed by (ontl

_uous dxstrlbutlon The problem of systematxc error in the decomposmon procedure

K educes to the questlon of how rehable 1s the decay scheme for the 1ntermed1ate level
energles E < (3 4) MeV determlned by thls method' The studxes [17] showed that

t a.n excltatxon energy below B /2 the probablhty of 1ncorrect determmatlon of the

‘quanta ordermg 1n 1ntense cascades ls falrly low

Takmg mto account the avallable 1nformatxon on decay modes and level schemes, : " the equlpment used n"

E d1v1des the energy mterval between B and E! mto two parts levels below E' are_'j”v’

j; populated malnly by well resolved cascade transmons and above E' the mformatlon L

b lt is necess ry to estlmate the probable mﬁ ence of thls uncertalnty on the sh 'pe o

Table 1 “Some maln propertles of the nucle1 studled B,.,J’r blndlng energy Y '

'7 and spln of the compound state; ny - number of detected two qua.nta 1nten51ty dlStI‘l-» -

butlons, I"p - total observed 1ntenS1ty of a.ll spectra, L - reglstratlon threshold for .

PL number of experlmenta.lly revealed levels up to'3 MeV o

: f‘n“’ - number of levels populated by El prlmary tra.nsmons 1n accorda.nce with the_'

‘BSFG model in the sa.me energy 1nterval : . \ N /
Compgend | B 7° [m] I | L e e |md]
: e “nucleus MeV %perdecay % per decay o Al REe
gy 6.9, 1/2+ |4 ; 81(3):" 0040 15 17 4 o
13SBa*73. 86, 2t %2\: et |- 003 [ 1143 s |
- 18pBq '47 1/2+ 3| _.‘100(4) "ff., 004 |-18°[16| 6|
wing a3 [ se) f ooz el aslr |
Cas0gn |80 | o200 | 003\ Tfes 8
’32(2)-" {j 002 Lol T2 sl gt
B R R S
| 001"‘, B B
ey 003"7'.' led g0 |
15(2) G B I
s 0 o263 | 12|
Cae) | s 125 |13

e | 0




:
L S Sl

There is no drfﬁculty in suhtractmg scveral tens of narrow (several keV) peal\s

Ta.ble 2 Some arameters used in determl 1 th l f tl al
P " ng i energy Sea mg b he pr1m ry from the experlmental 1ntens1ty dlstrlbutrons Naturally, the accuracy of this pro—

‘transltlon 1ntens1ty ": L ,‘ I 5 ,v B f_.‘ V'Af;' E , - E cedure depends on the qualrty of the spectrum, ie.; on the n01se ﬂuctuatlons re- .
Cqmpound ny i I’ L B Al i) Ai;i‘{?’vfd - 6{;,.{' P g lated. to the background subtractlon procedure [7] to obtain the cascade 1ntens1ty ’
) . I'nucleus‘,‘« B % per’ decay MeV, % per decay % per decay ) P ’ Y 3 d1str1butrons That is the reason for excludmg some two—step cascade spectra when '
: 1 B7Bg 2. "'»’.;,77(3)‘ 3.0 20 o 7L 0. 715 : '— l Sl decomposmg the d:str:butlon |nto two components For mstance, in the “6Nd nu-
";138344-}'_"?:‘ 2 \ 26(1) k:'\4.0v : :: 0’ ' ”“"21 6 ; . S ~cleus: only cascades to the ﬁrst excrted 21U states are cons1dered “Table 2 contarns
- lsgBak E 100(4) 2/3 0 ] e X ) /. L 15 L “ R (some mformatlon used to, obtarn thc shown (Flgs 1 4) cascade 1ntens1ty dependence g
“GNd 1 : ,20(1) ?3 1’ 345 |7 156w SR SN t ; Ion the prlmary trans1tron cnergy El, _namcly, n[ - the number of decomposed two—
og - 2 ,;—' : 13(1) c « 31 67 :4’,1 -‘ i step cascade spcctra, I’,v = the total mtens1ty of thesc spectra E* : the excrted state
3 ; 23(1) RS < gé.energy dlvrdrng all spectra in two parts Az’""“’e ,the area of all decomposed cascadc
- 3§_ : 19(I) ’ 3.0 LA .spectra in: the energy lnterval E‘ < E, < B - E‘ and Az"""""d that part of the ‘\’ ;

