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A STUDY OF THE ODD—A RHENIUM ISOTOPES 179Re AND'177Re
.-.‘ . .
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- Berkeley, California 94720
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Department of Physics
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" Abstract: Gamma-rays foilowing 172Yb(llB,}in)lmRe and.l69Tm(12C,An)l77ﬁe
*reections have been studied with Ge(Li) detectors. Rotational bands based on

“the 1/27[541], 5/2%[402] and 9/27[514] states have been populated. A pronounced
variation in the energies of the quasiéparticle levels is apparent although the
quadrupole deformation of the isotepes below mass 183 is expected to be falrly

'constant. It is suggested that the variatlon is related to the changing hexa—

decapole'mpments of»these nuclei. o

NUCLEAR REACTIONS © vb(™'B,4n) E = 52-60 Mev
1690, (320 k) E = 62-T6 McV
measured 0(E§ EY’ OY) YY-coin., 17TRe, 179Re ceduced

levels J, 7.

Work performed in part under - the auspices of the U. S. Atomic Energy Ccmmlssion.

1Present address' Dept of Nucl Phys. s Research School of Physical Sciences,
The Australian National University, Canberra
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1. Introduction :
181~187

The odd mass nuclei Re are located near to the upper ‘end of the

rare—earth deformed region.' They haveﬁin recent years.

1-7)

been studied in a variety of ways'including’redioaCtive decay studies
9,10

), particle, xn reactionsll 15).

1nelastic scattering ), resonance fluorescence
and single—nucleon transfer reactionslG); Heavyaion, xn (HI,xn) reactions
afford a method of ektending the range of the neutron-deficient rheniums which
can be studled the limit being set by competition from charged partlcle
evaporation 7 18). It is of con51derable interest to study a large
range of odd-mass nuclei having one particle.number unchanged. In this vay
the effect on the nuclear states of changing only one particle number can be
1nvestigated w1thout the complicatlons and uncertainties arising from changing
" the other. To date there are rather few cases where
level schemes are known in any detail for such ranges of even as many as four
nuclei and most of these have a closed shell for the unchanged particle group.

| We have investigated the level schemes of 175- 181Re, thus extending
the number studied to seven. -To'doﬁthis've used the methods ofxianeam‘
HI ,xnYy spectroscopy and also studied»the electron—capture decav,of the
appropriate'neutron deficient osmium isotopes produced in HI,xn reactions. In
| | | 177, 179 | |

this paper we report on the level schemes of ~''Re and Re studied‘by the

former method.
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- record coincidence events. A fast-slow coincidence arrangement was used
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2. Experimental Method

The HILACS at Manchester University and Berkeléy have both been

utilized in this work. The Menchester machine, with a duty éycle of 2ﬂ5%, was

used to accelerate l;B and 12C ions for measurement of excitation functions

172Yb(l; 179Re and»l69Tm(12C,hnY)177

of the B,knY) Re reactions. The de-excitation

gemma-rays were recorded boﬁh in-beanm and-out-df—beam, using Ge(Li) detectors of

6CCo) of 3.0 keV and

éctivé volumes L4 cc and 25 cc with résolutions (FWHM at
2.2 keV,,fespecfivelyf The targets were self-supporting metallic foils of .
approximately 3 mg/ém2, oﬁtained by rolling between tantalum sheets. The

Yb;was eﬁfiched to 98% and was reduced from the oxidé form by the'method
of Westgaard éﬁd Bjofnholmlg). Thé Ge(Li) detectors were lbéatediat §O° to

the beam direction. The beam was stopped about 3 meters from the target in a

'Faraday cup, which was surrounded with concrete and lead. Background radiation

arising from sourées other than the térget was negligible.

The Berkeley HILAC, with a 20% duty‘cyclég has been used to profide
120 beams at T2 MeV and llB ions at 53 MeV. Gamma-gamma coincidence measurements
were performed with two Ge(Li) detectors placed opposite each other and at
‘90° to the beam direction. The beam was étppped iﬁ a Fareday cup apd again
backgroﬁnd from sources oOther than the target'was neglibibvle., A multi-

'dimensional program was used in conjunction with a PDP-T7 computer system to

o

incorporeting a time~to-amplitude converter with a logari{hmic pulse height
compensating systemzo). Resolving times Oflabout 15 ns were typical.

7T

Angular distributions of the de-exciting Y-rays in Re were measured,

at Berkeley, with a movable Ge(Li)‘detector ard a fixed detector as a monitor. .
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The very intense CoulombAéx#itationlgaﬁm;%rays.from.tﬁe-targéﬁ'ﬁefe ﬁsed féf.

hormalizatidh purposes.. The target éhamber’#és‘a:veftiéal alﬁﬁi#ium c&;indgr,
coated on the:inside with lead foil;vthiék enough'tp étop the inéident beam. 

Measurements could thereforé be made at 0° to the Séam direc£ion, The full

Ql). The 5 msec beam pulse of the

details of the method are described in Ref,

Berkeley HILAC coﬁld'be‘chqpﬁéd.using an éléctfostgtic deflector system. In

: this-ﬁay eontinuously variaﬁle pulse widths‘(és short as 0;25 usecs) énd_repeat

intervals (minimum_?.E-usecs) can be obtained. This fécility hés,been'uSed to

search for isﬁmers i the two isotopes studiéd here. | | |
The.energy.calibratiohé and rélﬁtivé efficiency cﬁrves for the Ge(Li)

detectors were obtained using ;77mLu and I.A.E.A. stahdard gamme-ray spurces.
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_ 3. Resulfs
'3.1. GAMMA-RAY SPECTRA AND EXCITATION FUNCTIONS

In-bean gamma-ray spectra, obtained with 53 MeV'llB ions and T2 MeV
17 169 :

Tm are shown in fig. 1. The energies and

179 77

2C ions incident on 2Yb and

relative intensities of the observed transitions in Re and Re are saown

in Tables 1 and 2. The relative intensities have been corrected for detector
efficiency, attenuetion in absorbers and conversion electron emission. For ‘the.
latter we used theoreticél conversion coefficientsze), assuming the assignments

given in Tables 1 and 2 to be correct.

Excitation function data can be a useful aid in deducing the angular
moménta of populated stateslz). However, due partly to the greater effective

';target thickness with the heavier ions, the effects observed in this workfare

12)

not as pronounced as those of Ref. . Nevertheless the excitation functions

can be used to support “the proposed schemes, as can be seen from some
results shown in figs. 2 and 3.

