INSTYTUT FIZYKI JADROWEJ ;
| INSTITUTE OF NUCLEAR PHYSICS
VHCTUTYT AAEPHOWN SPU3NKI-

KRAKOW
v . .

‘;NP ~ RAPORT No 1199/PL

| STUDY OF HIGH ANGULAR MOMENTUM
g PHENOMENA IN ROTATING NUCLE!

WLADYSLAW WALUS

KRAKOW 1982




STUDY OF HIGH ANGULAR MOMENTUM PHENOMENA
IN ROTATING NUCLEI

VYSOKOSPINOVE EFEKTY V SZYBKO OBRACAJSACYCH SIE
J4DRACH

RCCAENOBANME CBOUCTB BHCOROCHUHOBHX COCTOAHUI
B BHCTPO EPARADERICA AAPAX

Wiadysiaw Walus

Institute of Physics, Jagellonian University,
30=059 Cracow, Reymonta 4

Octobar 1982




NAKLADEM INSTYTUTU FIZYKI JADROWES W KRAKOWIE
UL. RADZIKOWSKIEGO 152

Koplg ksorograficzng, druk i oprawg wykonano w IFJ Krakow

Wydanie { Zom, 168/82 Hakled 120) a2,




Abatract—

Information about rotaéiml bands of daformed Yb nuclel as
obtainsqd through in-beam spectroacopic studios a::& discussad,
Routhians and alignments have been extracted Irom the eiperimen—
tal date. Experimantal single-~quasineutron routhians have heen used
to construot two- and three-quasinsutron routh:l.ana. Residual inter-
action between excited guasiparticlesa a;;r obtained from a compa-
rison of the excitation emergies of multiple~quasiparticle states
canstructed from single-quasiparticle atates wiith experimental
excitation emnergies of' mltiple~quasiparticle states. in odd-
-even meuntran-numbar depemdonce of the alignment [requency of the
first pair of 113/2 quasineutron in rare-~earth nuclei is presented.
This effect 1s axplained by a reduction of the neutrom pairing-
~=correletion parameter,.&n, for odd~N aystems as coupared t{o senio-
rity«zero conflguractions in even~N nuclei. The asignature dependence
of the interband=-intraband branching ratios as well as of the
interband M1/E2 mixing ratioa 1s discussed, and compared fo tho
algnature dependence of B(H‘l} trangition rates recently suggested

by Hamamoto.

Przedstawiono analize wlasnoscli poziomdw wysckospinowych dla
izotopow Yhb z obszaru 160§ A 168. Na podstawie ustalenych sche-
matow poziomdw energetyczmych otrzymano kwaziczrgstkowe energie
(routhia.ny) w tukladzie rotujgcyech wspélrzednych. Wyznaczono
uszeregowanie spinbéw dla obserwowanych rotacynych pasm. Skonstru-
ovano routhiany dwue= i tréj-lvaziczgstkowe zo gnanych dojiwiadczal-
nie routhianéw jedno=kwaziczgstkowych.Fordvnumjac routhiany tak
otrzymane z routhlanami eksperymentalnie znanych pasm wielo-kwazi-
ozastkowych wyzoaczono reszikowe oddzialywanie pomigdzy wibudzo- .
ayml kwagiczgstkami. Prgedstawiono systematyke czestodcl kgtowej
huc przy ktérej nastepuje uszeregowanle pierwsze] pary noutrbnmm.j
z powloki 113/2 dla jgder z obszaru ziem rzadkich o 90%3@98.
Stwierdzonc systematyczne obnizanie huc dla jqder o nleparzystej
liczbie neutronowej N. Efekt ten tlusmczy si¢ redukejs neutrono-
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wego pa.‘i.ringu,an, v Jjgdrach o nieparzystym ¥ v pordwmaniu do
Jader o parzystym N. Przedstawiono doswiadczalne potwierdzenie
gilnej zaleznoici B(HI) od czestosdcl obrotu hu i sygnatury.

