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Abstract

S

"7 The de-excitation of the ground state.rotational baﬁg in mine deformed

even-~even nuclei has been=cbserved following heavy-ion nuclear reactlons. The

-transitions from states up to spin 16 (on the average) were observed and their

"energies were measured with an accuracy of 10.3%. The rotational spacings

i

thus identified have been compared with several calculations% and much the best
agreement is obtained with a shnplified calculation by Davydov and Chaban

taking into account the effects of centrifugal stretching of,the nucleus.
’ . i T

4
1
{
¢
!

Present address' Raymond College, Uhiversity of the Pacific, Stcckton, California - .

o+

|
:



A “ IR ) UCRL-11402
St :{;;5_1 Introduction i'?, '; ,_1"r53 : .: }"'if' dg.*‘:
N:Ei;ffg"i l’if. The study of the gamma-ray cascade de—excitins the final nucleus pro= |
viifduced in a nuclear reaction yields data whichareuseful in considering two '~ff"lfis?h
Mip*;ﬁittYPes of problems. These are, .1): the mechanism of the reaction to PrOduce o
o ‘the final product; and 2) the systematics of the energy levels in the product’ .
‘nucléus,» In particular, on the first account the nature of the states observed fiif.'
L and their population can, ‘&t least in principle, indleste the ex"itation cnerey

“iiu;,:and the angular momentum distribution imparted to the final nucleus, as well as

';nf»vthe total yield of that particular nucleus For the second problem, this method ,17%

;'tsof reaching “the excited states of a nucleus might well complement the more '
*Tf,;usual spectroscoPic studies 1nvolving radioactive decay and Coulomb excitation

’ TvSpecifically, one would expect to be able to excite high-energy states and

f'j‘especially high-angular momentum states much easier and more systematically intb'

«:the nuclear reaction than by the other mechanisms. | : QV; o d'f.l;,{h

The work of Morinaga and Gugelot ), using NaI(Tl) gamma-ray detectors”

_to observe the excited deformed even-even nuclei produced in (a,hn) reactions’i
.fshowed that the ground state rotational band in such nuclei. could be identified
‘:‘i:up to about the lQ+ level. At ‘about the same time, HanSen,iElbek, Hagemann, '

_-and Hornyak?) also produced excited deformed even-even nuclei in the rare'earthsg1qgr-
using (p,2n) reaetions. This'group,studied the de-excitation cascades with a""} !
conversion electron spectrometer and demonstrated clearly its desireability,u

. due largely to the better resolution obtained. However, with the 15 MeV protons ijff L

' i;”available, they did not. populate levels as high in the ground state rotational ;}f}[

“ffﬁ;ff‘bands as did Mbrinaga and Gugelot.

' In the present work a number of even-even. nuclei of. ytterbium, hafnium, f
vf‘and tungsten have been studied following heavybion reactions of the type
l65(311 in )Hfl72 A variety of odd-Z‘targets and projectiles have been used,;

}3with the bombarding energy adjusted in each case to give predominantly thefi;,gﬁ



" surprisingly 1ittle else could be identified.

 be determined to ‘an accuracy of’ *0. 5%
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. partiCularvnucleus:desired.' Both the conversion electron and gamma-ray spectra

have been observed<from‘such nuclei. As in previous work of this type the

principal transitions observed belong_to the ground state rotational band ;

‘2,  Experimental Procedure
] :
The Lawrence ‘Radiation Laboratory Hilac was the source of the beams of

ll Nlh, and F 19 proJectiles used in the present study. Currents of ~0.1 pamp

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

was measured using a solid state counter calibrated against the full energy
beam (10.4 MeV per nucleon), and is expected to be accurate to about 2%.

