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"-'-- The de-excitation of the ground sta~e'; rotational ban,d in nine deformed 
, I 

,even-even nuclei has been' bbs'erved following heavy-ion nuclear reactions. The 
\, 

transitions from:states up to spin 16 (on the average) were observed and their 
" , . , 

'energies were measured with an accuracy of ±O.3~. The rotational spacings 

1 thus identified have been compared with several 'calculations; and much the best 
, , ' \ 

agreement is obtained with a simplified calculation: by DaVY40v and CPaban 
II 
'j 

taking into account the effects of centrifugal stretching of/the nucleus. 
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,",': " .. . ", 

.' .~ -.: ~ ," 

.' . 
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• t.'-
. I· . . ~ .. 

, 'The. stu<jy cf. the _ga.mmei'~ray' ,cascade de-exciting ,the final nucleus prc-
'. ," . ;. ., ~, ." . 

- ducediri. a nuclear reaction yields data which are useful in ccnsidering' twO' ' , .~. r 

types cf prcblems. These are~ .1);. the mechanism 'cf . the' reac;:ticn to' produc'e 

"th~ .final prc~uct:j and 2), the systematics cf the energy levels in the prcduct-' 

nl,lOaeuB.' In par.ticulaX, cn the first acccupt~ the 'nature of the states cbserved 

and their pcpulaticn can,' at leas't in principle, ind.icate the excitaticn energy 

. and the angular incmentum distri buticn imparted to', the ,final nucleus, as -well as 
.' . ~ . 

• > " . the 'tctal yi'eld ~f that particuiar nucleus." Fcr the second' prcblem, 'this methcd", 

, cf reaching' the excited states cf a ~ucl~u~ m~g~t well ccmplement the mcre 

" ........ 

" ,- ' 

',; " : us~l spectrcsccpic studies invc~ vihg radicacti ve decay and Cculomb excitation. ' 
\ 

Specifically"o~e wculd expect to be able to' excite high-energy states and 

especially high-angul~ mcmentum states much easier. and mcre systematically in 
, , 

the nuclear reacticn than by the ct~e~ 'mechanisms. '. 

, l" 
The wcrk !cf Mcrinaga and Gugelot ), using NaI(Tl) gamma-ray detectcrs 

'.~ . 

tccbserve the excited defcrmed even-even nuclei prcduced, in (a,4n) reactions ': 

":,'-' , " shcwedthat the grcund state rctaticri.a~ band in such nUclei, cculd be identified', 

, up to' abo~t the'10+ level. ' At 'abcut the same time, Hans'ert"Elbek, Ikge~, . ":, 
,,' 2 ' :, ..,., " . 

and Hcrnyak ) alsO' prcduced excite~ defermed eyen-~ven nuclei iri the rare' e'arths 

using, (p,2n) reactiens. This grcup,studied the de-excitatien cascades with a 

'. ' 
. , 

cenversicn e:l::-ectrcn' Bpec:t~.ometer., and demenstrated, clearly its· desireability, " 

. ' 

due, largely to' the better re.~elutien cbtained. 'However, with the 15 M~V pretons, 
,,-

"',.; 

" ' 

"I, • 

#1.-

" :~.' <. 

' .. " available, they, did not pcpulate levels as high in, the grcWld' state retatienal' -, :',: :;< :':'-;>~' 
/ 

. ,.. .. 

-. ;., ...... ,,: ...... ' 

bands as did Mcrinaga and Gugelct • 
.; ~ _.' . . ,'.~ ~ ~: .. .. 

In the present wer~ a; number cf even,-even nuclei' ef· ,ytterbium, . hafniuml " : :,.-.';,' ....... 

.,'.~ • .~ .. ,~ • • • I .• .• ; • .' • 

: ,,:" "'!' and tWlgsten have' been studied, fellewing heavy-icn reactiens ef the, type, ," ',,' "~'::,.: 

;,,';~':},,;:. ;:::'": He165 (Bll, 4n)Hfl'12 . A variety ef edd':'Z targets ~d prejectiles have been'usedl:<"::h.\::·;~~~:~~";;,; 
, • ; #'.. " : •• , • . • ~ • .' • "': ....- '.:. r '. ". 

,'\:,,::.:;:~ .. : '-'with the bombarding energy .adjusted in each case to' give, predominantly the .. :~!:::.'.:, :i'·./}'?j,X 
:: :,'; "\,"~,~;,~<:.::~ .. }" . . ; h • 

,.,r, 
, a,:.," .... 

'.' . ~. 
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" 

particular nucleus desired. Both the 'conversibn~lectron and gamma-ray spectra. 

r have been observed from 'such nuclei-. As in previous 'Work of this ,type the 

,principal transit'ions obs~rved belong to the ground state rotational band; 

surprisingly little else could be identified. 