llprpezéy GRAARS CBOfCTE BHCOROCHHBROBHX COCTOAHHR B RAPAX Yb
43 ofnasct 1604 A I68. Ha ocHope SRCNOPMMOHTANLENX DOTANKOHRNX
yposuel HalZeHO KBQ3NUACTAYENEe BHODIrXR BO BpaMANMENCH CHCTEME
KoOpAuHaT. OupeXeleHo BHCTDRUBAHUA JIAOBOPO MOMEHTE ARA Pa’HHX
COCTOREMA pOTANMOMHHX NONOC. BuYKCAeHN RBYY~ H TPEXKBASHYACTAT-
HHe JAePPUR BO BpamapmelicA cACTeMe KOODHMHAT W8 SKCHEPAMEHTANBHO
H3BECTHHX ORWOHBA3IKAAOTHIKLX SEeprufl. pUBezeHA IABKCHMOOTHL POTA-~
UHORHO# YACTOTH ho_, NPH KOTOPOR HACTYNST P&3pHB NepBod HeATPOH-
HOM TADH W3 MOAOCH i,,,, OT HicIA HellTpoHOB B 06A&CTH 04N £98.
JaMeYeR0 CHCTEMATHUSCKOS YMEHBZEHHE ho, AEA AHED C HETETHHEM
YKCHAOM HeHTPOHOB, [IpeNCTABNSHO IKCMEPHMMEHTAABLHOE TNOETBEDPKISHME
CHNBHON 28BKCHMOCTR B(Mt) OT DOTANMOHAOH Q4CTOTH R CHLPHATYPH.
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1. Introduction

In heavy lon collisions, it is posasible to produce cowupouni
nuclei with angular momenta which may reach the maximun voluos
that can ba acoomodated by rotating nuclei. A limit for studying
high angular momentum phencmena is therefore provided by the fis-
sion instability of conpound nuclsal causod by rotation. With
increasing angular mowentum, one arrives at aoritical wvalue Imx
at whiech the compound nucleus is no longer atable with respect
to fission. The value of Ima:’ obtained from liquid drop model,
as a funoction of nuclear mass number is ahown in fig. . Conpound
nuclei lying below the curve where the fission barrier equals
8 eV /Bf=8 HeV/ decay by particle evaporation leading to so=-
~called evaporation residues. It is seen in fig. 1 that the curve
labelled Bf=8 eV reaches a maxrivum of ahout I=80fhi around A=140,
while the ourve Bf=0 eV reaches I 10Ch arocund A=130.

Fig. 1. Fiasion stabllicy
of rotating liquid drop.
The figure ls talen froo
the theoretical apalysis
of reference 1; and shous
tho value of the angular
oomentuct that can be acco-
mwodated by the betn«stable
nuclel as a function el the
oass nuober A. The stablo
shape of the nucleus is
oblate below the dashed
line and triaxial betvween
this daahed and solid line




The several evaporajed particios /mostly nmeutrons/ carry away
only &8 suall part of the total angular momentum, but much of
energy and thus most of the angular momentum retains in the eva-
poration residunes. The rest of the excitetion energy ans angular
momentur is released through gamma decay. The X-' Tay decay be~
colues competative with particle emlssion near the ¥ - ray Yentry
l1jne". This line is defined in the energy versus angular mouen-
tum plane as the centroid of statea prior to the 3’— decay, and
roughly ecoincides with the line of equal probability for ¥ - rey
and neutron emlssion. The deexcitatiom of the nucleus is scheua-
tically shown iﬁ fig. 2. The entry line is expected to be paral-
lel te the line of states of the lowest poasible enorgy at a coer-
tain angular mowmentu Lz]. These states are called the yrast
states. In the angular momentun velrsus energy Dlane,’the yrast
line forus the boundary betwWeen tlhie physieally possible states
and physically inmpossible states. In other words, there arc no
states below the yrast line.

&

Mig. 2. A typical picture of
 =ray deexcitation paithways
to the ground state. The sta-
tistical transitioms are tihe
vertleal arrotts wiicli lover
the tewperature of the systc,
whereas the yrast-lilie transi-
tions are roughly parallel ic

1 the yrast line and reiiove the
angular oonenctusn of the systen.

E (MeV)




The nucleus can decay vertically toward the yrast line by statis-
tical transitions that depreaao the excitation energy of the nu-
¢lesus and only a little angular obomentum. It can decay alsc by
collective 2 trensitions that form bends parallol to the yrast
line and carry: off angular momentum az well as encergy There are
S0 mamny pdssible pathways that the y~transitions forw a continuou
¥ -ray spectrum. No single transitlon has enough Iintensity to be
gseen in the sprectrum. VWhen the nucleus deexcites close to the
yrast line, there are much lese pathways and encugh population
goes through iIndividual transgitions to make them stand out in the
spectrum a9 resolved lines. This happens botween spins of 104 to
4Ch depending on the type of nucleus, and the obsorved lines can
corrgspond to either collective or nongellective tronsitions,
accerding to the nature of the yrast states.