An electron'spectrometer of* the single vedge-gap type developed by

Kofoed~Hansen, Lindhard, and Nielsen ) was used to observe conversion~electrons

from the de-excitation cascade of the excited nuclei produced in the irradiation.'
This spectrometer and. its semi-automatic operation has been described previously )

The only change in 1ts operation is that 8 180 flip coil has been added to

-:measure directly the field in the spectrometer at any time during the run and

M

so0 permit a-more : direct determination of the momentum,of a conversion line. The
spectrometer was-operated such that the fullawidth,of the conversion electron
peaks at half-maximum was usually between O. 5 and 1. O%, and the energiles could
165 169

Self-supporting metallic foils of'Tbl59, Ho ") and Tm™7, 1-3 mg/cm

- thick and inclined usually at 15 to the beam, were used as targets, and the -

beam was stopped in a shielded Faraday cup about a meter beyond the target ‘-fa:v

‘;The spectra of the prompt cascades were taken during the 3 msec beam bursts,

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

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

| . s

|
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5 nuclide, “and to determine the energy for obtaining the cleanest spectrum of

_,ﬂ'that particular even-even nucleus.:"'

discussed.

i
L

ith,__,,h 3. Results o

JUCRL-11b02 - 1)

i;lfthe daughter products The Spectra for each nucleus were usually taken &t
i ﬁjfthree projectile energies (centered around the exPeCted optimum energy) 5 10
.HdglMeV apart in order to obtain limited excitation functions of the various lines.-

T;This had a two-fold purpose' to enable a grouping of the conversion lines by

®

' ~In some cases gamma-ray spectra were also taken, using both NaI(T1)
.ﬁ{ and Ge (solid-state) detectors Tne background was higher relative to the
Jlé-peaks in these spectra than in the electron spectra, and even worse, this
AAffwibackground continuum proved to be largely in coincidence with the peaks These

:17?'measurements, therefore, were not extensively pursued and will not be further ﬁft' ;

SR

Examples.of the conversion electron spectra obtained near the peak of“'

':dftheir respective excitation functions are shown in figs. 1-3 for

16h 166

rpl66,168,170, 172 and wl72 174, 16, 14 should be noted that ‘the yields in’

I

' ynﬂ_jithe different spectra cannot be intercompared as the. targets vere of different*”:
*»:léthickness. Those transitions which we have assigned to the ground-state rota—'"d. '

"ﬂ;,tional bands are indicated on the spectra and summarized in table 1.

In @ particular spectrum, the assignment by element of the lower energy

7'”{j fwere made on the. basis of the change in bombarding energy necessary to go from 3y
- the maximum of the excitation function of one .even=even nucleus to that of the-;;

‘w:_next lighter one—-about 30 MeV per pair of neutrons out.

'7'transitions could be .made from the K-L conversion line spacing. Mass assignments;

The close. similarity :
g “in bombarding energy to produce a. given reaction in any of these three targets

. (as well as those of other nearby elements that have been studied), coupled with

i

i
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the results of a number of cases where a. glven. product could be made via more

~than one reaétiop,(the'dse of anothe;-projectile-target’syétem), leaves absolutély )

no doubt as to ﬁhe mass assignments. o _ . o : -

If ﬁas found that at the éptiﬁum bombarding energy-almost ali ofvfhe‘ L
intense low energy tfansition;Ashqwn in figé. 1-3 could be aséigned eithégwto py
Coulomb_exéitati@n in the.térget or'to the’ground state rotatioﬁal band of the

.final even-even @roduﬁt nucleus. The latter assignmenﬁs were made because

1) their'énergies approximated those of a symmetric rotor,

E(I »1-2) = gy [I@A)-(-2)(I-1)] = Zx(d1-2); (1) . -

2) tﬁéir 1ntensi£ies vere high, éﬁd decfeased,(assuming.EQ transitions) in

a very regular wéy with.inﬁreaéing‘energy.(sp}n); and.3) the lower energy -
transitions could be shown-té be E2 from their K/L'intéhsity ratio. ‘Difect

'spiﬁ measurements are largely absent, but in a subseqdent work5) three cééés

were studied where the first four of these prompt transitiénéalso occurred in

low intensity following the beam pulse} that is, held up by an isomeric §téte;*v¢”
In these thfee cases, the spins 2+,.h+, 6+, and 8+ we?e,éstablished~by angﬁlar' '
distribution measurements.