. " 

, I , 

'2. Experimental Procedure 
) 

The La-wrence-Radiation Laboratory HilB:c -was the source of the beams. of 

~1~~-'r4, an'~' F19 projectile~' used in the prese~t study. Currents' of ---.0.1 J.18.!llP 

on a target area of 2-3 InlIi by 10 mm -were, normally employed., The beam energy 

was measured using a solid state: counter calibrated against the fqll energy 
\ ' 

beam (10.4 MeV per nucleon), and is expected to be ,accurate to about ~. 
, . ' 

An electron spectrometer of, the single -wedge-gap type develop~d by 

,Kofoed-Hansen, Lindhard, and Niels~n3)-was used to observe conversio~' electrons 

from the de-'excitation cascade, of the excited nuc'lei produced in the irradiati()n. 

/ 

, , , 4 
This spectrometer an~ its semi-automat1~ operation has been described previously). 

The only change in its operation is that a 1800 flip coil ha~ been added to 

,t ,measure directly 'the fi~ld in the spectrometer ,at anyl tim~ during the run '~d 
,"~~';':t ~ 

so permit a-more:d~rect determi~ation of ~he.momentwn of a conversion line. The 

~pectrometer -wasopera:ted such that the full-Width of the'conversion electron 

peaks at half-maximum -was usually bet-ween 0.5 and 'l.\1fo, and the energies could 

be determined to 'an accuracy of·±0.3~. 

Self .. supporting metallic foils of Tb159, Ho165" ~d Tm,169, 1-3 mg/~m2 
thick and inclined usualiy at 150 to the beam~ were used as targets, and the 

beam wa~ stopped in a shielded Faraday cup about a meter beyond the target. 

• The spectra of the prompt cascades -were taken during the 3 msec beam burst~, 
, 

. :.' 

but the targets were also observed in the intervals between pulses (15 pulses/sec) 

, ,'.-,.,. in order to look for 'metastable states and to observe the radioactive decay to 
'" ' ... 

• 

.. 
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. ~ -~ &' •• : . , '. • .! .;. '.' . '. .' . -. ' ; . - . 
,. , 'the' daughter products., ,The spectra for, each, n.t+<!leus 'Were usually taken at' . -' .... 

~. "'- " : '~. '., .... .. , - . " . ! .. : ." ':'. . .-' . - ~: ., ." : ',- '.' . . . . , ' 

..... ::'. ~:"'" 'thre~, projectile ie~ergieS (~entered around the expected opt~um energy) 5-10 
.. . '. I . ," • " 

. r~ ; 

• ", " MeV 'apart in ord~r: to obtain',limited excitation·,functions of the various lines~: 
, ;... 

" .: .. <~. < <. - " . I ' . . 
,',' ", This ,had a t'Wo~fold purpose:, to enable a grouping of the conversion lines"by 

:/: L-,\, . , .. ,:.. ,. . "'_' 
>~:;;',:'>' riuclide, and to determine the energy for obtaining'the cleanest spectrUm of 
,;,;?~;:D,r,;:::',,', . " -,: ! 
" ." .... , that particular even-even nucleus • 

./ 

.. , 

, . \ ~ . i. 
, .' 

In some cases gamma-ray spectra 'Were also,~aken, ~sing both NaI(Tl) 

'OJ' 

',,.', 

" ':,;.,:: ", and Ge (solid~state) detectors. Tne background 'Was higher relative to the 

: ~' , 

. :.' 

"peaks in these spectra ,than in the electron spectra; and, eyen 'Worse, this' . .'.' ~ 

"backgro~d continuum p:r;-oved to be largely i~ co:i.ncidence 'With the peaks. These 

measurements, therefore, 'Were no~ extensively,pursued and will not be further 
\ 

·.4··,· .... ', .• discussed. 
, , 

"~ . , . 
• '.-, > 

~. " .. 
" 

t • •• 

3.' Results 

Examples ',:ofthe 'conversion electron spectra obtairied :near the peak of ~ , 
! ' ',' .,', . ' , '. , 

" " ," , ' .' ,',' , ' ' , 164 166·' 
,their respective exc:ttation functions· are sho'Wn in figs~ 1-3 for 'n ' , ; , 

" Hf'166,168,170,,172, and wi7~,174,17Q. It should be noted,: that the yields iIi: " 

,the different . spectra. cannot, be in~erco~~ed. ~sthe., targets 'Were of diI'fer~~t: ,; " ' 

..... 

..... ;..' 

. " ,:' thickness. ,Those tran.sitions 'Which 'We have assigned to' the ground-state rota-
",' . 

:" ," .'tional bands are :indicated on the spectra and sUllllll8.rized in table 1-
: -.: . 

.. , . 

In ,a", particular spectrwil.;' the a,ssignment by element of the 10'Wer energy .:" 

transitions could be .made from' the K-L conve~sion l~e s})acing., ,Mass" ass~erreB;, :,,:,'.-:~,,: . 

,'\lere made on the. basis of the change in bombarding energy necessary to go from ~::(:: ",,':~/",' 
. • l : ~.." ~ 

~ ,',':. t .•• "', 

,'_' .. ' .' the maximum of the excitation :function of one even",even nucleus to that of' the' .. -:;, "'\'.' ";: 
" . " . . ...... '. 