The statistical transitions do not depend very mumch on the
nuclear structure, but the axistence of collective roteiionnl
transitions does, In particular, it requires rotation around an
axis othes than the symmetry axis. For a prolate nuclous fand a
triaxial nucleus favouring prolate shape/ rotating around an axis
perpondicular to the svmmetry axis, the transitions in rotaticnel
bands ars strongly enhanced and prefere the decay rougily paral-
iel to the yrast line. Thus, they lead to low spins before suffi-
cient cooling takes place to allow abservation of the discrate
lines / 308/. On the sther hand, oblate nuelsil /or triaxial nulol
of dominantly oblate shape/ rotating around their symoetry axis
have no collective transitions for strongly suppressed/, and se tb
deexoite wore stseply into the yrast line. It is reached at a hig
her spin and, since in this c¢ase the yrast line is irregular beis
¢ooposod of single~particle states, not only are discrete staios
of higher spin obaservable, but some oay be long=lived encugh to
baecanue isomers, so called the yrast trapse Ej]'

In the yrast region the nucleus is cold in the sense that
alwost all the excltation energy of the nucleus is tied up in
goenerating the angular mocentum. Thersefore, the structure in
the yrast reglon should be described with simple axcltation modos
Tkis leads to the concept of "yrast spectroscopy" which extends
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the spectroscopy of low lying states to the whole yrast reaglion L#].
In the past decade, many new features of nucloi have been
found through detailed experimental investigations of the yrast
region. Gne of the uwajor dis~overlies, was the observation of the

baclibending phienomenon in many deformed nuclet.
The backbending phenomonon, is now understood to resuli from the
crossing of bhands of different degrees of rotational alignment [5].
In the oven~even Z=564 - 72 nueclei the backbending feature of the
yrast bands has been well studied and it has been found that the
s~band S3tocltholm or super/ which crosses the ground state band
at I=12~16 hos additional angular momentum that can be attributed
io the alignuent of a pair of 113/2 neutrone, Dut, band crossings
anu backbendings sliould not be 2 feature sharacteristiec of the
viast and only Near the yrast line, there should exist wany
2 g.p. o 1 q.p. /in odd nuclei/ bands, which may also experience
backbending or upbending due to the alignment of a pair of high~j
quasiparticles near the Ferndi surface /113/2 neutrons or h11/2
nrotans in the case of rare-earth nuclei/. A study of not only
the yrast band but also of other bands is thus inperactive for
a2 proper anderstanding of the influence of rotation on quasipar=-
tictes near the Fermi surface.

The present article is based on the systematic studies of band
ziructure in the ¥b nuelei. It concentrates on the problems how
t+ obtain spectroscopic informetion from such studies and suoma-
-icas sonte spectroscople Information. In those studies the cranked
zhe 11 wodel and the particle-~rotor imodel were used as the theoire-
tieal approaches. Doth nodels invoke the idea of a gtatically
seforuied field that rotates with respect to the laboratery refer-
ence Irame. In tho particle-rotor model the majority of the nuclo-
s1g are represented by a rotor having only rotational degrees of
“roedow whereas the dagreos of freedom of one or a few retmining
nucleons are treated explicitly [6,7,83. The particlas~rotor hamil-
tonnian retfers to the laboratory system and properties of states
are calculated as functions of angular wouwentuw. The crascking to-
el first used by Inglis 19], deals with the motion of ths nuclo-

ons in a rotating reference Tframe. From the Tesponse of the nu-



cleons to this rotation, all nuclaear propaerties can be explicitly
expressed as functions of the rotational frequency. The interpro-
tation of the band atructure and band orossings according €o tho
idea of Bohr end MHottelson Lh] provides us with means to comparo
the experimental resulta with a microasacopic theory and to sxtiact
quantities like the orcasing frequency and the aligned angular

momentum from the experimental data. These uethods have been {ur-

 ther developed by Dengtsson and Frauendorf [10].
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2. Experimentel teochniques.