Thgée transitions,that fit the abqve requiremenfs and are_of outstand-
_ing‘intensity in the spectrum are giveﬁlah,ﬁAf classificatiod in table l.. - In
a few éases? such aé Hfl70, essentiaily oﬁiy-suéh transitions are observéd in 7: © .

xthe spectrum. More usually, thdugh,na‘few apparenﬁly extréneéus transitioﬁsnlf‘.
of & moderately low 1nteﬁsity occuf at the higher erergies; sometimes, as.in
Wl76, there is aéparently an;entire band of additional traﬁsitions., Aé the *
intensities of the ground state band transitions decrease with increasing spin;ri;

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

. 1t often becomes difficult to decide which of the lines are the members of the'

i
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vground;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 transitions (80% expected to be correct) are labelled "B" i

"~ the tables, ‘and those less certain or any that are appreciably weaker than the
: ‘strongest of the’ unaSSigned transitions are given a "c" classification (50%

:expected to be correct) This last classification does not mean any doubt that -

~the conversion line exists, only that there is some doubt ‘whether it is a member
of the ground state rotational band

At the most favorable bombarding energy for the particular nuclide being

'studied, there 1is little interference from the neighboring odd-mass nuclides.
l Partly this is because the peaks, of the excitation functions for the odd-mass.
| ( nuclides are 15 MeV away. Partly it is because these nuclei ‘have ’ so many dirf-.
' ferent pathways to the ground state from the- excited 1evels reached in the

. evaporationcof the final neutron. That is, the ground state rotational band

even nuclei which have a 1-1.5 MeV gap in particle‘statesf'

L, 'Discussion.

In this section we will first mention briefly several points related

tional spacings observed. As has been .stated, one of thé most surprising con—‘

clusions of a survey of the spectra is. that the ground state rotational cascadeoggif

from about spin lh-lB dOWn provides almost all the intense transitions observed.

4

3: in the odd-mass nuclei is not the unique channel to'grOund'it'is in the even~.

_ to the nuclear reaction mechanism, and then go on to a discussion of the rota--f-sv

There is little evidence for transitions from or within the vibrational bands J'f‘;g;fl

'7f'or bands based on two.quasi-particle states. This is due-in part (but_not

-'j_transitions with the decrease in,conversion coefficients.‘Another experimental '

v, . .- . . Sy

';fc'f entirely) to the decrease in the sensitivity of observation of;the higherfenergvfnhif?i
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. obser ation is that the entire casceie is usually fast. In two of the nuclei

-;,- stuﬁ ed we have determined ) that there is no. appreciable intensity feeding

the second excited state with a hal -life lOnger than ~3 X lO -10 sec.

These observations about the nuclear reaction can be accounted for in

' ’<ar least two essentially different ‘ays. If the-semi-classical description ofrf/

':ti 45 .e colli51on is correct the nuclf have beén left after the emission of the’

ast neutron, with about 10 MeV of excitation energy and ~h0 units of angular

B nomentum . The only plausible expunation, in this case, s that this energy

'

= ’<,‘and angular momentum must be canrhd off in & large variety of gemma-ray cas-
'cades of which the only common fature is the ground state rotational band.

r;_Thus, any particular non—ground-yate-band tran31tion must be very weak.- There

“are, in fact, a considerable num:r of unassigned low—intensity lines observed

" over the entire range.of energles examined and there 1s also a background con- .

tinuum in coincidence with the rctational cascade which might be at least .