,’;,,‘cascade mtensrty wluch mcludcs contrrbutrons fronr all resolved cascade transrtrons{ e

It is eyxdent that tlle mterval E" g < E < B E s’ narrow and contalns

no more tlxan 20 — 30% of the total mtenslty and the\posrble maccuracy is not

slgnlﬁcant It should be noted that tlns mterval is srtuated . the nuddle of the two

: _step cascade spectrum a.nd the energy of both prrmary and secondary 'y trans1t10ns 5

is approxnnatelly equal d1vrdmg it mto halvcs seenls reasonable o

CA more consrderablc systematrc error could be connected wrth the assumptron

about the unresolved part of cascades populatlng rntermedlate states below E* (E,
B E ) From Table Lit can be secn thatgln the sphencal nuclel 137,133, 139Ba and

146N d and the nondeformed nucleus of 1‘)GPt ahnost all levels below 3 MeV predlctcd :

;by the BSFG model were observed and therr resolved cascades placed In that ‘case,;
N

for the unresolved peaks the rehable assumptron 1s that the low-energy tra.nsrtron 1s

the prlmary one e i, e - \ e
In the deformed nucler of 136 '58Gd 16“Dy and 1‘58Er only 30 50% of the modcl :

[14] levels (nc“') were expernnentally obs(rved So up- to half of thclr predlctcd

ey e T o two step cascades are 1ncluded in correspondlng two—step cascade spectra as broad
o/ <o o= s ’ It
/ » > S T unresolved quas:contmua It should be’ noted that the most mtenswe part of thc DO

| Nucleus | B,,57 <D > L J" £ Probable qua.nta Ti
o Mev | ] A eV
ey | 6.375,2% | 39
‘ 'f“-‘?s}ia E 6513 2+ |165

: \
cascades is resolved and tlns quaslcontrnuum part carrles less rnformatron on cascado

i 1ntens1ty For that res1dual unresolved part d1v1dcd by thc assumptlon that the low~ SREN

,‘energy trans1txon 1s prlmary, any systematlc error SllOuld be correctly tak 'n mto
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a.nd thelr Porter-Thomas ﬂuctuatlons the error estlmatlon nges 1ts upper llmlt as:
i ‘,61'.,,,. That upper ~limit of spectra decompos1txon error is present 1n Table 2in %
of unresolved cascade 1ntens1t1es for the narrow. energy 1nterval (2 < El < 3 MeV)
- Such errors are: mamly related to weak cascades wrth prlmary transmon energxes
El > B ~ E* falllng mto the contmuous d1str1but10n (hrgh level densrty) That
part of all cascade areas is small and does not change the shape of the exammed
dependence I"” = f(El) e S

5 Dlscussmn and Summary

“ an s
o ;

deformed nucle1 are shown in the form of h1stograms as. a functron of the1r prlmary

: - transrtlon energy El The calculated cascade mtens1txes (snlooth llne) of the decom-

: posed spectra are compared wrth experlmental 1ntens1t1es L =7

The most notlcable experlmentally revealed feature of compound state cascade

spherlcal nucle1 the most 1ntense cascades are measured at prrmary transltlon energles S
El > 4 5 MeV (F]g 1) Low-energy prlmary transltlon 1ntens1t1es 1n those nuclel : ,
”‘ﬂ are comparahle thh the calculated ones Another general feature of the 17, ‘38 139Ba e = ‘_ s
» 146N d and 196Pt 198Au nucle1 is’ a relatlvely large value of F °,— the reduced neutron)i,: :

" resonance w1dth determmxng the cross sectxon for thermal neutron capture For these o

SN

nucleus

1ntens1ty enhancement 1s absent in calculated mtensrtles because the chosen models i

" predlct a smooth energy dependence for level dens1ty as well as for gamma strength '
~

In the 16(’Tb 168Er

: Under the acceptable assumptlons for El and M 1 transmon radxatlve strengths vl

The 1ntensrt1es of two step cascades to several low lylnxr levels of some spherrcal and f e

depopulatlon 1s nonstatxstrcal”f the strongly structured shape of the 1ntens1ty spec~ et

j‘ tra (Flgs 1- 4) These structural effects appear in dlfferent ways for- varxous nucle1 In" o

nucle1 l" 0 1s greater than < l" 0 > [18] the average va.lue over all resonances of the o
In strongly deformed nucle1 from the beglmng of the 4s\ resonance of the neutron

s Strength functron namely 156 158G'd a.nd 164Dy, a second local maxxmum of 1ntensrty: =

dlstrlbutlon was revealed at the prlmary 'y qua.nta energy of Er = 2 3 MeV Thls'?}

l”Yb and 181H I f nucle1 these two local 1ntensxty maxrma are .