The decay sequences of deformed nuclei are composed of casca~
des along a series of rotational bands, each based on a definite
Antrineic configuration. Jt is illustrated in fig. 3 where the
level scheuwe of 165!13 is presented. The meathoda of in-bearn Br-ray

T T
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hey ing

Fig. 3. Level schena of165Y‘b, showing states populated in tae
2
1526 /170,1;11/ 165yb reaction at B0 MeV of Bowbyariine:
energy of 170,




spectroscopy used fo1 establishing such bands are based on tho
studies of angular distributions,3‘~a‘coincidonccs, conversion
electron coefficients, execltation functions and lifo~times of
excited states. Such studlies on which this paper is based wers
carried out at the N.H.I. tandem accelerator using 80 - 84 eV
beans of 16,17,185 and 60 - 65 MoV beaws of '4C on 149,152,135k
targets [ 11,12,13,14,15].

In the study of rotational bands up to high spins 1t is often
difficult to resolve the highest transitions because of a large
nunber of lines in the spectrum. The quallty of the recorded data
can, howaver, be considorably iwproved by favouring the registra-
tion of events bhelonging to high-mltiplioity cascades. This can
be done by means of a multiplicity filter er a sum-energy [ilter

3

uethods. .
In the multiplicity filter method, several individual NaJ/T1l/

counters are used in addition to high-resolution Ge/Li/ detectoi:
enployed Tor enorgy registration. The technique consists in irequ-
iring the detection of at Jleast three 3‘—rays in the multi-counte
aystem, within a pre-set coincidence overlap tlme beférce accoptix
any event. Therefore, the registration of t{ransitions belonging t
high-multiplicity cascades is strongly enhanced. S5ince the multii
plicity of the rotational cascades depends wainly on the angulai
momantun imput LIG], the multiplicity requirement luproves greatl
the selection of a specific xn-channel and the exclusion of low-
«uultiplicity or baokgrouad events. Such selection ¢an be also
done by using of one or more NaJ/Tl/ counters with a large total
solid angle, as a total y -ray energy filter {t7]. & Ge/Li/-even:
is thus only accepted if there is a simultaneous /within the res:
ving time/ registration of the total emergy exceeding a pro-set
threshold. Since the binding energy of the neutron is larger thoa
the kinetic evaporation energy of the emitted neuirons, one expor
a small ovorlap between the xmwchannels on the energy axis and

a good channel selection in the tota% energy of the Khray cascads
measured in the suu spectrometer. It 1s therefore possible fe dis
eriminate the resulting events off the events from unwanted rean-
tions. This can be seen in fig. 4 whero the Ge/Li/ ¥Y-ray spectrn

13



from the by /1 20,::1:1/ 156=Xp, reaction are presented. In the
thlg, /120,::1:/ 156-2p, reaction, there is less epergy available
for y -radiation after the avaporation of three neutrons than

after the evaporation of two nautrons.
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Fiy. k. The Ge/Li/ y-ray spectra obtaired with a gate placed on
the low-energy part /fupper spectrum/ end on the high~
~energy part /lower spectrum/ of the sum-spectrum recor-
ded in a KaJ/Tl/ detector subtending a solid angle of 70%
of 4T, The transitions of 153Er are marlked with arrows.

Thereforc in the low-energy par!{ of the spectrum recorded by the
sun gpactrometer, the tronsitions of ‘53]31- are mech stronger than
in the high emergy part, wiitleh is dowinated by the tranasitions of
151“]31'. The a"-ray ilntensities In thu spsctrum obtained with the

1
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Ge/Li/~detectors in wue colneidence with the low-energy part of
the sum spectrum, are an order of magnitnde larger for the transi--
tions of 153Er than for the transitlons of 15uEr.

The analysis of energy-enevgy-time colnoidences between the
smitted nuclear radiation gives thoe most important information
nacessaery for construction of the nuclear level schemes. Tn a tys
pical ooincidence experiment two Ge/Li/ detectors are usod. The
low coincidaence counting rate obtainable with such a two-detector
asysten is not suited for the study of weakly populated bands, for
which hiegh statistics 1is very important. The use of many detoctors
can solve thls problem. For example the use of four detectors would
increase the coincidence counting rate by e lactor of about & when
compared to a two-detector system. In the coincldence experiment
on 166Yb, 4 Ge/Li/ detectors were used. The gnins of the detectors
were mat&hed to be equal soc the resultant speotra could be added.
Furthermore, i NaJ/T1l/ detectors served as multiplicity filter.
Only those events were reoorded in which at least three detectors
/of which at least two were Ge/Li/ detectors/ wers iriggered.