- ,,: .. , ,next lighter one-about, 30 MeV per pair of' neutrons out. The close. siMilarity 
.' .:-:'.<:'.~,' . ::' ,-

';. :',r.,' 
'.~ "1", . I 

, " 

. ( . ~ 

. ~ .. :" ~ .,:. '. :.-

,j. . 

in bombarding energy to produce a ,given reaction in any of 'these three 'targets ", ' :~ :>,:~~:':: 
..... 

~ ." ~ 

(as \lell as those o~ other nearby elements that have been studied), coupled with-,',,· ,;~:' ;':: 
, ,f. ~'. ~' . • • 

,' .. ... : ',; Ii'" . ': . ~ " 
.' 1.' . " .. . ~ ." " . 
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the results of ~ number of cases where a given product could be made via more 

r . than one reactio,n. (the use of another projectile-target system), leaves absolutely 
; 

no doubt as to the mass assignments. , 

It was found that at the optimum bombarding energy almost all of the 

intense low ener:gy transitions shown in figs. 1-3 could be assigned either to 
. 

Coulomb ,excitati:on in the target or to the ground state rotational band of the 

final even-eyen product nucleus~ The latter assignments were made because 

1) their ·energies approximated those of a symmetric rotor, 

. E(I ~ I-2) = 

: ... 
., 

([(I+l)-(I~2) (I-I) j (1) 

2) their intensities were high, and decreased (assuming E2 transitions) in 

a very regular way with increasing .energy (spin); and 3) the lower epe~gy· 

transitions could be shown to be E2 from their K/L intensity ratio. 'DireGt 

. 5 
spin measurements are largely absent, but in a subsequent work ) three cases 

were studied where the first four of these prompt transitions also occurred in 

low intensity following the ?eam pulse; that is, held up by an isomeric ~t~te:' 

In these three cases, the spins 2+, 4+, 6+, and 8+ were established'by ang~lar 

distribution measurements. 

Those transittonsthat fit the above requirements and are of outstand-

ing intensity in the sp.ectrum are given an. "A" cJAssificatiorl in table 1. . In 

a few cases, such as 
170 . ' 

Hf ,essentially only such transitions are observed in 

.. the spectrum. More usually, though, a. few apparently extraneous transitions 

of a moderately low intensity occur at the higher eriergies; sometimes, as in 

176 W ,there is apparently an: entire band of additional transi tiona., As the 

intensities of the ground state band transitions decrease with increasing spin, 

they become at ,some point no more intense than the extraneous tranSitions,. and 

/ 

• 

, . 

• 

it often 'becomes difficult to decide which of the lines are the members of the' .. 
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,. ;(f.:: (::~ ~': . 

..... .. , .. , 

j-:-

•. ..j 

' ... 
, , 

. ':'.' i . !":: • 

groUnd 'state band., :We' have attempted to ,do this based on the above requirements 

and' on the 'detailed nature' of the' excitation functions of the lines .. The more' " 

certain of these transiti,?ns, (8~.expected to b~ correct) 8.re labelled "13" in 

the tables,anci those less certain or any that are appreciably weaker than ·the<.,~ . - '. . 

.. strongest 'of 'th~ . unassigned transitions ar'e given a flc" classification (5cJi," 

"exP~cted to be correct). This·last ciassification does not m.ean any doubt that 
f . 

the conversion'lirie exists, on~y that there is some doubt whether it is a memb~r 
I 

, of the groUnd, state r()tational band. . , 
,-~" ... " 

" 

'.' At th~ most favor~blebombarding energy for'the particular nuclide, being' 
• 1 

. , 
" 

i, 

... ,~. 

........ ," 

. ~~) . '. 

'studied, there ,is little interference' from. the neighboring odd-mass nuclides. 

Partly this is because the lleakstof the' e:x;citat1;o!l functions for the'odd-mass 

n\lclides are ,15 MeV away. Partly it is because: thes~ nuclei'have ;'somany dif;';'· 

ferent pathways to the ground state from the excited levels reached'~the 

. evaporation ::o.f the final neutron. That is, the ground state rotational band 

'. 
in, the odd-mass nucle.i is not the unique channel to ground, it is in the e'ven- , 

,even nuclei which have a 1-1.5 MeV gap in particle states: 

, " 
'.' . 

. 4. Discussion 

In tht s section ,we will first mention briefly seyeralpoints related 
, 

to the nuclear reaction mechanism, and t~en~go on to a 'discussion of 'the rota-. " 

tiona1 spacings observed •. As has been.stated, one of the most surp!ising con

'. clusions of a survey of the spectra is, that the ground state rotational cascade 
" . 

from abOut spin 14-18 down provides almost all the intense transitions observed,< . 
. . 

, There is litt+e evidence for ~ransitions from or within the vibrational bands 

,' ••• > 

; ,,1 

, , 
<;>r bands based on twoquasi-partic1e states. This is due in part ('but not " <', ,'.-, ..•• 

entirely) to the decrease in the sensitivity of ob~ervation of; the higher ,energy:,.' 