>

partially composéd of such tranéﬂions.a Also, where isomers have'been observed,

it is in intensities of only-l-‘vof the prompt cascade, again consistent with
the idea of many de-excitation }hhmays to the ground state band.
The other-explanation 1e that the product nuclei (after neutron enis-'j‘

sion) do not have much more <ne:'y and angular momentum than is represented by

the observed:ehtrancerintocthe: ¢round state rotational cascade; namely 18-20n -

" and ~4 MeV. One possible reason tor this is that those nuclei baving much

larger angular momenta may:preferntially'emit a particle heavier than a
"

neutron.

cles as one goes out to the more ne\ron-deficient nuclei makes the emission. of

'»charged particles much more likelyin these nuclei ) It may be. preferentially

. the high—angular-momentum states tha eqit the charged(especially heavier)

v

lisions of the heavyeion projectile ac. arget nucleus which vould bring in
. 4 : L o, L
S ‘

. The increase infbindin-energy of neutrons relative toAchargedtparti-H;*

Y X

&

particles due to the lack of final S1y&3 for neutron emission. Also ,the eol— Lt e
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-‘much more angular momentum on the sem1~classical calculation ‘occur- at the sur- o
'ﬂﬁffﬁjfﬁ'fact of the nucleus, and instead of leading to comp0und nucleus formation, many
;.suc'“collisions may instead contribute to multinucleon transfer reactions and
'“‘other direct interactions. Weak evidence along these lines isr furnished by
e 11 Ak 19 LT
.. the fact that producing a given nucleus by~B » N, or F77 beams (of different s
"energies) on the appropriate targets gave similar conversion electron spectra,_ii

~_:%;i e., the relative intensities of the various lines did not .differ greatly..

:VQThis suggests (as prcposed above) that even though much more angular momentum f;f}

e

%J‘"?si'should be brought (classically) into the compound nucleus by the heavier pro-
L Jectile, those collisions leading. to the desired product have a -smaller momentum ;“
bjutransfer which can as well be acéomplished by a somewhat lighter projectile..;f.ilfdti
L Furthermore; the higher backgrounds which invariably accompanied the heavier

v ‘.Ev;'g' projectiles (especially F 9), as well as the lighter proJectiles at higher .

E energies, also suggest that reactions other than the desired (HI,xn) ‘ones may

.”3£gfbe occuring. Probably the real: situation]involves both of:. thEIexplanatiQns out- l”
" iined priefly here. ' ° | . '

Considerably more‘progress has\been made in the:other aspect of thisff{f:.i

' work to be discussed nemely understanding.the rotational energie§ observed;'%lg-izngi

~ju.f':t;; This ‘progress has been previously summarized in two short publicationsg’lo)

K In.the.first we showed briefly the;systematic behavior of the data,- and inter- ¥ .-

_ preted it in terms of centrifugal stretching of the nuclei. . Remarkably good“V”*>”

. t';;i.d agreement vas obtained between the data and a calculation of . centrifugal stretch-f}
| i ing by Davydov and Chaban (Dc)ll) We, however, restricted their calculation ;f“;
:“fi to axially-symmetric Shapeso' Furthermore, based on the ground state spacings,.

/ this calculation vas shown to give the energy of the closely-related beta vibra;’;
;ri'tional band to en accuracy of 10-20% (Subsequent examination ) Suggests that .

. the absolute B(E2) values between the ground state and the beta band 3) are also '

f?;very nearly correctly given.) ‘In the second publication we ahowed thatrthe DC -
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quantum mechanical calculation could be replaced for the nuclei considered by

& simple semi-classical treatment. This treatment permitted ~variation of thev>-

. B- dependence of “the two energy terms 1nvolved the rotational kinetic energy

and the potential energy. It was ‘shown that potentials more. realistic than

" the parahola'assumed by DC could explain qualitatiyely the small systematic

deviations between.the date and the DC calculation, although no quentitative :

calculations with these potentlals have been carried out yet. It was also

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

reasonable results in the Limit of'spherical nuclei (harmonic oscillator spac-

ings), end hence might be useful in the transition region between deformed

-(rotational) and'spherical (vibrational) nuelet. In this .section. we.yill 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‘spacingst
Other -information, particularly concerning the beta-vibrational band and the