The coincidence counting rate wes approximately 1000 counts/soc.
using a 1 particle niA beam of 80 MoV 160_on a 1.5 ﬂg/cm2 154
target. A similar set-up, in which one of the Ge/Li/ detectors

was replaced by a planar Ge/Li/ detector was used for the coinci-
dence experiment on 1 7Yb. These set—ups favour high-mltiplicity
events and virtually eliminate all events duco to radicactivity.
This is important when studing weak transitions as the product
nuclei are usually highly radioactive.

The coincidence experiments on 163’16h'165Yb were perforued
with a set-up consisting of 5 Ge/Li/ detectors in Compton-suppre-
sion shiclds. The arrangement of this sot-up 1s schematically
showma in fig. 5. Four of the Compton-suppresion shields were
& x 10 inch NaJ/T1/ crystals, the Tifth was a smaller NaJ/T1l/
crystal. This set~up reduced the background draatically, it permit-
ted an easy and a positive identification of Weak transitions in
the gateld spectra end it made posselble to gate on weak transitions.
The iuproved guality of the coincidence data is sigpificant which
can be sgen in fig. 6, where the comparison of gated suppressed

]
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Fig. 5. Schematic side view of the arrahgement of the array of
four anticompton apectrometers. A fifth anticompton
spectroweter is locared in the horigZontal plane at 90°

to the bean direction.

and nonsuppressed spectra is presented. The suppresion ¢f the Com-
pton events resulted also in an alwost 5«fold reduction of the
coincidence data to be handled. Furthermore, the use of 5 detec-
tors enabled to run the coincidence experiment with a reasonable
counting rate. A 3 partiole nA beam of 30 HeV 1-‘-"0 ona2z2s mg/cm2
target of 152Sm resulted in about 40O Coupton, suppressed coinci-
dences /sec . :

In order to study low-energy transitions 20 keV{E.. {300 keV
in 163Yb, a x-y‘- tioe coincidence experiment was pcrforued using
a set-up conelsting of ene Ge intrinsio detector sensitive to tho
Y-ray and four big Ge/Li/ detectors with matehed gain amplifiors.
A Dultiplicity filter of four NaJ/T1l/ detectors was alse used.
in this experiment the TAC wae started by the pulse correspending
to the detection of an event in the X-ray detector and stopped by
Jdelayed pulse frow the = detectors.

16
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Fig. 6. Comparison of c¢oinoldence Y ~ray spectra for ‘62!'\:
obtained with Compton-suppresaed Ge/Li/ detectors /bot-
tow/ and unsuppressed Ge/Li/ detectors /top/. Note the
1uipr'oved peak to hackground ratio for the spectrs obtain-
od with Couptom-suppressed Ge/Li/’s.
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For the study of the angular distribution of the ¥ -rays, two
sets of singie 4 -ray spectra were measured simultaneocusly at 5
diflferent angles between 0° and 90°. A single Ge/Li/ dotector
and a Couwpton-suppressed Ge/il/ detector were uamed for the two
sots respectively. These two detectors were mounted on a cormon
turntable at right angle to sach other. A third detector placed
below the target served as a wonitor detector. The beauw wasa stop-
ped Ly a 0.3 m1 lead foil inside the target chamber to allow the
weasurements in forward direction. The intensities of the ¥ -rays

at different angles were norualised to the monitor yilelds, correc-
ted for the dead times and fitted to an expression
¥/ / = Ay * A P fecos 2/ + A.kPh /cos 8/, I4V4

he coelfficients .&2 and i after correction due to Tinite solid

angles of the detectors usca, are uéﬁally enough to deternine tho
uultipole nature /l=t,2,3/ ol the y-rays and hemce the spins of

" the levels

The coubinatjon of the angular distribution data wWith the data
irow the slectron conversion meagurements suffices for nn unanbie-
suous assignmant of the electriec or the wagnetic narure of the
ransitions. To deterwine conversion coefficiencts of the transi-
vions, conversion electron spectra wWere oeasured with a mini-orange
conversion eleciren spectrometer Different energy regions were
selz2cted using appropriate wagnet conflgurations. To »educe the
baecliground of unwanted events only eleeclirons in coincidence with
a ¥-ray registered by & multiplieity {ilter Jeonsisting of four
7.6 x 7.6 e HaJ/T1ly detectors/ were recorded. The electron con-
vergion coeilicients were evaluated from the experimental electron
intensities taking into account the elfficiency of the electron
spectrometer, the relative intensity of the G*-ra}"s and the milti-
3le nature eof a few strong transitions.