'. transi tiona 'With the decrease in eonversion coefficients • '.Another experimental 

. . -," 

: :~. 
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obser~ation i~ ,that the entire cascs.'le is, usually fas~. In tvo of the nuclei 

stuc1,:ed 'We . have aet,ermined
6), that ,t11ere is no appreciableinten~itY feeding 

,. . -10 
,the 'second' exci tOed state 'With a hal::-life longer 'than "'3 x 10 sec. 

. . . . . I 

I , 

These observations about th: nuclear reaction can be accounted for in 

. a': least t'Wo ess~ntiallY different lays. If the semi-classical desc:t"iption of 
I , 

-I,;,e collision is correct, the nuclf!. have been left, after the emis~ion of the' 

~ast' neutron, 'With 'about 10 MeV of excitation energy and ",40 units' ,of angular 

,p.omentum .. , The only plausible expL:l.nation, in this case, is that this energy, 
, ! 

'" " and 'angular ~o~entummU:st be 'carr'!~d off in a'large variety' of gamma~ray cas-

cades of 'Which' the on?-y common ;fE'lture is ,the grOund, state, rotat'ional band~ 

Thus, 'any particular non-ground"":',;ate-pand transition must be,very 'Weak.' 'There 
, ' ' 

,are, in fact, a considerable num:~r 0~ _unass~gri~d lQv-in~ensity lines .opserved 

, over the entire range, of ~nergieG examined and there is also a background con- , 

tinuum in coincidence 'With the rctational cascade 'Which .might be at least 

. ' 
, 

./: 

partially composed of" such tram r~ions .', Also, where isomers hav~ been observed, 
., . "'. 

it is in intenSities of only 'l-~} of the ,prompt cascade, again consistent 'With 

the idea of many de-exci tation IE~hvays to the ground state band. 

The other ,explanation if that the product nuclei (after neutron emis-

sio~) do not have much more .=ne: 'S and angular momentum than is.' represented by 

the obse:r;yed,:.ehtrahce~:int~,)(-,t,he".c)und state rotational. cascade; namely IB-20l'i. 

and ",4 MeV. One possible rea,son for this is that those, nuclei having much 

larger angular momenta may preferttially emit a particie heavier than a 

neutron 7). The ~ncrease in' bindin' energy of neutrons reiative to charged:::.patti~ 

cles' as one goes out to the more Uti '-.ron-deficient nuclei makes the ,emiss:\..on of, 

,charge~ particles much more! likelyin. these nuc2ei
B). It may be preferentiall.y 

the h1gh-angular-momentum states tha e,'lit the charged(especially heavier) , 

particles due to. the lac.k of' final si"~'~E.~~ for neutron emission. Also,the col-

lisions of the heaVy-ion proJectile a(, "~arget nucl,eus which would bring in 

,':, J 

, " 

f':,;·· ,'" 

I, ' ••. " 1. ' 

: \ 
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. much mere angular mementum en the semi-classical calculatien::eccur· at the sur-

f'act of'the nucleus, and instead ef' leading to' COlllpbund nucleus f'ermation, many 

-suCh~collisi~ns ~y instead ce!1t-ribute .. te multinUcleen tranf?f'er' react:f.,ens and 

ether direct interactiens. 'Weak evidence aleng these lineS is:''f'~nished by . 

11 14 1 " .'.- '. 
, the f'act ~h8.t ~reducing a given nucleus byB , N , er F 9 beams (ef' dif'f'erent / 

energies) en the' ?pprepriate targets gave similar cenversion electren spectra,: 
.' , 

.i.e,.·, the relative intensities ef' the varieus lines did net·dif'f'er greatly'. 

". ·:·.c···.This suggests (as 'prtWdsed abeve)t~a~ eventhOUgh~C.h· mere angular mementum: :,.', 
·· .• :Iv·· .' 

, , 

" 

" .' 

~. . 

.' . 

," . 

·r • . 

sheuld be breught (clas sically) intO'. ~he cempeundilucleus. by th~ neaVier' pre- ' ....... . 
. . .. • I. 

jectile, these cellisiens leading ,to' the de·s1r.edpreduct have a smaller memeritum': . 

transf'er whi'ch can as well be ac~emplished by a semewhat lighter prejectile .• , 
.. . t ~. 

F~thermere; theh~gher backgrounds which invariably accempanied t~e heavier 

prcjectl1es.(especlally F19), as well as the lighte~ prcjectlles at hi~er·. 

energies, alsO' suggest that reacticns cther than the d~sired (HI,-Xll) 'cnes may d.:. 

" 

'" 

be cccuring. Prcbably the. re·a.JJd3j;,tuattonJ.invoJ;vs·s b:bth·.cf'i.tp.e:,:exp1a.na-tiQll~),OlJ;t~·· .:',.~:. 
~ ..... , \ . 

, ~ ;. ,. 