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

‘spacings as centrifugal stretching of rotating nuclei, but no such information : -

is available for these particular nuclei. (Our first lettengxsummariZed,some

of the information available for other nuclei.) The measured sbacings'will be

compared with the calculations of DC and to a lesser extent with other schemes. .
There are three parameters in-the DC calculation: the asymmetry param- t}.:i
eter, y} the B-vibrational band ersrgy, hw, (an overall scale parameter); and .

a‘parameter measuring the non-adiedaticity, p. The first of these, y,.we.have .f;flt*

set equal to zero (requiring axial.y-symmetric shapes), although the effect'of'

varying -y somewhat is shown later, The scalé parameter, hdb, cancéls out if *

a ratio of two‘energies is taken, ard most of our comparisons are therefore of -
, this'type._ Thus, in the figures thire is generally only one adjustable param=- -

eter, | (the ratio of the rms zero-%)int vibration emplitude in the ground state

*
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to the equilibrium deformation in that sﬁate)m An overall comparison of the

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

horizontal lines are the theoretical ratios of the energy of the'state'havingii:'

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

M. _Thevnine more or less vertical lines are_the'data for the nine nuclei

"“studied, wheré each line is made to cross each theoretical line.at exactly

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

; ﬂ"»rfit to thé calculation. Most of the experimentdl lines are quite close to

Jvertical if'one considers that the horizontal scale 1s rather expahded (num-
- erical comparisons will be givenvléter); Also the very systematic ‘nature of‘_j ;

the deviations of the data from: the theory is- evidént. ‘From spin 8 to 12, all

the lines are very nearly vertical. Above épin 12 all significant- deviations f;

are in the direction'of higher B values with‘increasing spih,'and the best °

rotors (low K values) deviate as much as, if not ‘more than the other nuclei

Below spin 8, all the departures from the theory are toward lower i values'ff”;

~ as the spin increases. Only nycleél having p ‘values above about 0.3 behave':.

in-this way. It has been suggestedl ) that both of these systematic deviations .

" from the DC theory can be largely corrected by using potential enefgy_expfes;'

sions derived from the mass formula of Swiatecki;h),

A more sensitive way to examine the date 1is demonstrated in figs. 5 to

9. In these plots vwe work only with the transition energies, and remove.fhe

.generai I(I+1) energy dependence of the levels by defining the transition rota-

tional constant, AI as follows:

1 __AE(I-aI-Q)' : I
- ‘)-I-I"'Q- ._. o

Then, in order to eliminate the sca.e parsmeter, hw 52 8 ratio of adjacent rota-

tional constants 1s taken, 80 that the ordinate in figs. 5 to 9 is AI+2/AI

i
i
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‘These ratios .are.,plotted against the intermediate sp'in, I ., These plots are

very sens1tive to the transition energies since 'they show on an expanded scale A

. only deviations :f'rom the I(I+l) expression. Our. experimenta.l error in the

 ratio of the rotational constants, +0.25%, is indicated on one'of the points o ‘
in each figure. It -can be seen that the agreemert betweer the experimental |
points'and those calculated from the siinplified DC"E.\"pression (drawn as a solid
curve) is remarkebly go'od.v The agreement is better than we were able to obtain
with any other?modélaor:expressiondwevtried.' For example in fig. 5 for HleO
are shownvplOts of,the ratios as.calCulated from the add:tion of the usual
'BIQ(I+1)2 term and also as calculated using this term arl an 'additional

.CI3 (I+l)3‘term~ 'The constants 'i‘or these two expressio::s were ohtained by Pit-
ting to the 2+ and 4+ and to the 2+ by, and 6+ levels respoctively, and 1t
can be seen that even with “the addition of both terms making a two parameter‘;‘
expression for the ratios) the fit is quite poor,_ Sueh a‘power sgries‘expansion
nould require almost as many terns as there are poin:sto.be‘fitted if it is

to be used for extrapolation; for interpolatio’n,'. it .ja tru'e,lbetter f_‘its could
be obtained with fewer parameters. f‘igures 5 and 6 how the effect of adding"‘
the non-axiality parameter, <y, to the simplified DC v;rea,tment for_ﬂH'fl?Q and'Ybl&L.