The deiailed inforuation about the decay schewies of
virtained on the basis of the above wentioned studies and usged in
furiher discussion one can find in refs. EH,12,13,1!&,15].

163-167Yb

18
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3. The oranked shell-model

48 4t has alresady besn mentianed in ssction 7, the nucleus is
cold in the regicn of a few MsV excitation energy above the yrast
line so its level dansity there is comparable with that near the
ground etate. The yrast spsotra of deformed moi_o:l. may be there-
fore undsrstood in terms of configurations of quasipartioles in

" & potentixl rotating with a constant frequency about an u:l.p Pel=

pendicular to the symmetry axia {10,21,23). In recent years mamy
yrast bands have been aualysed ¢n this basis [10). This approach
has also been very .Jucoessful to interprats side bands apd their
band crossings (4,10,21]. In the present section ecwe details
concerning the oranksd shell-modsl /CSM/ will he discussed.

The theorstical dasoription is based on the single-partiocle
routhian ' :

B = n° ~WJy /2/

which ia Tecognized as thy hamiltonian in a reference frame rota-
ting with angular fraquency w about the f-axis, .11 is the projec=-
tion of the single-partiole angular momentum on the azis of rota=
tion /the 1-axis/. The hamiltonian K is given by '

»° . h,/E/ + A/P* + P/ - AN, | /3/

where h__ ia the single-particls hamiltonian of the modified har-
wonie oscillator. A monopole pairing field P' with conatant matrix
elements is assumed. The sirength of the monopole pairing field
is fixed by the gap parameter A. The particle number N is deter~
mined by the chemical potsntial A. The solution of the quasi-par-
tiocls equations corresponding to h""‘ is a set of quasi-partiole
energles ei es a funoction of the rotational froqueancy w. The CSM
considers the angular frequency as a physical quantity and extra-
otas 4t from the experimemtal speotrum. It is nex: possible tc
transform the experinmental enargies into the rotating frame.
Those onergies, oalled routhians,can be dirsctly compared with

19
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the spectrum of h”. In the CSM approach the same N 1s mesumed -
for all configurations. It implies that the emergy and other
quantities are equal tc the sun of the contributiona from the
axotted quasiparticles. The analysis of experimomtal data ahows
that an approximste additivity is obsarved. Deviations from

the sirict additivity are atiributed (o the residual intaraction
batween the quasiparticles.

The presence of tha second term in eq. /2/ viclates the time-
reversal and uiall-sjmgtry. The routhian /2/ remains invariant
with respgct to both the apace reflection and the retation
R=R/N/ of 180° about the axis of rotation /the t ~ axis/.
The only good quantum numbers remaining for ¢ ¥ 0 are parity i\
/as & consequeace of P-space inversion symmetry/ and the signa-
tute o . The quantum number arises from the invariance of ' with

reapect to the rotation R,/.?‘n./, i.e.

R AR, ! = n’ ‘ /4/

vi¢eh R, = o~y [10). /5/

Therefore the single-quasiparticle states, | o 1), of K can.be
classified acoording to their symmetry with respect to R,

Ry, 7= ot > /6/

The quantum rumber A, definsd in thie way, is an additive quantity.
For single-particle atates, O = h g 1/2. For many~particle configura-
tion the total o guantus~number is equal to the sum of the X quan-
tum=-numbars for all the o'eoup:lsd ane-particle orbita. For example,
two-quasiparticle configurations are characterized by the quantwp=
=nuwber o.x 0, 1.

As it hes been mentianed above, the asolution of the quagiparti-
cle equations corresponding to l:'i"‘ is a mat of quasiparticle ener-
@ies o’ as a function of the rotational frequency &. It has to be
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noticed, that the caloulated quasiparticle energles are not
absolute emergles but rolative to a reference spectrum, which

in ref'. 10 is defined as i:he energy spectrum of the ground band
of an oven-evenrn nucleus. Results of a caleculation for quasinou-
tron configurations in 'GOY'b {4} are shown in fig. 7, where for
increased readability only, positive parity levels are drawn.