Vvery‘ close and probably create a Jornt peak, 1e the greater part of the prlmary

transxtlon 1ntens1ty falls in the excrtatlon energy reglon of about 1 / 2B

ﬂi:' the mass number A and changlng the shape of the nucleus, the cascade 1ntensrtv:j’

' 'j,'dlstrlbutlon changes 1ts shape as well

Addrtlonal ev1dence of thls hypothes51s 1s the tran51t10nal nucleus, »5°Sm The,‘:n‘
iy

“ cascade 1ntenslty peak at E, = 3 MeV ex1sts but 1t is not as clearly expressed

iy

For a better understandxng of the above mentloned attempt to explaJn the ob-

1 ‘talned results by the 1elatxon between nucleus shape a.nd the exc1tat10n probablllty

the pr1nc1ple of obtaxned cascade 1ntens1ty at E, :

The average 4s wave resonance spacxng < D > dxffers for these two nucle1 and one

could expect 1ts lnﬂuence on the 1ntens1ty dependence But the calculated cascade

in: the statlstlcal approach he

parameter < D > does not effectlvely 1nﬂuence the 1nten51ty dJstnbutlon i

1ntcnsrty dlstrrbutrons are very close . shape,

',”‘SJmllarlty in the shape of the observed dependence I esp ,‘ f(El) for even, ,ven,

ven odd and odd odd nuclex hav1ng the same nucleus shape, and 1ts dlfference when

s nuclel dlffer in shape, permlt one to assume that two—step cascade mtensrtles m heavy

nuclel depend on the shape of the nucleus




: strength functlon The model calculatron [19] shows that the quasrpartlcle state 510T
in the mass reg10n 150 < A < 180 is’ srtuated about 2.5 MeV below By (Flg .5). Frg 5
. ) has been taken from paper [19] and shows the QPNM approach to the 3p,/2 and 3p3/2
< neutron states for sphencal nucle1 and the K R ;- 1/ 2‘ and 3 / 2= states for deformed

nucle1 The energy of the 3p neutron subshell decreases w1th mcreasrng mass number : ff o

A in. sphencal nucle1 In the reglon of well deformed nucle1 150 < A < 190 close

) S toBy there are srngle -particle K’r = 1/2 1/3 states The enhanced trans1t10ns in e

llght nucle1 are successfully explamed m terms of smgle—partlcle neutron exchanges il

between the 3s and 2p or 3p and- 3s shells [20] B T

,f : In heavy deformed nucler the srngle—partxcle strength 1s fragmented and 1s dls— ;

o -trlbuted among many nuclear levels Thus the contrrbutlon of 45 - 3p transrtrons to 2o

hon 1ntens1t1es as ‘an 1ntegral characterlstlc of that fragmented strength and reveals

mformat10n on trans1t10ns between the 4s and 3p neutron Ofblts

RS

e t‘,at 2 5 MeV for the 156Gd nucleus was treated as enhanced 'y transrtrons between the L

many quasrpartlcle components of the capture state and exclted states w1th energres

e of 5 5 6 5 MeV Because the experlmental data mvolve onry 10 6 part of the neutron

e s descrlbed by a srngle many quampartlcle conﬁg‘uratron (more than 10 20%) has 1ts o

own characterlstlc features

medlate states lyrng only 2 3 MeV below B is only a hypothesrs Most 1mportant are
the results of the broad 1nvestrgatron of many heavy nucler The two sets of nucler,
generally drffermg in shape mamfest dlfferent forms of cascade 1ntens1ty drstrrbutrons

o \as a functlon of therr pr1mary transrtlon energres

the partlal gamma-wrdth is small and not observable by slmple detectlon techmques o

[21] The advanced two—step cascade method allows one to see the sum of the transr— >

resonance wave functlon 1t is possrble to say that a state whose largest component i \

To summarlze, ,the proposed explanatlon of observed 1ntense cascades v1a 1nter- i
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