' Varying ~ from O to 10-12° (with a éorresponding'ch.nge in p.) makes little aif-
ference in the plots, about half of them are Imprci2d slightly, the other half |

are unchanged or.made.slighrtly worse. In particulm, the systemetic deviations

from the theory (mentioned earlier and quite appe ent in these figures as points .' I_“v

falling below the DC curves) are not at all impri:ved by allowing non-axial shapes.

Figure 6, for Ybl66, conipa.res the DC fit with t:: best one obtained from the
15).

172

purely asymmetric rotor model of Davydov and Fi’ J.ipoir The DC curves are . - '

6 ' -
clearly better. Finally, figs. 6 and 9, for Y: 6 and W', show the results
of using the rotation-vibration calculatisns ¢: Faessler and Greinerl6). !I'hesé

"are the best fits we have found to the experirmntal data except for the DC : , ‘.

L
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.curyes. It is interesting that the shape of these Faessler-Greiner curves.lbj"l
:ii{i:gdepends very little on whether it is the B or the “y band admixed into the itﬁ.f'
| ...ground band. Thus in the DC treatment the total neglect of effects due to y_-:f
”iis probably rather accurately compensated for (in the ground state spacings) i‘
wé{““ by 0verestimating slightly.the value of ¢. The remarkably good fits given by;:vf(,lliﬁ'
;i this simplified bC calculation are thus somewhat easier to understand | |

i

; As a last means .of comparing the data with the DC model, ve list in

hitable é the level energies as measured and as calculated using the u values]
.&fromrfigs 5 to 9 and adjusting hw ' for the best~fits. This method is not |
a very sensitive one, but has the advantage of greater shnplicity and famili—ifb:‘ﬁp
“farity.' In constructing table 2,1we used only transitions which have been givenf;idif‘
. an A classification in table 1. This is primarily because we did not want w
~to affect the entire fit for a. particular band with a transition which might
be misassigned. In addition, we did not want to obscure the really excellent
fits usually possible‘up to spin 14 or so by including the admittedly more
_poorly fit data above these spins. The five nuclei whose First eéxcited state ~;_d
energies lie ‘below. 115 keV have an overall rms %ldeviation of O. 21%. This isf{f
:N-:\ hardly outside our limits of error; however, the systematic nature of the devia—iigég?f
‘L tions makes it seem likely that this does represent a real difference from the *;.fﬁ

172

"theory Of the four nuclei whose . first excited state is. over 115 keV, W i

s fit almost as well as the previous five, and the considerably poorer fits for }agﬁ_K.ﬁi

f166 168 . and Yb 6“, are due almost entirely ‘in each-case to .1 L

the other three, H
the first excited state energy. Both this systematic deviation, and'the snher’;ff;
one occuring at the highest spins are in the direction to “be. explained by v
(better potential energy curves, as previously’mentioned. : ‘ S ”v;‘;ﬁ;iii

~In summary, it appears to us that the rotational spacings observed are;f*ff'

9., significantly better accounted for: by the DC treatment of centrifugal stretch- {Ti{

if(ing, than by any other means. On an absolute scale the fit is quite good, and:.v?‘h
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" “the small systemetic deviations that are observed can be,vat'least'Qualitatively,
‘accounted forby using-more.realistic'potential energy curves than'pareboiast

‘Perhaps more'imporﬁant is the reasonable'agreement of the energies and B(EQ)