The gquasiparticle orbits in fig. 7 are labelled with capital let-
ters 4,8,C ...

Wee23 36 37
is AL N § BT
l“"""""l!.'.."' l,

‘c"h”l\
-‘.'f' l

AT

Fig. 7. Cranked shell-model calculation for Nx90. Only positive
parity levels are drawn.® = + 1/2 apnd O = -« 1/2 are draw
in full and dotted lines, respectively. The slopes are tt
aligned angular mowmente reslative to the reference. The
alignment gain, Al, resuliting from a orossing is equal to
the sums of slopes of the interacting levels.
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Howevar, a more reasonable notatio may be to write down a set of
quantum-gumbeara Gﬁwﬂ?h, where L denotes that it ia n'D configura-
tiona with the same quantum numbers, Some of the statesa in fig. 7
are labelled aleo with the asymptotioc Nilmson gquantum numbers,
which are meaningful only at = 0., The cocupation of the quasi-
particle states by guasiparticles ia governed by the ocoupation
number representation {10). If, e.q., the level 4 (see fig. 7)
is occupied, then the conjugate level =i, obtained by the rafleo-
tion about ¢ = O and by change of the aignature from O_to -ot,
mast be free. Therefore, half of the levels are alweys ocoupled,
and a quasiparticle eXcitation comasists in occupying a level at
rey and freeing its conjugate partmer, with resulting change of
energy of the syztem. In an ¢ven-even nucleas the quasiparticls
vacuaum is obtained by filling all the negative enargy states.
For amall frequenciss this corresponds to the g-band (ground
state banq), The first excited two-gquasiparticle band, correspon-
ding to the S5- band (1,3. tﬁe asuper or Stockholm band), is obtain-
od by occupying the levels A and B, The S=band lovers in energy
relative to the g-bands as a result of the rotatiom. The quasipar-
ticle states A and B would crcss «B and -4 at ‘hu;‘:::: 0.27 MoV 1if
there were no repulsion and axchangs of characters. After the
crossing, the S=band is the vacuum state and the g-hand is ths
firast excitied state. The band crossing causes the irregularity in
the yrast band, ~ hitharte called backhending. Crossings baetween
other quaesiparticle trajectories may alsco ococur and are identified
in fig. 7 by the repulsion between trajectories corresponding to
the same valuees of C. and’i .,

In the section 8 the C5M caloulations will be discussed in
more details and compared with observed rotational bands in Yb

nuclel .

22




e 4% emm

4. Transformation of the decay-scheme information to e’ wvarsus
A representation

To atudy ths effect of rotation on an independent-partiole
motion in a deformed nucleuns, it is convenient to tranaf.rm the
decay~scheme information i.e. lab-frame excitetion anergieas, Bx'
and angular momentum, I, into excliation smergies in the rotafins
intrinsic frame { routhians , e'ja.nd angular frequency m(ﬁuz‘n
for AI = 2), In the e’ versus hwrepresentation, the AW depen~
dence of the intrinsic excitation energy of the nuclsus can be
astudied for the specific miclear oconfigurations which aie basic
for the rotational sequences in the decay schemes.

In order to calculate the experimental routhian, the rotatio-
omal frequency has to be determined. The rotat:l.onal‘fraquem:y with
which the potential rotatea about the x~axis can be cobtained by
approximating the classical relation

(.-.J:-——L-:EIJ, I/

X

by the quotiant of finite differencea

(.I m'l'“) - EL—T) /8/
1(I+1)- I(I-i) .

vhere E{I+1)} and E{I-1) are two consecutive states of tho same
sigmature in a rotational band and I: is the anguiar momentum
component on the rotational axis in units of fi. Semiclassiocally,
the oomponent Ix ias determined as

1,.(x) =r(_: + 1/2)% . x". 79/

where K is the angular momentum componant along the synmetry axis.

The energy in the rotaling frame les then given by
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(X} = % B(Z+1) + B(I~1) =W(I) I‘LII‘ . /10/

In the caae of odd maas nuclel tha enargy must be counted frowm
the ground state of an even~-even nelghbour, i.e. the even-~odd
mamss difference, A must be added to the experimental axcita-
tion enargles.