Two isomeric transitions were observed in the out-of~beam spectra. A

179

65.3 y-ray with Tl/2.= 95 + 25 us was attributed to Re and an 84.7 keV y-ray

177

“with Tl/ = 50 * 10 us was assigned to Re. Both assignments ﬁere made on

2
the basis of the excitation functionms.

3.2. COINCIDENCE MEASUREMENTS AND LEVEL SCHEMES
Typical spectra taken in coincidencevwith the 185 keV and 214 keV

177Re and with the 169 keV and 218 keV y-rays of-l79

Y-rays of Re are shown in
fig. k4. In both-nuclei three independent sets of coinéident gamma, rays are:
observed. - The relative level pésitiohs in each set were'deterﬁined by fhe
relative»inténsities of the gamma rays and also by cro;s-over~gamma—rays which
were seen in thé singles spectra and in a few cases in the coincidence spectra

also.
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The level schemes deduced in this way for both nuclides. are shown in
figs. 5 and 6. Sets I and II have characteristics typical of rotational bands. T
The energies of the levels are given approximately by the J(J + 1) rule and the

excitation function data indicates that the angular momentum of the states increases

with éxcitation energy. Séf.III does not appear to be of such a simple natuge'
as‘noicross—bvef transitions are seén, nof do tﬁe energies,even éppfoximately
obey avsimple J(J + 1’ rﬁie.i'Hoﬁevér,_the excitation funcﬁiohé:do:indiéate tha£
the angulér momentﬁm of the 1evéis increases with eXcitétion energy. |

If an hypotheéis.of  three rotational bands were cofreét tﬂen af
least two transitions between them musf exist in e§§h nucleus. Thesé ﬁransitions'
would have to have thé:same-intensity as the total'intensitieé populating the;
bands from’which they deéay; They ﬁéuld,=thefeforé5‘bé:expected to have only slightly
greéter iﬁtensity than'thoéé'of fhé lowést_transitiqns'in,the‘bandé, since in HI,xn
reactions the directlbopulétion of'&hé lowest state of a rotatiohal band is
normally much 1ess-thaﬁ th;t'from ﬁhé'remainderrpf the.bénd;‘ The only ones
which we observe which;couid £it inpé this éafegory are the:isoméri¢'65{3 KeV
and 84.7 keV y-rays in5179Re énd‘l77Re, respectively. We ﬁa&e no direct measure
_of’the multipolarity of:theée tr&néitions;' Hovever, if we assume that their
intehsities cannot greatly'exceéd'thoée of tﬁg sfroﬁgest rotational transitiéns
ﬁe can deduce on~the bqsis of theore£ical conversion cééfficients, that tﬁe |
84,7 keV transition musf be E1 aﬁd,thé 65.3 kéVvtransitién_El or‘Ml. :For_reasons
vwhich will be given later we prefer the El assignmehtvfor the 65.3 keV
tran;ition, end this and the 8L4.7 keV traﬁsition-are placed as shown i#:figs.
5 and 6. Howévef, we mustvemphasizelihat the drguments'ad&anced iﬁ féVOuf o' these
_assignments aie entirely based on plausibility cdnsiderations.and'accofdiﬁgly

‘they may be in error.
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3.3. ANGULAR DISTRIBUTION MEASUREMENTS

| States formed in HI,xn reactlons have their angular momentum vectors
strongly and systematically aligned in the plane perpendlcular to the beam
direction. This allgnment glyes rise to strongly anisotropic y-ray angular

23,2)4).‘

distributions and therefore provides a8 useful spectroscopic tool The

angular distributions are of the form

w(e) =1 + Z AP. Pk(c;ose)'. .

k
even

The coefficients Ak are related to the coefficients Ak(l/2), ) '
appropriate for the decay of a given level of spian in the M = l/2v5ubstate,

by the relation

_Ak.= Gk(J) Ak(l/Z)

The coefficients Gk(J) may be estimated from systematic data from other HI,xn

reactions where the level spins and transition multipolarities are known. Plots

of the G2(J) and Gh(J) so derived for doubly-even nuclei are given in Ref. 25).

In cases where a level decays by two transitions, one of which is known to be

& pure multipole, the Gk(J) may be determined directly. A full discussion of
the procedures used to interpret the angular distributions is given in Refs. ld’zh),

7T

'The experimentel values of A2 and Ah for transitions in Re deduced with a
least squares flttlng program are listed in Table 2 The coefficients tend to fall

malnly 1nto two classes, one with very small values of A_ and Ah and the other -

2

having values of A, of about +0.3 and negative Ah' Slmilar behaviour was seen

2
in the la;Ta(hHe,2h)183Re experiment and was shown to be expeetedle). The
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: , v ’
angﬁlarvdistributions with small_coefficients'can arise from the M;/E23trénsitions
between adjaceﬁt levels within rétational bands; the éoefficients arelsﬁali *
when'theré;isba few per cent admixture of E2 and when the amplituaé of the mixing
ratio 6 is positive, as expected for odd—pfotonbnucléi. >The 6th¢r.c1aés of |
coefficients-éan-afiSe from the stretched E2 croés-over.tfansitiéns withih_the |
bands. This interfretation is in full accérdance with that whibh'ﬁou}d ge
expected frbm'the proposed fotational levelISChemes for bands I}aﬁa II_of'fig;
6. Thebéngular distributions from the transitions in band IIT, where iﬁ was
possible‘to'ﬁeasure them, are ébﬁsistent with theif'being éf_stréfchea E2
| 79

character. The very greét similarity bétween the level'schemes of 1 Re and

177Re (figs. 5 and 6)'has been used'in assigningxthe.muitipolafities of the

179Re (see Table 1). .

transitions 'in
In order to determine the M1/E2 mixing fatiés'frdm thé angular’

distribution measurements for bands I and II.it:is neéesséry touéstiﬁaté the

: alignmen£ coéfficients Gk(J): This wasbdone by comparing thevobSerVéd.Az falues

fqr the proposed stfetched_EQ transitions with those calculaiéd far decay froﬁ

states completely aligned in the M = 1/2 state26). _The degree 6f alignmeﬁt

obtained is consistent with that obsefved in other reactions induced by ions of

similar mass. The average value of A
177 172

> for the stretched E2 trénsitions, in

Re and 1T°Hf is 0.33 * 0.03 and 0.35 % 0.02, where the 1 '°Hf was produced
by the reaction 165Ho(llB;hn)l72Hf. 'The values for § which we obtained are
given in Table 3 and compared with those estimated frdm the rigid rotor model.