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

"

the ground-state band "fits As far as the presently available data have

been analyzed, 1t seems that a simple and reasonably consistent picture can

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

,'principai axis. Nothing is assumed or implied in this picture about the y-vibra-

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

deviations of the ground state band from a perfect‘rotor; There is considerable
evidence}j) that those Veoands identified are not very stfoﬁgly coupled to the
ground state band, (of order 10% of the B’baﬁd), acd this prescmebly means'that
as the nucleus stretches, there are no'large changes in the value'of Y. Such
effects on the ground-state spacings as come from the y—bana and hiéher-order

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

sumably smell) of the beta-ground-coupling.
The treatment of centrifugel stretching which we have discussed is
strictly phenomenological; the potentials (ideally) are taken from the observed

behavior of the nuclear masses, and the'rotational_kinetic energies are assumed

~to have the empirically observed B dependence, It is, of course, possipie to

try to calculate these quantities: the ground state moments of inertia of de-

18’19). Such cal-

formed nuclei have slready been rather successfully calculated
culations, however, are complex,fand 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 ahd

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

tailed microscopic treatment of the problem. , ;
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. *
Ground~-state rotational band transitions

Table 1

Transition

250,
h 52
6 5
86
10 -» 8
12 - 10
1 512
16 - 14
18 » 16

- 20 - 18

164

122;5 A
261.5 A
74,0 A

L61.3 A

528 .4 A
574%.5 B
6067 °C

166

=

101.8 A

227.9 A

337.4 A
430.0 A
506.8 A
567.8 A
602.7 C
627.8 C

o166

158.7 A
312.0 A
h26.9 A
500.5 A
564.0 A
593.8 A
613.4 c

Hf168

123.9 A
261.1 A
37141 A
h56.1 A
502.0 A
569.4 A
606.5 C

Hfl7o

100.0 A
220.6. A
320.5 A
L00.2 A
h62.0 A

510.0°A°

550.3 A
58%.7 A
614.3 B
652..5 C

Hf172

4.5 A
213.4 A
319.1 A
408.8 A
483.6 A
54%.1 A
588.6 A
621.9 B

641.8 B

e

122.9 A
254.0 A
350.3 A
419.3 A
169.6 A
512.5 A
Sk8.5 A
576.2 B

59%.8 C

Kffi

111.9 A
ob3.1 A

349.2 A
Lz2.5 A
498.0 A
551.2 A

5%.0 B

108.7 A
239.8 A
350.9 A

Lho.6 A
508.2 A

557.3 A
59.1 B

- 62k.2 C

The accuracy of these transitions 1s expected to be + 0.3%. An additional significant figure has been kept

in most of the cases, but this can only be useful in comparing transitions of comparabie energy in the‘same

"nucleus.

«y
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Table 2 , " !

. - R
Experimental rotational energies compared with the DC calculation

- Yb

Isotope D Yt 6+ 8+ 10+ - 12+ 1h+ 16+ ‘?Zev :
w176 Exp 108.7 3&8.5' 699.4 1140 1648 2206 - - 0:20
. Cale 108.7 349.1  698.8 1137 1646 2213 T
wl?h. . - Exp  111.9 355.,0 70%.2 . 1137 1635 2186 A' '”; - o ' 'o 16
| ‘Cale 111.8 355.8 705.3 1137 . 1633 2181 o | IR
A2 - Bp 1229 576.9  727.2 147 1616 2129 2677 . . 027
, Cale 122.6 378.7 729.3 117 1617 2126 2668 IR
Hfl72 Exp = 9.5 307.9." 627.0 1036 1519. ‘ 2063 2651 ‘ - b 31
‘ Cale o, - 307.5 625.5 1033 1517 2066 2669 o RO .
1t 0 Exp 100.0 °  320.6 6h1.1 1041 1503 2013 ' 2564 3147 0.00 ":5 :
Cale 100.0 320.5  639.8 1038 1500 2012 2568 3160 ’
5168 B - 123.9 385.0  756.1 1212 173k . 2304 | 0,79
: Cale 121.7 384.9  758.6 1216 1740 2315 ‘ | )
166 . Exp  158.7 470.7  897.6 1407 1971 2565 o 1.45
_ - Cale 153.7 h71.3 © g9o2.2  1k13 1983 2600 R -
166 Exp 101.8 329.7 | 667.1 . 1097 1604 - 2172 . | 0.12
| Cale . 101.9 330.2  667.7 1097 1601 2169 R ot
Yb;sh Exp 122.5 . 384.0 758.0 1219 1748 L ‘ 0.52