: ·lihed: . .br1Je:r.ly here." , 
,",- ", 

Ccnsiderably mcre prcgress has -been made in thecther aspect cf' this' ,:~ ,'~ 
.. 

wcrk to be discusse<J., namely understanding the r~tatienal en~rgies ~bse~ved •. ··, 
" .. .:";.~ ~ .,. 

Th~s prcgress has been preYic~sly summarized in. twO' shcrt i>u~l:i,~atio~s?~l(j) ~ ' .. ' .. ' .~ .. " 
.. : 

Inlthe ·f'irst ~e showed brief'ly the .syste~tic behavier'c~ the data,·and inter-' 

. preted. it in terms cf'· centrif'ugal stretching ef' the nuclei. . 'Remarkably goo~"-"": '. 
. .' . .' ~. ~ 

agreement ,,!as cbtained between the data and a: calctill.atiQil of'. centrif'ugal stretch';'" ':'~:< 
. . . , .. ~: .,' .: " .. :~. 

ing by Davydev and Chabaxi (DCP~). We, hewever, res~rict~d their calculation 
'.~ .~ :.,: .. 

to' axially-s~etric shapes. ! Furthermere, based en the grcund state' spacings, :: :: .... " 
. . . ! " . , 

l ../~ 

this calculatien was' shewn to' give 'the energy cf' the clesely-relat'edbeta v1bra,,:.·'·.:·"~ ':'/. 

tienal band to' ~ accuracy ef' IO-2~. .(su~sequ~nt ~~inat1on12) suggests that'·:;.:'" ::;.-<.:::.'.;~ 
'. '. . " • • .~ " 'j,'; ;,'.: ,':~-

t~e abselute B(E2) values between the grcund state and th~ beta. b8nd
l
;) are al.se, ;::: : .... < ... 

In the second publicatien we showed"that the DC ...,:.>~:;:-; 
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quantum medlanical calculation could be replaced for the nuclei considered by 

r' ~ simple semi-classical'treatment. This treatment permitted ,variation of the 

,~-dependence of the t~o energy terms involved, the rotational kinetic energy' 

and the potential energy. It ~as .sh6\\1n that potentials more realistic than 

, the parabola" assumed by DC 'could explain qualitatively th~ small systematic , .' 

deviations ,bet~een,the data and the DC calculation, alth9ugh no quantitative 

calculations ~ith these potentials have been carried out yet. It~as also 

pOinted out that'.this semi-classical treatment of centrifugal stretching gave 

reasonable results in the limit of spherical nuclei (harmonic oscillator spac

ings), and hence might be useful in.the transition region bet~een deformed 

(rotational) and . spherical (vib:r:ational) nuclei. In this. section. -we .:wi..ll not .' 

repeat these arguments, but -will present some of the data analyses 'on -which 

they are based •. 

. We -will·consider here only the present data on rotational spacings ~. 

Other'information, particularly' concerning the beta-vibrational band and the 

various transition probabilities,' is essential to confirm the cause· of these' 

, .. 

spacings as centrifugal stretching of rotating nuclei, but no such in:formation '. 

is available for these particular nuclei. (Our first lette~,summarizedsome 

of the information available for other nuclei.) The measured spacings -will be 

compared ~ith the calculations of DC and to a lesser e'xtent ·-with other schemes.' 

There are three parameters in' the DC calcuJ,.a.tion: the asymmetry param

eter, 'Yj the !3-vibrational band er. .. ~rgy, i'iwo (an overall scale parameter); and" 

a parameter measuring t'he non-adi~')aticity, Ii. The first Of these, 'Y,~e have 

set equal to ~ero (requiring axial:.y-symmetric shapes), although the effect of 
, 

varying 'Y some~hat is sho'Wn ,later ~ The scale parameter, i'iw
o

' cancels out if .. ' 

a ratio of t~o energies is taken, aId most of our comparisons are therefore of 

thi.s· type.. Thus,' in the figures th ~C'e is generally only one adj us table param- ' 

eter, I.l (the ratio of' the rms ze;r.-o-'n1nt vibration amplitude in the groWld state 
'I 

! 

• 

.', 

) ...• 

, 
t*' 
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to the equilibrium ~eformation in that state),. An overall comparison of the 

, r data with the DC calculation is shown. in fig. 4. Here, the more or less 

horizontal lines are th~ theoretical ratios. of the'energy of the state having 

spin I to the energy of the 2+ state plotted.as a function of the parameter, 

~. The nine more or less,vertical lines are the 'data for the nine nuclei 

., '. -studied, where each line is made to cross each theoretical line at exactly 

the measured ratio. Thus an exactly vertical line would represent a perfect 

fit to the calculation. Most of the experimental lines 'are quite close to 

, ver~ical if' one considers that th~ ho~izontal scale' is rather expanded (num~ 

erical 'comparisons will be given ~ter)~' Also the very' systematic 'nature of ' 
" .' , 

the deviations of the data 'from:" the theory is .'ev~~~t .'From spin 8 to 12, all 

the lines are very nearly vertical. Above spin 12 all ~ignificant, deviations 

are in the direction of higher ~ values with incr~asing spirt, and the best-

rotors (low ~ values)' deviate, as m,uch ,as, if not more than, ,the ,other 'nuclei. 