The agreement is generally within the experimental errors.
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N vhf Discussion

4.1. BAND ASSIGNMENTS

| Théfe is very littlenprevious.informaﬁion on the nuélides studied ih_
tgis work;‘ Only one intér-band transitipn was obsefved in each nﬁcleus and
thé assignmehts of tﬁese were very tentative. Thus in order to assign spins
and barities to the.obéerved.states,'it is necessary to rely»largely on the
systematics of nucléi in this region. Hoﬁéver.the use of systematics ié'oniy
1ikely to be-feiiable if properties such-as deformatiﬁn remain fairly constant
over the maés range of intérest..'ln fig. T the energieé of the first excited
states of the néighbouring dpubly-eveﬁ nuclei are plottedvagaiﬁst neutron
number N. The energies véry\very litfle over fhé range N,#.l00—i08; thbﬁgh
outside this fegion thej increase failrly rapidly. This”sﬁggests that the
-defofmatibn is fairly constanf wifhin'tﬁis range and falls off rapidly’on éither
side of it. Such behaviour is not unéxpected, since N = 104 éorrespdnds to
the ﬁ = 82-126 shell.beihg half full, where‘oﬁ'a nai&e picture, the greatest
deformation would be“obtaiﬁed fér a given value qf Z. Therefore it seems that

179

sYstematics may well be a good guide in making assigrments to Re and 177Re,

with N = 104 and 102, respectively.

181-187

In the odd-mass nucleil Re the ground state can be assigned fairly

‘definitely to the 5/2'[402] Nilsson orbitel. Ihe 9/27[514] state is seen to be

1313—16). The'l/a'[slh] state has also been

low lying in all of these nuclei
o , SR 1n 183 181 C g
identified and is relatively low lying in e and Re. The rotational band
based on this state has a large deéoupling parameter and splits up in effect

_ into' two bands, whose successive stafes differ in angular momentum by two units..

The transitions within these sub-bands are therefore pure stretched E2
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transitions. fAlthough states éorresponding to other Nilssoﬁ ofbitals have
also been observed in some of these nuclei, only the rotational bands based
on 5/2+[LO2], 9/27[514] and 1/2—[5h1] orbitals were seen to be significantly

12—lh). The reason is that they provide in QECh

' populéted in HI,xn reactions
case the stﬁtes of highest angular moméntum‘at loweStiexcitatidnlenergy;

The.energy systgmatics éf-a numbef df the oﬁsgrfed Niléson béée sﬂates
for the odd rhenium nucléi are shown in fig. 8a. 'The excitation>eneréies of
the 9/2-ISlh] and the l/2+[h11] states riéeiﬁith decreasing ﬁéésvnﬁmbér té.a'
maximum at A>= 183’and then decrease. Oﬁ the other‘ﬁgnd thevénergy of the o
1/27[541] state decreases continﬁously o below A = 187 165. A.possible
reason for this behaviour of the 1e§els is ",giveh‘latér.

If it were legitimate to exfréﬁolate the trends éf‘the leQels ghowni

179Re and 177

in fig. 8a to Re we would expect that the 9/2’[51ﬁ] And 1/27[sh1] -
- levels would bécome very‘low lying. In féct the grouﬁd state in these nuciéi -
might evehvbe the 9/2 9/2_[51h]>sﬁgté of the lowest member of the.l/2-[5h1]vﬂ
rotational band which is.moSt probably the 5/2° staté12327). Aithough:the‘
relative positions of the levels are markedly changing with N, iﬁ.ﬁoula seem
reasonable to expect that the gross propefties of the rotational bénds, such

as moment of inertia, would stay approximately constant because they do so in

the neighbouring doublyfeven nuclei. On this general basis we assign bands I, II and I

| to.the 9/27[514], 5/2+[h02] and 1/2—[5L1] Nilsson orbitals. The energies of
the 11/2 9/27 » 9/2 9/27, 7/2 5/27 + 5/2 5/2% and 13/2‘1/2’.4'9/2 1/2” trans-
itions of these bands are'plotted in fig. T as & function of N. They éré to
be compared with the energies_of the first excifed states of the neigﬁboufing

‘doubly-even nuélei, also gi#en in fig. 7. The correlation between the

-
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general trend for'theldoablyfeveh nuciei and for the 5/2+ aad 9/2— bands is
very striking;‘supporting'strongiy the above assignments.' There is a less
good.correiation with the 1/2-_band,'in that the excitation ehergies of the
i3/éf4 9/2 transitions rise more rapidly with deereasing N than those for tﬁe
.2+ states, nevertheless the rise is smooth favourlng the assigmment. The
‘reason for the different. behaviour of the 1/2 ‘band will be explalned later.
It arises from the fact that the band is strongly,Corlolls mixed and that the
degree ofkmixing decreases with decreasing N. .

We now consider the relative excitation eaergies of the three'bands &nd
the{arguments’in'favour of our assignments of the isomeric 65.3 keV and

179 177Re respectlvely (see figs. 5 and 6).

181-187Re

84.7 keV transitions in Re and
We have already remarked that extrapolation of the systematlcs for
suggests that the three bands will lie close together. This conclusion is
'further supported by the data on/the relative‘popaiation of.the bands. This
'is illustrated in fig. 8b, where we‘plet the transition intensity of =he
lewest state ef each band, iater—band transitions being subtracted, expressed
as & percentage of the sum of these intensities for the three bands. As a
rough guide one would expect that, if the reaction were statistical in nature,
. the populatlon would be about the same for each band when the spin 9/2 states
of‘each band had the same'excitation energy. The higher tae excitation energy
of the 9/2 state the 1bwer'weuld bedits popﬁlation..dA comparison of figs.'Sa
~.and 8b shows that there is-a strong eorrelatioa between the variation of level

. 3 ) . S
position and band'population, though there is not exactly equal population:
' 181 '

when 9/2 states are at the same energy as in = Re. From fig. 8b we expect

that the 9/27 and 1/2” bands have both dropped further in excitation eaergy}in
: 7



-12- - - UCRL~2049k
179%e oompared with 181ﬁe. It is even possible thatithe 9/2—[51h] state nay
have become the ground stete. Tne 1/2-[5hl] band is most stfongly populated
77Re and it is p0351ble that the lowest state of this band, . probably the
5/27 rotational state, is at or near the ground state
In order to discuss our ass1gnments for the two 1someric transitions.‘
we ha#e'to cons1der the possible transitions between the bandsf We shall assume -
‘that tnese occur oniy from.the lowest states in the bands as they do in the

