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N have been studied follow1ng heavy ion reactions of the type, Ho

ftion. ‘ i
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Tt is well established that nuclei in the region 150 < A < 190 have 31zeable

prolate-spher01dal deformations, and consequently ‘have well-defined rotational bands-

= built on the various 1ntrin51c levels In the present work rather high 1y1ng membersi

of the ground = state rotational bands of a. number of even-even nuclei in this region
l65(Bll,un)Hfl72.

165 L

-0dd-proton- number targets (Tb 59 ‘Ho 5 and Tm 9) and projectiles (Bll, N, and

166 ,f166,168,17o,172 and W172,17u,176.

9) have been used to produce Yb The bom-

barding energy has been adjusted in each case to give predominantly the particular

v:even—even nucleus des1red We have studied the conversion electron and gamma-ray spectra
from such targets during the 3 msec beam burst of the Hilac in ordervto observe the

o deexcitation of the final nucleus to its ground state.l

The rotational transitions connecting states having spins up tc about 12

'__were'normally yery well—defined and could be identified'without question. Some

bof the transitions between higher-spin states were equally well- defined but others

vere included among several unassigned transitions of comparahle energy and intensity.

‘Obviously, these latter assignments are not completely certain, and for the present

discussion we have included only transitions whose association with the ground state

rotational band is highly probable. A thorough discussion of assignments will e

. presented together with the detailed experimental data, in a more complete publica-'

i
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From the tran51tion energie ,/we define the rotational constant AI as follows:

L 85 - E@@oI-e) '-(‘i)'

I

:‘where'%I'represents the moment'of inertia appropriate to the‘transitionilgIn Fig. 1 |
v log'AI has‘been plotted versusVI for the nuclei.studied.,'At lonspins,qthe general
“_ features of thisfplot:are well known: (1) a regular decrease'in.Ai'with‘increasing K

o spin, and (2) smaller slopes (more perfect rotors) associated w1th lower A values.

The 51milar1ty 1n rotational prOperties of all these 1sotopes at higher spins is
166

'_ very pronounced._ The points in all cases (except p0551bly HE" for which there is

" no information above spin 12) are, or become with increaSing spin, quite linear’withv :
Wa common limitingvslope‘of 8 or_9% decfease in Ai pervstate, Furthermore the'absolute
'AI values arebconverging into two groups. Thus, for‘thexlh —912‘transition, five of

the sevenvcases for which there is information have'Alh values within 2% of 11.05 keV

and the other two cases-both'have A 1k values of 10.17 keV, within our limits of error

(O 3%) It cannot be ruled out that at still higher spins these groups w1ll diverge

again, however, our most tentative data at the highest spins rather suggests that

‘ they may converge-to.a single group.

172 170

The two nuclei with low'AI values (W and Hf ) both have 98 neutrons, and

a éursory examination of the @1,xn) data taken by the Amsterdam group2 suggests that
Yb;68 and Er166, w1th 98 neutrons, behave similarly Furthermore, from a plot of

first excited state energies against neutron number in the rare-earth region, it
4

V_appears that the energies for nuclei having 98 neutrons are low. Thus from the
._-lowest to theé highest spins observed, such nuclei seem to have rotational constants

- 5 10% lower than others in the region studied here (9k-102 neutrons inclusive) A |

i

péssible explanation is that this is due to a reduction of the pairing correlations .

'f .due to the energy gap in the Nilsson diagram between the levels 5/2- [523] (98

) neutrons) and T/2+ [633] This effect seems to be reproduced in Nilsson and Prior's

calculations of the moments of inertia based on the pairing model.5
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Trere are e nunber of models with which these lOu&thndL energics can

thorougn exanir tion oi all sucn moaele puitly

'because sizeable computations are’required in some cases, and‘partly beeause some

LS

general observations ﬂave Paﬂﬁeoted to us. ccrtain essential features required in

such a model. These observations are: (1) the very nearly identical behavior of
‘the moments of inertia observed at high spin values for the nuclei studied (with

~ the noteble el ceotion dlSCUQSQd in the preceding pﬁrfﬁrloh)'suggests that a very

general property of rOuating nuclei mu** be 1nvolvea; (2) the eVidence accumulut ng .’
!

from the study of Viorational otates in deformed nucleifindicates that the B—band

1]

aémixed into the ground state'rotational band some 10 times more heavily than

is thne <y-band, and the devietions of the ground state band from a periect rotor

can he largely accounxed Tor at low spins DLy a perturbation treatment of such'B-

- ground nixing; »2 and (3) the average chanﬁe in moment of inertia with spin observed

in.this s buay is about a iactor of two 5 whic indicoteo that an att e'nrt to e)@lain

this srould av01d Using perturbation theory. In a model, therefore, we must look

'

primarily for a non-adiabatic treatment of the coupling between P-vibrations and

rotation. Within the framework of the hydrodynamic model developed by Bohr and

~
£

. ' o
Mottelson, - the solotvon of this problek nas been given by Davydov and Chaban (DC)
. }“k’ r{

in cofijunction with their treatment of asymmetric rotors.' We have used their

i

4

treathent, butin accordence with observation (2) above we have set vy (asymmetry

na‘ameter) equal to zero and, therefore, ‘have looked only at the effects calculated

duevto non-rigidity with respect to B deformation. As mentioned by DC this amounts

in the & rround state band to accounting for the centrifugal expansion of the nucleus,

. and hence it seems a px tiori most -consistent With observation (1) above.