Below spin 8, all the departures from the theory are toward lower ~ values 

-
as the spin increases. Only nuclei having ~ values above about 0.3 behave ' 

in'this way. 
10' .. 

It has been suggested ) that both of these systematic deviations 

from the DC theory can be largely corrected by'using potential energy,expres:" 

sions der,ived !'rom the mass formula of SWiatecki-?-4) .. 

A more sensi~ive way to examine the data is demonstrated in 'fig:3 .• 5 to" 

9. In these plots we )lork only with the trans~tion energies', and remove ,t~e 

general 1(1+1) energy dependence of the levels by defining the transition rota

tional constant, ~ as follows: 

= bECI -+ 1-2) 
41-2 

Then, in order to eliminate the sca::'e parameter, tiCJlo ' a ratiO; of adjacent rota-. 
tional conB~ants is taken; so that the ~rd1nate in figs. 5 to 9 is ~+2/~' 

,/ 

, . 

, i 

, , 
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These ratio s are, plotted against the intermediate spin, 1. These plots are 

r very sensitive to the' transition energies since they showon an expanded scale 

only deviations from the I(~+l) expression. Our, experiment:!.l error in t'he 

ratio of the rotational constants, ±0.25%, i~ indicated on one'of the points 

in each figure. It can be seen that the agreemer.'t". betweer the expe'rimental 

points and those calculated from the simplified DC e;:Jlresfiion (drawn as a solid 

curve) is remarkably good. The agreement is better than Cle were able to obtain 

with any other :'mddel: or',e~ression·!we:-tried. Forexarnpl{ I in fig. 5 for Hf170 

are shown plots of the ratios as calculated from the add:t:i.on, of the usual 

BI2(I+l)2 te:rm and also as calculated using this term a1'i an additional 

CI' (I+l)" term'. The constants fpr these two expressiols were obtained by 'fit~ 
, . 

ting to the 2+ and 4+ and to the 2+, 4+, and 6+ levell ,reSpectively; and it 

can be seen that even with the addition of both terms :making a two parameter 

expression for the ratios) the fit is quite poor.,' SUh'apower s~ries 'expansion 

would require almost as many terms as there are poin';,\ to be fitted if it is 

to be used for extrapolation; for interpolation" it ,\3 true, better fits could 

be obtained with fewer parameters. Figures 5 and 9 : how, the effect of adding 

the non-axiality parameter, "I, to the simplified DC ;reatmen~ for"Hf'172 and Yb164 . 

Varying "I from 0 to 10-12
0 

(with a corresponding clt,nge in I-L) mak.es little dif-

ference in the plots; about half of them are imprc~=d slightly, the other half 

are unchanged or made slightly worse. In particuit,r, the systeme,tic deviations 

from the theory (mentioned e~lier and quite appf: ent in these flgures as points 

falling below the DC curves) are not at all impr[~edby allowi~g non-axial shapes. 

Figure 6, for Yb
166

, compares the DC fit with t:)~ best one obtained from the 

'15 purely asymmetric rotor model of Davydov and Fj ~ lipov ) . The DC curves are 

clearly better. Finally, figs. 6 and 9, for Y: .66 ~nd W172 , show the results, 

, 16 
of using the rotation-vibration calculati,)ns (: Faessler and Greiner ) • These 

are the best fits we have found to the ex:perjl':'!ntal data except for .the DC 

• 
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··f;:··.· 
,-:.:', 

cur"{es. It is interesting that' the shape of these Faessler-Greiner curves 

r . '. . depends, very little on -whether it is the' (3 or the,,! band admixed into the 
t· .. 

\:l:' 

,:-:·~t~ ~ :: . 
.... ':. 

, "',' 

w' . 

;' . . . 
, -, , . 

'.. ~,. .;. .... 
"," '.", 

', .. ",;' .' .. 
" 

ground ,band. Thus ,in the DC treatment the total neglect of eff'ects due 'to 'Y 

is probably rather accurateiy compensated f'or (in the gr~und state spacings) 
.. , 

by overestimating slightly. the value of'~. The remarkably good f'its given by / .. 

this simplif':1,ed DC calculation are thus.some-what easier to understand • 
1 
I 

, J:..s a last means ,of' comparing the data -with the DC model, -we list i~ 

table 2 the level energies as measured and as calcUlated ~sing the ~ values " 
.,0' '-.-

f'rom figs. 5 to 9. and adjusting fimo f'or the best fits. This method is not 
. \ 

a very sensitive, one, but has the advantage of"greater simplicity and f'amili-

!arity. ~n constructing table 2~i\ -we used only transitioris-which have been given 

an A classif'ication in table 1.' This is primarily because -we did n9t. ~ant 
. . . ~ . 