.

other rhenium nuclei. The prominent El transitlon between the 9/2 9/2 state
181-18T7, 17_7_179Re

and the T7/2 5/2 state seen in Re clearly does not oceur 1n
Tnis is snown by the intensity of the 7/2 5/2 > 5/2 5/2 tran31tlon.being T
nearly eQual to that feeding the'7/2+ state fromvwithin the 5/2+iband.v The
9/2 9/2° state must therefore be extremely close to or below the T/2 5/2 |
state in these nuclei. The trans1tlon between these two bands must therefore
be of M2 multipolarity between the 9/2 9/2" and 5/2 5/2 states. 'It‘would be |
expected to have a heif-life,of order 1 ~ 10 ps if_tnevnatrix element had &
value around that for 183Re;' Its y-ray intensity would moreoven be exnected '
to be low since the conversion’coefficient is about 10 even for an energy as
high as 150 keV. It is therefore unlikely that this transition‘would be
observed.

Intensity considerations similarly rule out the occurrence in _777%72Re

181 183Re, betweenvthe 5/2 1/2 state and-the

of the El transition, seen in
/2 5/2+ state. An El transition could, however, occur between the 5/2 1/2”
state and ‘the 5/2 5/2 state. 183Re this transition was not. observed and
is more then 20 times weaker than the 5/2 1/2 > 7/2 5/2 transition. Transitions

between the 9/2 and 1/2 bands can be the E2 transition between the. 9/2 9/?
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and the 5/2 1/27 states and, if the 9/2 9/2” state is above the 9/2 1/2” state ,
the M1 transiﬁion betweéhvthese two states. If both could occur_it.is_likely
thét the Mlvtfansition'wéuld be most favoured, since it coﬁld take ?lace
.betﬁeen.the-7/2—[51h] component of the Coriolis mixed 9/2 1/2-'stafe and the
9/2'9/2"t51h] state. Acdordiﬁg to Téblés 5 and 6, which give tﬁe calCulafed
amplitudévfor the 7/2—[5ih] gomponent; we would expect & hindrance factor of

about 105

.for this transition. No E2 transition allowed by the asymptotic
selection rules oécurs between the states whiéh are likely to be strongly
mixed into the 9/2—‘or 1/2" bands.

If we accepf the assumption that the.65.3 keV and 84.7 keV y-rays
do arise from transitions ﬁetween the lowvest states of the bands, we.can on the
basis of the aﬁove conclude that the El 8L4.7 keV transition must occur between
vthe 5/2 5/2+ and 5/2 1/2° states. its intensity is consistent with it arising
~ from the 5/2 5/2+ state and noi from the 5/2 1/2— state. This places the lattef‘.
| 177 ' ' | |

below the former in Re, which is in accordance with expectations from

fig. 8b. If the 65.3 keV transition were Ml it would place the 9/2 9/2” state

64.3 keV above the 9/2 1/27 state in 112

Re. The band populations shqwn'in
fig. 8b would however suggest thaf in‘this.nucleus the 9/2 922_ state was the
lower of the two. On the bther.hand if the 65.3 keV transition were'El, its
intensity wbuld be in accordance with it arising from the decay of the.5/2.l/2-
étate to the 5/2 5/2" state. This would be in reasbnable agfeement with |
expectationé from fig. 8b. | _ | v
| We therefore very tentativel& assign the 84.7 keV transition in lTYRe |
to the decay of the 5/2 5/2+ state to the 5/2 1/2" stéte and the 65.3 keV

transition in T °Re to the decay of the 5/2 1/27 state to the 5/2 5/2% state.
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If these assignments are correct, both of the El transitions are highly
hindered} The hindrance factors relative to the singleeparticle values ane
(2.2 £ 0.6) ° 108 and (3.4 £ 0.7) - 108 for the 65.3 keV end 84 .7 keV transitionm,

respectively(

4.2, EXCITATION ENFRGIES OF BAND HEADS:

Whilst the moments of - 1nertla bcth of »
~ the doubly—even and of the odd-mass nuclei change rather little over the
region of N = 100 to 108 (fig ), the relative energies of the qua31—particle
| levels change very markedly It seems nnlikely that these energy varlations
could be related to changes in the quadrupole deformation as these would almost
certainly ‘be reflected in changes in the observed moments of 1nert1a.:

The equilibrium calculations of Nilsson gg_gl.zs),'besed on the
Stutinsky method, sugéest that fcr Z= 75 the_quadrupole-defcrmaﬁion,parameter
€ decreases fairly rapidly_as N increases from 108 and remains fainly constann
in the reglon from N = 108 to 100. ‘On the cther hand the'hexadeCapoleidefof-
mation parameter, € ), has a falrly constant value of +0. 055 for N 2’108 but
decreases rapldly when N falls below 108, reachlng a value of about
+0.02 at N = 100. In‘fig. 9 we show the energies of a number of single~
Particle levels, as a~fuhction of €, for a fixed value of € = 0.25. - The curves
are dednced by interpolation and extrapolation from the calculetione of' |
Nilsson g&_g;.?e). For a'nunber of reasons one cannot expect an exact
correspondencevbetween the relative positicne'Of these ievels and of the
experimental ones. chever, it is quite clear from fig. 9 that, if Eh has a
value of about +0,05 for 183Re and‘decfeasés with decreasing N;'wenehall'get

Just the type of behaviour which actually cccurs in the 0dd rhenium nuclei
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(rig. 8). 'The‘g/z‘[slh]'hoie state becomes. the gfoundbstate at around
Eﬁ = +d;bl and'the 1/2-[5h1]lstate‘becomee the grouﬁd'state'at Eh = -0.03. The
1/2" [Shl] state appears to be placed too high above the other two in fig 9;
if it were lower it would become the ground state nearer to €h>= 0. Slnce thls
state o?iginates from'the h9/2 level in the next higher shell a small error
in its position would'not be at all surprising. Additional support‘for this
‘ interpretation coﬁes from the fact, : shown later, that tﬁe Coriolis
_mixing in the 1/27[541] band decreases as N decreases. The nearestvlevel which
'would be expected to be strongly involved in the mixing is the 3/2° [532] From.
flg. 9 it is apparent that the(spacing between the two levels increases with
decfeasing eh.and hence decreasing.N. This would qualitatively give Just the
obsefved.effect. N B
The behaviour of the levels shown in fig. 8a as N increases from 108
can be explalned on the basis of decreasing €, and constant Gh. This will cause
" the l/2+[hll], 9/27[514] states to come nearer to the 5/2+[h62] ground state
and the l/2f[5hl] to move further away. This explenation of the level
behaviour is as satisfactory ae can be expected in'view’of the limitations
of the theofy and may well be the correct one. If so it suggests that studiee
of level positions for an isotopic series may give a usefol indication of

changes in the hexadecapole deformation parameter.