E N ' 170

A comparison.of the HI™ data with the DC solution is shown 1n Fig 2 :

The orainate here is the ratio, I+2/A R which is related to the slope of Fig. l,

éndiis used primarily: 'because it gives a plot which is very sensitive to the transi-

‘,1 i ‘

tion energies.8 Our error of t0.25% is indicated on one of the points (the ratio
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the 2+ and L+ energiles, and elso that of a thee
U .

,uagustatlc parameters, respectively This case, Hf. 5 representc one of the best

Ny excited state energy)}

ke L uCRn-112l8

Yof two transition energies,can be“measured More acCuratclJ than eitAcr one ubaOlu ely)

: g |
the effect of. the us ual I (** ). corcectlon term is. shovn, fitted to_

Darameter expressioh’involving the

L

e

iﬁ the sevics, T’(I l)J fitt ed 1o “the 2+ L+ aqd 6J~ enervies. The DC

calculation as used here (7"‘ O) nas two barameters, one of which ( w') cancels out

o<

n the ratio of_two energieS'as'plotted, 50 that_tiere 1s only one acaustable par

B

© . cuer (k). - Similarly, the plots of the two comrarison expres51ons have one ana two -

l7O

.31its oi our exgnt nuclei to’ thc DC model uut tne others are. not qualitatively dif—

cferent: The‘aver ge deViation of the eycc11mentul DOints from the calculated curve

for it 1O 4g .26%; Tor seven of the eight cases. (h points) it-is 0.62%; The
remaihinp case, Hlloé,'will befdiscussed later.' We considerfthelagreement to be
surpris nﬁly good (and for level rather than tran itioh-ehergies‘theipercent devia-

tions would e much emaller) There,are, however, systematic’deviations,i For all-

cases there.'s a tendency for the p01nts to fall below the theoretical curves at

'the hiﬁhest spins.- Another way to express this is to say that the common limiting

clope in rig. 1 1s 8 or 9% per state, whereas the DC common limiting slope is about

'H_5-Op per state (the calculations should be extended above spin 20 to be sure of this

number).‘ The other systematic deviation only occurs vhen the first excited state

iz above rougnly 105 keV. Then the,firstvpoints fall below the calculatiOn and

‘progre 31vely more s0 as the energy of the iirst exc1ted state 1ncreases. Thus, for

166

JHET (iirst excited state 159 keV) the first pownt is experimentally about 5% low,

and there is no real fit to the calculated curve. However, it does not seem to us

'reasonaole to erpect such a Slmple model to account for all dev1ations from the per- '

fect rotor, particularly near the edge of ~the region of deformed nuclei (high first

i

i
!
b
i
i
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Since our use of the DC calculation, with.yFO accounts for the rotational

spacings quite impressively, we were 1nterested to see whether the energy of the

i
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'vr_v.u_CV.onll band coul’ be corrcctly pr tod usinﬁ'tne’sam~ o trlelon T

o

‘I”summariZes the data for all cases ve coulc find ere ooth the B energy and the j-

2+ and L+ ground stat band e bers are accuratciy ”nown.' ne ratio of tne B banc

cenergy (O+ state) to the first-eXcited atato-energy is,calCulatedffrom'the-groundf_

;stata oaqu members and comnared w1th the e/ocancnually ooscrved ratio. In all

_ “DC - : : - -
?cases,tne/fatios_a_c nlbh, and the last column U1vcv tnc.,erc ltﬁgc error in tno'

‘caler latioq For‘the rare eartns seven cas lie vlthin the range ¢8 +5%. In tne

' 1 (8

‘one exception, H” +he OT levels have been assigncd as predominently two qua51- T

particle "tate:,9 and‘t" ; if correct, would mean the real B bana might lie highcr,l*‘°

' :as predicted. Iu ine heavy elements, all cases fall w1th1n the range +2O +lO‘}’. We

feel the a lute awreement 1s not bad and the niOher 1nternal cons1stency for

~each group is very encouranino.1ﬂ”

In summary Ve can say that ground state rotational band members for several
nuclei have been 1dent1fied to spin lh and in a few cases, very probably to spin

10'or 13, anc their energies measured to about +O 5”.' These eneraies prov1de a good

test of various models for. rotational bands, and 1mpress1ve agreement is. observed <
| S