‘Cale 121.2 3847 ¢ 760.3 1222 1752

¥ } - -
There are two adjustable parameters, p and ’hwok for each nucleus, -

- 204TT-THON
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Lo - o Figure Captions

Fig. 1. Electron spectra of Yb and Yo The reactions and

beam energles are indicated on the spectra.
"Fig. 2. ERElectron spectra of Hfl66, Hfl68, Hfl7o, and Hfl72. Td;
_ reactions and beam energies are indicated on the spectra.
Fig. 3. Electron spectra of wl72, wl74,,and'wl76. The reactions

and beam energies are indicated on the spectra.

R LTSS & WD - 0 el it

o

Fig. h.‘ Comparison of the observed rotational energies with the

© DC calculation. The approximately horizontal lines are the
calculated energy ratios of the state having spin I to the

LRI O 2.5
f

s

first excited (spin 2) state, as a function of the parameter
~p.  The approximate;y vertical lines connect the measured

ratios for each nucleus. .An ekactly vertical line would thus
5 , o " represent perfect agreement with the calculation.
1 Fig. 5. The points represent the experimental ratios of succesive
%; - " rotational constants, I+2/AI plotted against the intermediate
T spin, I. In the left-hand section for Hf‘l‘7 , the solid line is .
the DC calculation for 7y = O, and the dashed line shows the -
effect of y = 10°with suitable readjustment of u to fit the
first point. In the right-hand sectipn for Hfl7o, the solid'l
‘line is the DC calculation for %y = O, .The dashed line. is the
power series expression, E = A I(I+l) +'B~i‘2(1+1)2
ratio B/A is adjusted to fit the first point (labeled PS). The
dash-dot curve is the above power-series plus the term, C IB(I+'1)3
vhere B/A and C/A are adjusted to fit the first, two points (also
labeled PS). ' , ,
! Fig. 6. The points represent the experimental ratios of succesive
' | rotational constants, AI+2/AI plotted against the intermediate
spin, I. The solid linesin each section represent the DC calcu-

"lation for v = 0. In the left-hand section for Yb166, the dashed

, where the

‘line is the Davydov-Fillipov calculation with 7y = 16.5° (labeled J

DF). The dash-dot curve is the Faessler-Greiner calculation with

. . 16h the dashed line is the DC calculation for 7y = 10° and p

readjusted to give general agreement with the data.

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

'

Rv
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5 - ,: - Fig. T. The points represent the experimental ratios of succesive »
' _ ' rotational constants, AI+2/AI’ plotted against the intermediate
¢ o spin, I. The solid lines are the DC calculations with 7y = O

and p as indicated. v .
Fig. 8. The poinfs represent the experimental ratios of succesive
rotaﬁional constants, AI+2/AI’ plotted against the intgrmediate
spln, I. The solid lines are the DC calculations with <y = 0
_ and . as indicated. Note the chaﬁge in ordinate scale from
N » Figs. 5,6, and 7. |
Fig. 9. The points represent the experimental ratios of éuccesive
: rotational constants, AI+2/AI’ plotted again;t the intermediate
spin, I. The solid line is the DC calculation for y = O and n
as Indicated. The dashed cﬁrve is the Faessler-Greiner calcula-’

tion for EB = 20, EG = 20 (1abeled FG). Note the change in..

e

ordinate scale from 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 contractor, 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.