4.3. CORIOLIS MIXING IN THE 1/27[541] ROTATlONAL‘BAND ‘

Rotational bands built on the l/2—[5hl] state have'beenvobserVedVin.
‘eeveral 0dd~Z nuclei in this fegion. In all cases the.effective moﬁent of
inertia and decoupling parameter appear much larger than expected from_the

. . ! .
Nilsson model and the level spacings cannot be fitted with the simple
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rotational formula. In the case of 3Re, Newton ) showed qualitatlvely that

this could be explained by Coriolis mixing of all states in the h “bit

9/ 2
Subsequent work on other deformed nuclides 2T, 29) has produced s1m11ar 'ases
where the levels involved arise from & shell model orbit of high spin.
Detailed Coriolis mixing calculations have indeed given good fits. to the
observed energy level' spacings using values. for tbe rotational constant an'd_.
decoupling parameter close to those predicted by the Nilsson model )

A Coriolis coupling calculation has been performed to fit the .‘
" transitions observed in this work. All states arising from the h9/2 snel; e
have been considered and couplings with other states neglected. The mumber of_
parameters which can.be varied in a,Coriolis calculation is'large.' In our
case, these are the four relative energies,of the quasi-particlenstatesl

arising from the h_,. orbital, the four Coriolis matrix elements between them,

9/2 _
the decoupling parameterla and‘the.parameters A ‘B, etc., which'occur in'the
expansion of the unperturbed rotational energies as a power series in I(I +1).
In attempting to fit the data it seems more physically reasonable to attempt
to fix some of these parameters on the basis of theory or systematics rather -
than to.allow all of them to vary freely. If we are -able to dovtnis;and also
succeed-in getting reasOnable values for the variable paremeters we’nay havre
some confidence that the general»basis of the calculation is correct.'d

In this calculation we have made the following‘assumptions:

» 1) That the quasi-particle energies are given by

Equ. = V(EK - )_\)2 + 0%



,2)

3)

L)
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. where the € 's are the Nilsson single;particle'energies, X is the energy

K
of the Fermi- surface and 20 the pairing energy, whlch we have taken to be

2 MeV

That the unperturbed rotational ehergies of the bands are given by .

E; Eg + A[I(I + 1) + (-1) (1 +%) ab KL]

: : ‘ 2 .
+ B[I(I + 1) + (_1)1*%-(1 +%) aé sz]

where Eg.is chosen such that Eﬁ =

That the Coriolis coupling matrix élements are given by

Hy gop =Y I + 1) - KK + 1) (K|3-]lxk + 1) .

The quantities (K]3=|K + 1) cen be evaluated from the Nilsson wave-
functions and these values have been assumed except for the case of
(1/2]5- [3/2 ) which has been allowed to vary. This hasvbeen done because
a reduction below the Nilsson value is expected when the K = 172_ state
is near to the Fefmi—surface.v

That the quadrupcle deformation parameter 6 = 0.25. This value is close

to those of thevdoubly-even neighbours3l),and iﬁ was verified that the

resﬁlts of the calculatiqn wvere not'very'senéitive to small changes in S.

The resultihg natrix has béen‘diagonalized using the program BETABLE,

' vwritten 3yUT.'Clements, vhich allows any of the parameters A, B, a,

(KIJ-IK_+ 1) or Egp,to be yaried to give the best fit to the experimentélly

obgerved energy levels,
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’Theisequence_of E2 transitions ohserved in our experiments,locates_only
the I =2n + 1/2 (n = 1, 2,‘..;) members of the band and these alone may he_
satisfactorily fitted with widely differing combinations of & and A. The
predicted positions'of the I=2n-~1/2 members are7however-ver& sensitive to
changes in these parameters " We therefore'chose to fit, as s startlng point,
the levels of-lalRe, since in this case the energies of the 1/2 and 3/2
members of the band, and of the 3/2” [532] band head are also known ) _Theb
| positions of the energy levels were then fitted with A, B, & and (l/2|je|3/2 )
as parameters. The position of'the Fermi—surface was'chosen to'gi#e the
appropriate energy separation/of'the 1/27[541] and 3/2—[532] band'heads. The
best fit‘was obtained.with the full Nilsson value fof the Coriolis matrix'f
element and with a value for a close to the Nilsson value of 3 9 (see Table 7).
The  values obtained for the other parameters are shown in Table h

" The energies of the 1/2 and 3/2 band heads are not available for
179’177 Re. However, the quadrupole deformation for these nuclei is not '
empected to change significantly.tobthat for lBlRé (see fig;'7); so that wé
~ felt it reasonsble to use the same valnes for'A and g_in these:cases as for
the case of lalne.\ When we used the full Nilsson value for'<l/2|J-]3/2 ) and
only alloﬁed veriation of B and the unknown 1/27[541]) ~ 3/27[532] energy
separation we obtained excellent fits (see Tables 5 and 6) with the parameters
‘shown in Table Ly, The increas1ng 1/2” [Bhl] ~ 3/27[532] energy spacings with
decreasing mass, indicated by these fits, is consistent with the expected
'decrease in hexadecapole deformation with decreasing mass (see fig 9)
However, the magnitude of the change is larger than expected

Fits of similar quality can be obtained if the band—head spacing

increases more slowly with decreasing mass and at-the same time the Coriolis
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matrix element linking them is decreased. Such‘an effect might be expected
from pairing considerations since, both experlmentally and theoretically, on
the basis of. decreasing eh with decreasing mass, the 1/2° [Shl] ‘state is
approaching’ the Fermi-surface a8 the mass decreases.

Although it Veuld be unreasonable to expect perfect fits to tﬂe deta fromb
such calculstions, those ebteined are'very:geod_and do result in very reasonable
values for the baremeters varied.  Moreover the-calculatiens'are ih'éualitative
gecord with the hypothesis that €), is decreasing with decreaeing maee. It éan
“therefore bebconcluded fhat they support the general proposals of

~this paper.