‘lebllfled (7 0) Davydov-Chaban calculation 1nvolv1ng the centrifugal

stretchina of tne nucleus along the symmetry ax1s. The;closely related B-vibra-

tiondl band energies are given to an accuracy of about 20% with nibner relative
precision uithin each_of the'tuo grOups‘of~deformed‘nuclei-surVeyed (rare-earths
:andyactinides). We COnSider this quite surprisingly éood in as much as only.two 3
paramctc ~s are 1nvolved and no corrections have yet been 1ncluded for the'y(non-

aXial) v1bration or any other type of‘perturbation.

s
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Table I. Beta-Vibrat Oﬂul Energies

R0 B0y

Muclide  E(2 —0)  E(k-2) . E(050)
(kev) (kev) . (kev) E(?:éokcalC'?Ké;?O)Obg'

Pu= 0 Le.8t - 98.9 858% . 2h9 - 20.0 - C 420
Pug)d | L1 101.9 - .9’4.5.11) | "v 265 ‘ .2]_.58]_ : _:_+l9

y=ov . E~o0.18 993 . 2.0 o 22,2 2

v\,\‘

Al 4349 99.8 .16l . - 20;6_ ;f ;'18;66v3‘-*f1-‘ +101:

Cm®0 U sas 0 108 ekt 1630 119 0 aed

Chosea] - ‘o;giiii.; fi:v» 7:oio' ) RN

o 178- ' R Cof197hy . L g 34

0™ 155005, 32209k

..Er:- 80.57 .. ;;'265.1' - 1&60.5gv' ::719,5.o' 1@;12'5V C 4t
195 ated ke B 26_.5 Coane )
88.97 . 19919 ok0? 3.0 1.7 40
23.07 k8.8 680.65 6.0 . 553 48

wro o e e 55 52 s3)

Pre01se 2+ and b+ energies are not available for Th and U2j , but many band mem¥ ,
bers are known. Therefore an average B value is determlned for the band as a whole.

Parentheses indicate a531gnments of less certalnty or data of poorer quality than
usual. _
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FOOTHOTES'AED REFEREHCES

Trork vae sunnorted by tbe U S. Atomic nnergy Comm1551on..fr‘_')
. . N B Y a ~ " L 'v.
ucuq1es of hlo nature have been publlsred recently/ior DO MeV alpna—partlcles

V ’by H. ‘V[or.inaga anq . P . C. Gu”elO't Nuc Phyu . ‘—r6 210 (1963 ) }

" and o) for 12 MeV - protons by G.'.B. Hens '; E. Elbck K A Hagemann, and

RS

. E. Hornyak Nucl Pnys 47, 529 (196)) ‘Qj,ef;fsgf,r

H. Mo rlnaga, K. KotaJlma, and D VlﬁClgucrra, prlvate commun*catlon, November

1963,

f's G. Nilsson and o Prlor, Mat Fys. Medd. Dan Vld Selsk. 52 No. 16 (1901) R

" S. Stephens, ‘B. Elbek and R. M Dlamond Paper E- 8 Proceedlngs of the

Third Conference on’ Reactlonc Betwcen Complex Nuclel, eds A Ghlorso, R M

.leamond H. E. Conzett (Unlvers1ty of Callfornia Press, Los Angeles and

'Derkeley, 905)

Jd. S. Greenberg, D. A. Bromley, G C. Seaman, and E V. Blshop, paper E 7, .

.’Proceedlngs of the’ Thlrd Conference.on Reactlons~Between Complex Nuclel, ll

. A. Ghiorso, R. M. Diamond H. E Conzett (Unlvers1ty of Callfornia

1_ Press, Los Angeles and. Berkeley, 1905), Phys. Rev. Letters 11 211 (1963)
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Such a plot is related to the plot of‘Aw/% given in reference la.

C J. Gallagher and V. G. Soloviev, Mat Fys.‘Skr Dan. Vld. Selsk. 2, No. 2

(1962).




*. . FICURE CAPTIONS . . . ..

Rotatlonal conctants (anproprlate to the tranoltlonq) plOuted agalngt
:v'cloued oymbols tungsten,,:5

Tne DOlnts are coded as followe
: neutron number o

Flg '1
spin, Im
half—closed symbolu, ytterbium.

ooen symbols, hafnlum,
98, ¢; 100, A; 102()

'9L v 90,[1;
:;Fig.,Q. Ratlos of successive rotatlonal conotants AI+2/AI,plotted agalnst spln, I.

. Tne 01rcles are the experlmental data for Hfl7o, and the curves are' { Lr;
- the non- adlabatlc Davydov—Chaban calculatlon w1th y '
- AI(I+1) +- BI (I+l) fltted to the 2+ and g energies, and

-+~+ the prev1ous expression plus the term CI (I+l)9 fltted to the 2+

L+ and 6+ energles. g
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