. to aff'ect the entire fit for a.particular band -with a transition ~hich ~~gbt 

be misassigned. In addition, -we did not want to obscure the real1y'excell~nt 

fits usually possible 'up to spin 14 or so by including the adm~ttedly more 

. poorly fit data above these spins. The five nuc+ei whose first excited state 

energies lie below. 115 keY have an overall rms "/0 deviation of' 0.21"/0. This is,'- " 

hardly outside oUr limits of. error; however, the systematic.nature of' the devia~ 

tions makes it ·seem . likely, that this does represent a real difference from the .. ' 

theory. Of'the f'our ~ucleiwhose,iirst excited, state is, over '115 keY, \f172 is,'';·· 

f'it ~lmost as,well as the previous f'ive, and the considerably poorer fits for 

the other thr.ee, Hr66,168 8.nd Yb164, are due almost entirelY'in each case to 

the f'irst excited state energy. Both t~is systematic deviation, and the other 

one occuring at the highest spins are in the direction to '::be', explained by 

better po~ential energy curves, as previously mentioned ..... 

In summary, it appears to us that the rotational spacings observed are ,:'" 
, . 

. "" 

.: ..... "' ... 

Significantly better accounted for' by the DC treatment of centrifugal st;r.-etch';' '.' ':, ::",;:~::-

. ing, than by any other means. On an absolute scale the fit is quite ,good, and. ;'. ,j 
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syst,ematic deviations that are obser,ved' can be, ' at 

forby using mo're. realistic' potential en~ curves 
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least qualitatively, 

than parabolas . 

Perhaps more important is the reasonable agreement of the energies and B(E2) 

values of the closely-related beta vibrational band to those calculated using 

the ground-state band "fits • .'! As far as the preseritly available data have 

been analyzed, it seems that a simple and reasonably consistent picture can 

be constructed of a rotating nucleus, free to stretch and vibrate. along its 

principal axis. Nothing is assumed or implied in this picture about the ,,-vibra-

tional band except, indirectly, that it is not the principal cause of the 

deviations of the grolUld state band from a perfect rotor. There is considerable 

eVidencert) that those ,,-~ands i:dentified are not very strongly coupled to the 

ground state band, (of order 10% of the ~' band), and this presumably means that 

as the nucleus ,stretches, there are no large changes in the value of". Such 

ei'fects on,the ground-state spacings as come from the ,,-band and higher-9rder 

corrections are undoubtedly compensated for in our "fitsll by adjustments ,(pre-

sumably small) 'of the beta-grourid'~,cou:pling. 

The treatment of centrifugal stretching 'Which 'We have discussed is 

strictly phenomenological; the potentials (ideally) ar~ taken from the observed 

behavior of the nuclear masses, and the rotational kinetic energies are assumed 

to have the empirically observed ~ dependence. It is, of course,' possi~le to 

try to calculate these quantities: the ground state m?ments of .inertia of de

formed nuclei have already been rather successfully calculated18,19). Such cal-

culations, ho'Wever, are complex,. and extending them'!,;to higher spins is clearly 

outside the scope of the present investigation. ,Our objective has been rather 

to try to account phenomenologically for the collective properties observed; and 

hope such a description can be made sufficiently convincing to 'Warrant a de-

tailed microscopic treatment of the problem • 

. ", 
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Table 1 
* Ground-state rotational band transitions 

Transition Yb164 Yb166 Hf166 Hf168 Hf170 Hf172 v?-72 v?-74 1176 

2 ~o, 122.5 A 101.8 A 158.7 A 123.9 A 100.0 A 94.5 A 122.9 A 111.9 A 108.7 A 
4 ~2 261.5 A 227.9 A 312.0 A 261.1 A 220.6. A 213.4 A 254.0 A 243.1 A 239.8 A 
6 -74 374.0 A 337.4 A 426.9 A 371.1 A 320.5 A 319.1 A 350.3 A 349.2 A 350.9 A 
8 -76 461.3 A 430.0 A 509.5 A )-1-56.1 A 400.2 A 408.8 A 419.3 A 432.5 A 440.6 A 

10 -78 528.4 A 506.8 A 564.0 A 522.0 A 462.0 A 483.6 A 469.6 A 498.0 A 508.2 A 
12 -710 574.5 B 567.8 A 593.8 A 569.4 A 510.0·A··< 543.1 A 512.5 A 551.2 A 557.} A 
14 -712 606·; 'C 602.7 C 613.4 C 606.5 C 550.3 A 588.6 A 548.5 A 594.0 B 595.1 B 

16 -714 627.8 C 583.7 A 621.9 B 576.2 B 624.2 C 
18 -716 614.3 B 641.8 B 596.8 C 
20 -718 652. I) C 

* . '. The accuracy of these transitions is expected to be + 0.3%. An additional significant figure has been keRt 
. - , 

in most of the cases, but this can only be usef1ll in comparing transitions of comparable energy in the same 

nucleus. 
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Table 2 

* Experimental rotational energies compared with the DC calculation 

Isotope 2+ 4+ 6+ 8+ 10+ 12+ 14+ 16+ rms 
12. dev • 

v?-76 Exp 108.7 348.5 699.4 1140 1648 2206 0:20 Calc 108.7 349·1 698.8 1137 '1646 2213 