Acknowledgements

We would like to express our gratitude to Drs. R. M. Diamond and F. S.
Stephens for permitting the use of their apparatus and their machine-time for
some of these studies. One of us (JRL) is deeply grateful to them for their

hospitality and many enlightening discussions during’his stay at Berkeley.

Thanks are also due to Mr. T. L. Morgan who provided all the targets. .



5)

6)

8)

9)

10)

11)

12)

13)
14)

15)
16)

17)-

18)

-20- o UCRL~20494

References.

~

C. M. Lederer, J. M. Hollander, and I. Perlman, Table of Isotopes, 6th ed.,

J. Wiley and Sons, Inc., New York (1967).
B. Harmatz and T. H. Handley, Nucl. Phys. A121 (1968) L81.

A. E. Ellis, J o. Newton, M. Evans, and J. R. Lelgh to be published

" A. W. Herman, E. A. Heighway, and J. D. MscArthur, Cen. J. Phys. 5§_(197o)

10k0.
A. 1. Akhmadzharov gﬁmgl,,.Ak Naﬁk's.s.R.'gg (1970) 655.

K. J. Hofstetter and P. J. Daly, Phys. Rev. 152 (1966) 152.

;P F. A. Goudsmit J. Konijn, and . W. N de Boer, Internatlonal Conference

on Nuclear Structure, Tokyo Japan (1967).

K. M. Bisgaard and E. Veje, Nucl. ‘Phys. A103 (1967) 545,

F. R. Metzger, Phys. Rev. ggz_(1967)'1060. B

H. LAnghoff,‘Phys} Rev. 159 (1967) 1033.

M. J. Emmott,'J. R. Leigh, J. O. Newtdp; and D. Ward, Phys.ALétters‘gQ :
(1966).56; ivid. 22 (1966) T19. | | |

J. 0. Newton, Nucl. Phys. A108 (1968) 353. , |

S. A. Hjorth, H. Ryde, aﬁd B. Skarberg, Arkiv Pysik 38 (1968) 537.

M. Evans, A. E. Ellis J. R. Leigh and J. o Newton, Phys Letfers_ggg
(1971) 609. |
T. W. Conlon, Nucl. Phys. A136 (1969) 70.

M. T. Lu and W. P. Aiford. Phys. Rg&. ¢ 3 (1972) 12u3.

J. 0. Newton, Progress'in Nucleér.Physics 11 (1969) 53 (Pergambﬁ fress).

F. 8. Stephens, J. R. Leigh, and R. M. Diamond, submitted to.Nucl;;Phys.'



21)

- 22)

23)

2k)

25)

26)

27)
- 28)

29)_
30)

3i)

Inst.

J. 0.

Nucl.

R. S.

-21- I - UCRL-2049k

19) L. Westgasrd and S. Bjornholm, Nucl. Inst. and Methods 42 (1966) T7.

" 20) J. M. Jeklevic, F. M. Bernthal, J. O. Redeloff, and D. A. Landis, Nucl.

and Methods 69 (1969) 109.

Newton, F. S. Stephens, R. M. Diamond, K. Kotojima, and E. Matthias,

t

Phys. A95 (1967) 357.

Hager and E. C. Seltzer, Nucl. Data Ak (1968).

H. Ejiri, M. Ishihara, M. Sekai, K. Katori, and T. Inemura, Phys. Letters

18 (1965) 3.

R. M.

J. 0.

Diemond, E. Matthies, J. O. Newton, and F. S. Stephens, Phys. Rev.

Letters 16 (1966) 1205.

Newton, S. D. Cirilov, F. S. Stephens, and R. M. Diamond, Nucl. Phys.

A148 (1970) 593.

S. A.

P. H.

'T. Yamazaki, Nucl. Data A3 (1967).

Hjorth and H. Ryde, Phys. Letters, 31B (1970) 201.

. Nilsson et al., Nucl. Phys. A131 (1969) 1.

. Hjorth, H. Ryde, K. A. Hagenann, G. Lévhéidén, and J. C. Waddington,

Phys. AlkLk (1970) 513.

. Nilsson, Dan. Mat. Fys. Medd. 29 No. 16 (1955); B. R. Mottelson and

. Nilsson, Mat. Fys. Skr. Dan. Vid. Selsk 1 No. 8 (1959).

Stelson and L. Grodzins, Nucl. Data Al (1965).



Teble 1. Gemme-ray transitions observed'invthe lT?Yb(llB,hny)l79

Re reaction

Assigned : Relative

4748

(continued)

E Relative y Multi- Transition Transition
Y Intenglty polarityv . Intensity Assigoment
65.3£0. 7825 R | 98+30  s/21/27+ 572 5/2¢
123.80. 4145 m . 1sgig - 1/25/2% > 572 572"
155.610. 4345 ML 1b8113 , 9/2 5/2+ > /2 5/2°
‘165.510, 100k M 22749 R 11/2 9/27 » 9/2 9/2"
168.7+0. 75¢h | ng 116+6 | o 13/2 1/2° + 9/2 1/2”
186.1£0. 3143 ML 58:6 11/2 5727 + 9/2 572"
19k 3:0. 10616 M 191+11 o 13/29/27 > 11/2 9/27
211.1£0. 288 i 46£13 13/2 572" > 11/2 5727
217.8:0. 69+7 - Ml" 110811 152 9/27 > 13/2 9/27
237.120. 253 ML 36¢h_' - 15/2 5/é+ » 13/2 5/2
" 2h1.kz0. 4745 >:Mlv 67T | , '-;7/2 9/2'-+'15/2 9/2”
| 250.740. © 1243 M1 17+l | 17/2 5/2" +.15/2 5/2"
257.8%0. zétz' | M1 3013 | . 19/2 9/2" » 17/2 9/2'
270.2+0. a2 o 123 1972 572" » 11/2 5/2%
271;0101 23+ w 13045 | ~ 21/2.9/27 > 19/2 9/27
' 285.820. | é9tlo “»Ez' f6£11u:' 12 18- 13/2 12
392.0£0.1 V Ep - L49+8 | 21/2 1/27 » 17/2 1/2°

n6qoa-:&on



Taeble 1 (continued)

Assigned -

Relative.