~74 Exp , 111·9 355·0 704.2 1137 1635 2186 0.16 'Ca1c 111.8 355·8 705·3 1137 1633 2181 

~72 Exp . 122·9 376.9 727.2 1147 1616 2129 2677 0.27 Calc 122.6 378.7 729·3 1147 1617 2126 2668 
--

Hf172 Exp 94.5 307·9 627.0 1036 1519 2063 2651 0·31 Calc 94.4 307·5 625·5 1033 1517 ,2066 . 2669 

Hf170 Exp 100.0 320.6 641.1 1041 1503 2013 2564 3147 0.22 Calc 100.0 320·5 639.8 1038 1500 2012 2568 3160 

Hf168 Exp . 123·9 385·0 756.1 1212 1734 2304 . 0.79 Calc 121.7 . 384.9 758.6 1216 1740 2315 

~66 Exp 158.7 470.7 "897.6 . 1401 . 1971 2565 1.45 Calc 153.7 47.1.3 902.2 1413 1983 2600 

Yb166 Exp 101.8 329·7 667.1 1097 1604 2172 0.12 Calc 101 .. 9 330.2 667.7 1097 1601 2169 ----... -.--~, -_ ...... 

Yb~64 Exp 122.5 384.0 758.0 1219 1748 0·52 Calc 121.2 384 .7 760.3 1222 1752 

* There are two adjustable parameters, ~ and 'ij 
(,1)0 for each nucleus. 
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Figure Captions 

Fig. 1. 
164 166 Electron spectra ot' Yb and Yb .. The reactions and 

beam energies are indicated on the spectra. 
, 166 168 170 172 

Fig. 2. Electron spectra of Hf ' ,Hf ,Hf ,and Hf . The 

reactions and beam energies are indicated on the spectra. 

Fig. 3. Electron spectra of ~72, ~74,and v?-76. The reactions 

and beam energies are indicated on the spectra. 

Fig. 4. Comparison of the observed rotational energies with the 

DC calculation. Th~ approximately horizontal lines are, the 

calculated energy ratios of the state having spin I to the 

first' excited (spin 2) state, as a function of the parameter 

~. The approxiwBtely vertical lines connect the measured 

ratios for each nucleus .. An exactly vertical line would thus 

represent, perfect agreement with the calculation. 

Fig. 5. The points represent the experimental ratios of succesive 

rotational constants, AI+2/~' plotted ag~i~st the interm~diate 
spin, I. In the left-hand section for fif 7 , the solid line is 

the DC calculation for ~ = 0, and the dashed line shows the 

effect of ~ = 10° with suitable readjustment of ~ to fit the 
y 170 ' , " 

first point. In the right-hand secti,9iJ. forHf ,the solid 

line is the DC calculation for ~ = O. ,The dashed line.. is the 

power series expression, E = A 1(1+1) +'B 'I2(I+l)2, where the 

ratio BfA is adjusted to fit the first point (labeled PS). The 

dash-dot,curve is the above power-series plus' the term, C 13 (1+1)3" 

where B/A and CiA are adjusted to 'fi.t the first, two points (also 

labeled PS). 

Fig. 6. The pOints represent the experimental ratios of succesive 

r,otational constants, ~+2/~' plotted against the intermediate 

spin, I. The solid lines~n each section represent the DC calcu-
, 166 

, lation for ~ = O. In the left-hand section for Yb ,the dashed 

line is the Davydov-Fillipov calculation with ~ = 16.5° (labeled ~ 
DF). The dash-dot curve ~s the Faessler-Greiner calculation with 

, EB = 50 and EG = 30 (labeled FG). In the right-hand section for 

Yb164 the dashed' line is the DC calculation for 'Y = 10 0 and IJ. 

readjusted to give general agreement with the data. 

/ 

.,. 
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Fig. 7.: The pOints represent the experimental ratios o~ succesive 

rotational constants, ~+2/~' plotted against the intermediate 

spin, I. The solid lines are the DC calculations with ~ : 0 

and ~ as indicated. 

Fig. 8. The points represent the experimental ratios o~ succesive 

rotational constants, ~+2/~' plotted against the intermediate 

spin; I. The solid lines are the DC calculations with 'Y == 0 

and ~ as indicated. Note the change in ordinate scale ~rom 

Figs. 5,6, and 7. 
Fig. 9. The points represent the experimental ratios o~ succesive 

rotational constants, ~+2/~' plotted against the intermediate 

spin, I. The solid line is the DC ca.lculation ~or ~ = 0 and ~ 

as indicated. The dashed curve is .the Faessler-Greiner calcula

tiOll ~or EB = 20, "'EG == 20 (labeled FG). Note the change in ,., 

ordinate scale ~rom Figs. 5,6, and 7. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such c~tractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