By Tntensicy Jwive o mressition hostgment

 397.ks0. 13+3 E2 143 13/2 5/2% > 9/2 5/2*

' h11.9io. 29+6 E2 3026 15/2 9/27 » 11/2 9/2°
448,20, 1843 E2 1843 1572 5/2* > 11/2 572"

- -h59.2¢0 1k#3 E2 15:3 17/2 9/27 ~ 13/2 9/27

'ﬂ'A83.6¢oQ 3215' 2 335 . 25/2 1/27 21/2‘1/2'
489.5:0. 1543 B 1643 17/2 5/2° » 13/2 5/2"
499.0x0. s2th E2 20l 19/2°9/27 + 15/2 9/27
522,740, 1343 B2 13¢3 19/2 5/2" + 15/2 5/2" ¥
534520, . 13%3 E2 13#3 21/2 9/2; + 17/2 9/2°

| 559. L0, 2545 E2 - .

29/2 1/2° »

25/2'1/2‘

n6702-"T4oN



_Table 2. Geamma-ray transitions

observed in the

169Tm(12

C,kny)

17T

. 'Re reaction

Relative’Y

Assigned Relative

E2

367

~ ({continued)

. 1

1
n
=
1

O Tatensity Ay Ay W Trasivion Ansigment.
8k 740, Bot25 n 130440 5/2 5/2% > 5/2 1/2
122.340. ha2th .036%.061 ~0.056%.063 M 168416 172 572" > 5/2 5/2°
150.60. 56+l .oélt.oé9  . -0.005%.029 ML hos11 9/2 5/2° > 1/2 5/2"
163.5%0. 100tk .097i;026 ‘ ;p;oesi,oa7 ML 229%10 11/2 9/2‘ + 9/2 9/2°
\ 176.3%0. 5215 .1061.053'j; ~0.159%.058 M - 107H11 vll/é 5/_2+ + 9/2 5/2"
184 .80, 16826 '¢352t;oéh. - '-0.115:,626 - E2 23919"_ - 13/2 1/27 » 9/2 i/z‘
193.0%0. 12030 o L L ML 218355 | 13/2 9/2"» 11/2 9/2"
193.5%0. © 60%30 O-RT - 0.0mn008 M i09¢55 13/2 572" » 11/2 5/2°
~ 208.4z0. . 328 oML 51113 N 15/25/2+ + 13/2 5/2+
~21h.2#0.2 106+5 .038+.0k0 ,o.o6o¢édh2} .' M1 1718 | 15/2 9/27 + 13/2 9/2°
235.6%0. 6735 .052¢,041 o.boéi.ohh_ Cwm §9i7 17/2 9/2" ~ 15/2,9/2;.
247.920. hitao I W sy 19/2 9/27 > 17/2 9/2"
304.6%0. sk .367£.029 | -0.1zkt.osh  m2 1688 17/21/27» 132127
£ 326.9:0. - B B2 . 30%6 '.11/2-5'/2+'+ 7/25/_2+
' 356.5%0. C1p#3 E2 1383 13/2 9/2™ » 9/2 9/2~
. 369.7to; 3427 13/2 5/27 » 9/2 572"

- 6%02=TH¥0N



Table 2 (contiﬁued)

Assigned

' Relative Y : Relati‘.’é Tiansition
EY Intensity _A2 Ah_ pgﬁi:i;y gi:giig:;n Assignment
402.9:0. 31tk E2 32&5 | 15/2 5/2% > 11/2 572"
406.7+0. 2T+6 E2 28+6 | - 15/2 9/27 ~ 11/2 9/27
413.7+0.] 1177 0.233t.047 - ~0.048%.051 | E2 1217 21/2 1/2° ~» i7/2’ 1/_2’
: hhg_.ggo_. L7+5 E2 L85 17/2 9/2° + 13/2 9/2‘
hV83.5;o._ 26ek E2 2Tsh 1972 9/2” + 15/2 9/2"
'509.7T+1. 12050 E2 122¢50 25/2 1/27 + 21/2 1/2‘
' 590.§i0. 6L+13 0.353+.059 -o..o39:.'o»63‘ E2 64x13 29/2 1/27 +» 25/2 1/2"
656.0+1. | 36x8 E2 3628

33/2

1/2” » 29/2 1/2°

v
N

wi
i

. n6702-THoN
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Table 3. Mixing ratios for tranéitionSAin 177Re obtained from the anguiar

distribution data (col. 2) and the ratio of the cross-over and cascade
transitions (col. 3). ' ‘

Trensition . | o | | Mixing Ratio-‘(E2/Ml) 4
K = 5/2 |

/2 + 5/2 . , P PER ', ' —
9/2+ /2 - S S 3216 S

11/2 + 9/2 D - - kB39 18 0,3".
13/2 + 11/2 - RN 12t0.2
15/2 > 13/2 | o - o 1.3 £ 0.5

- ?K - 9/2' | |

11/2 + 9/_2 | - - k5216 : - |
13/2 > 11/2 S 0 ubr3z 17+0.3
15/2 + 13/2 B o 5 2.9 £1.5 210k
17/2 + _15/2,_' | o 3116 . 3.8% 0.7

19/2 > 17/2 ' . - o 2.3+ 0.5
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Téble L. Paraheters'bbtained from the Coriolis coupling caleulatign for le;Re,'
1T9%e, and 17TRe. The parameters A and a giving the best fit to 181Re were
used. in fitting the other two isotopes. ' :

A - B x 105 Energy Separgtion :
Isotope (keV) a (keV) I/ZISh%iév?ZQ[S;Z]
181 16.9 | uo2 -5 3%
17§ - | 16,50T | h.o+_‘ - 652.
| 177:_ , ' 16.50+ _ | | h;b+ " - -6.06 . 1093.
Trixed st 18Re values. | |




Table 5.

Comparison of experimental energy levels and those from the Coriolis coupling calculation for
‘The squares of the amplitudes of the admixed wave functions are indicated.

177

Admixed wave function - (amplitude)2

g Eaxp Fealc o o o
| . 1/2[541] 3/2[532] - 5/2[523] . T/2[51k] 9/2[505]
1/2 -L7.7 1.0(0) | o
3/2 - 184.2 9.81(-1) 1.86(-2)
5/2 " 8o.2 9.7h(-1) 2.58(-2) 3.h2(-)
T2 432.2 B.82(-1) 1.11(-1) 7.3(-3) B 3.99(-5)

) 9/2 | o.o  2.8 9.37(-1) | 6.01(-2) 2.67(-3) : 2.1&(-5) 2.18(-8)
11/2 729.1 6.99(-1) 2.55(-1) - 4.57(-2) 9.52(-4) 2.81(-6)
13/2 | 184.8 188.2 - 8.97(-1) 9.5(-2) A_7;36(—3)" - 1.30(-4) 4.4 (-7)

172 9.k koL BusT(-1)  1.28(-1)  1da(-2)  3.99(-¥)  2.k9(-6)
S22 931 sol6  B.aB(-1)  L.5B(<1) . 2.2h(-2) 8.8l(-b) 8.24(=6)

'~25/2 | 1412.8 . 1410.2 7}80(;1) . __1.86(-1) 3.21(-2) ©1.63(-3) 2.05(-5)

29/2 2003.8  2005.3 7.420-1) 2.12(-1)  b.28(-2)  2.69(-3) 4.30(=5)

Re.

—ge-

n6qoa4quon
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Table 6. Comparison of experiment‘al energy levels and those from the Coriolis coupling calculation for 1.7 _9Re.
The squares of the amplitudes of ‘the admixed wave functions are indicated.

.65(-1) | 2.80(~1) 5.24(~2) ~3.13(-3) 4.85(-5)

3 B E e | | V”Adﬁixed ng;.function - (amplitﬁae)z . o
| o 1/2(581]  3/2[532]  5/2[523] 7/2[514] 9/2[505] - - .
\ 1/2‘ . | Q9,é | 1.0(0) o -. | |

3/2 - 206.6 9.31(-1) 6.89(-2) -
sz <0 . ~59.2 9.39(f1). | 6.00(-2) T.Th(=k) |

2 386.0  6.79(-1) 3.0(-1)  1.68(-2) 8.57(-5)

9/2 _ 0 _' -1.5 8;79(-1) ©1.16(-1) k.92(-3) 3.84(-~5) 3.87(-8)
12 Gos.s b.77(-1) b62(-1) . 6.00(-2) 1.10(-3) . 3.00(-6)
13/2 168.7 170.8 8.26(-1) 1.62(-1) . 1.17(-2) o 2.00(-k) 6.76(-T) é%
/2 bshs o bss.s T.(-) 1.98(-1)  2.02(-2)  S.Su-) 3.35(-6)
o1/2 846.5 Bh5.M 7.40(-1) 2.29(-1)  2.99(-2) ©1.13(-3) : 1.02(-5)

25/2 ‘ 1330.1 -1328.7 7.02(-1) 2.55(-1) u.oé(-e). . 1.98(-3) T 2.41(-5)
29/2 . ,1889.5 1890.3 6 |

#6402-THon |
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Table 7. Comparison of experimental energy levels and those from the Coriolis coupling calculation for lRe.

The squares of the amplitudes of the admixed wave functions are indicated.

P E E v Admixed wave function -—'(-am.pli..tude)2 _
exp calc _ o _ : .
o o 1/2[541] 3/2[532] 5/2[523] T/2[514] 9/2[505] -
12 1432.0 432.0 1.00(0) |
3/2 600.0 600.0 7.00(-1) 3.00)-1)
867.0 - 867.0 3.00(-1) - 7.00(-1)
5/2 35T - 35L.5 8.61(-1)  1.37(-1)  1.69(-3) |
9/2 387 386.5 7.89(-1) 2.03(-1) = 8.02(-3) 6.03(-5) © 5.92(-8)
13/2  sk2 su2.8  7.ko(-1) 2.43(-1) 1.62(-2)  2.64(-h) 8.64(-T)
17/2 818 817.4 7.04(-1) 2.71(-1) . 2.51(-2) 6.h8(<k) 3.80(-6)
~21/2 - 1204 ~120k.1 6.72(-1) = 2.92(-1) 3.44(-2) - 1.22(-3) 1.06(-5)
(=l
g.
- [
3
&
=
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FIGURE CAPTIONS

‘17?xb(lls,hn)l79

Fig. 1, Ge(Li) gamma-ray singles spectra following Re and
169Tm(l2c,hn)l77ne reactions. Only transitions definitely assigned to 179
and 177Ré (and Coulomb excitation of the targets) are indicated.

179

Fig. 2. Excitation functions for some transitions in Re, indicating the more

rapld increase with energy associated with the higher angular momentum
‘states.' | | | | |
Fig. 3. 'EXcitation.fuﬁctibns for some transitions in 177Re, indicating the mofe
rapid increase with énergy agsoclated with thé higher angular momentum
statea.:. N
Fig. k. Spéctra recofded in_céincidence wfth the 185 keV and 214 keV transitions
79 '

of l77Re and the 169 keV;and 218 keV transition of 1 Re. Coincidences with

- the backgrouﬂd under éach'transitioﬁ'havé been subtracted. Rando:
coincidences are not'significantxand’no correctiéﬁslfor these have been
mede. _ | |

Fig. 5. Paftial'level_schéme forvl79Re, The relative poSitibn»of the 9/2

9/27[514] and 5/2 5/2+[h02] state§ has noi beeh determined. The rotational

| transition 9/2 1/8” + 5/2 1/2" has not been observed in this work, the .
57.7‘keV_indicgted‘is.predicted by‘the Coriolis coupling calculgtién.
Transition intensities are shown in parentheses.

Fig.v6. Partial level scheme for'177

Re. -The relative position of the 9/2
9/2“[5ih] and 5/2v1/2f[5hl] states has not been determined. ‘The rotationsl
franaition 9/2 1/27 + 5/2 1/2” has not been observed in this work, the -
77.5 keV indicated is predicted ﬁy the Coriolis coupling calcuiation.

Transition intensities are shown in parentheses.
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Fig.

Fig.
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T. Energy of the laﬁést observe@rrofational tfaﬁsition'based on the
1/27[sk1], 9/27[5147, and 5/2%[402] sfates'plottéa.as & function of 'neutron
number, .The'2+-* O* transitions of the neighbouring douﬁiy-even W ahd Os
isotoéeé afe shown for comparison{ | | v
8 a) Exéitation‘énefgy (above 5/2 5/2%[402]) of some states observed in
the odd—A rhenium isotopes. Extrapolation to lower mess (dotted lines)

indicates that the states 5/2 5/2'[402], 9/2 9/27[514], and 9/2 1/27[5h1]

79Re and 1Tt

should lie very Ciose to éach other-:i.n'l Re.

b) Relative populations of the fotational bands observed_ip heavy
ien, xn reactiona (exbresséd as a.percéntage of-the tétal_populatidh of
these bands) as,a £unction of mass number. The #ariétion is consistent
with the extrapoiation of fig. 8a. |

9. Single-particle energles as a function of the hexadécapoie moment

28)

Eh’ for a fixed quadrupole deformation € = 0.25. See Ref.
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LEGAL-NOTICE

This report was prepared as an account of work sponsored by the
United States Government.- Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights. .
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