As pointed out earlier to compars E’ and I_ for different mu-
clel and with CSM ealculations, it is necessary to eatablish
a referemce frawme and to consider the relative routhiaas, o',

and aligned angular momenta, 1,

o0’

a’(w) = Blw)- B (w). . /1t/

1(w) = T (W) - I:r(,w). 712/

Two cholces of referance frames are ip aeomnon use for even~even
nuclel: the ground atate confignration {107 and the yrast configu-
ration [18]. There are technical problems asscolated with both
choloes of ths reference frames which are discussed below.

The ground-state bond moment of inertia is not constant at the
lowest fiw and this bund is not known at nigher fiw), Therefoere,
for the reference it is necessary to shoose an appropriate para-
meterized reference as a funotion of Hw teo approximate the zero-
quasipartiole ground stat: configuration. The raference frame
chosen in this paper is a band with a variable momsnt of inartia
[19] described by the Barris forwula [20]

I =3, +0%, . /13/

The Harris parameters used in establishing the "ground-state®
referonce ars collected in table 1. These parametars, which are
similar to thoss used for lighter Yb isotopes [21,22), mre the
compromise betwoen the values necessary te produce constant ali-
snment in the ground-state band (J, 125 Mev™>n" in '®6yp) ana
in the yrast sequence above the lowest-frequency band crossing,
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the S-band [23], (J1 70 Hav"3hl'). The choice of average para-
meters, which vary smoothly :l‘ron\nuol.aus to nucleus LJ' constant
and Jo only shightly N depsndent i, makes it poseibls to diacuas
the syatematics of the rotational eoffects for quasiparticle atate
in nelghbouring isotopes and iasotones. However, the uss of such a
average reference frame results in a slight increase in the aligo
ment with incressing requency in the ground-etate band and a
amall decrease in i with iw in the S~band.

TABLE 1. Barris parameters used for the
ground-state r- lerence

3 J

Nucleus Hev"t'gz Ho\"'sﬁh
1 63“ 23 %0
164y, 25.8 . 90
1654y, . 27.8 90
166y, 29.8 90
1674, 31.8 | 90

For odd«N or odd«=Z nuclel the routhians and aligned angular
momenta are referred to the appropriate referance oconfiguration
of the nelghbouring even-aven nuclei and the gquasiparticle energy
E‘,, of the ground-state configuration for the odd-A nucleus

B, =V&2 +(E, A, /14/

is added. In the deformed region the spaocing of ths Nilsson levael
is usually such that the anergy of the groumi-~state relative to

the Fermi surface, E;‘?L, oan be ignored and EV?"-A.
Problems associated with tho axtrapolation of the ground-state

a5



raference {rame tvo higher Hiiw) can be avoided by referring the
intrinsic-frame excitation energies to the yrast band. The ¥rast
configuration of evan-even nuclel, however, is not necessarily
appropriate for the nesighbouring odd-mass tsotopes and isotones.
For axample, a differsnce in pairing and interaction strengths
bhetween odd- and even~N or Z neighbours will produce changes
in the references appropriate for cdd- and even-N or 2 nucleil.
Such problems will be discuased farther on (see aection 8) where
experimentally comstructed routhians are compared directly with
CSM calculations. Information about aligament, i, 1is also cuntain-
ed in the e’ ' va iwplots as

1233, =- g . /18/
It is often conventent to plot i vs fi.) because of the similarity
of such a presentation of the data with the familiar "backbending"
plot. '

Routhians and alignments are shown in fig. 8 as a function of
4 for the yrast sequence of 166y referred to both the ground-
stats band and the yrast referencss. Near Aiw for which the
"backbending® affect ocours the excitation energy of the yrast
sequence is double=valued for a particular Ru).

It is, therefore necessary to define which branch of the yrast
sequence should be taken as the refeorance frame: far ﬁw(ﬁu-:)
the ground-state band is ueed while for ﬁw} r!iu)o the S-band is
takan as the referenoce. The appearance of a crosaing of the
weakly~interccting bands in e’ and i plots referred both to the
ground-state and to the yrast configurations can be seen in
fig. 8.

Since the present paper is confined to relatively low values
of fi., where the extrapolation of the ground-state configuration
is reasonable, the data will usually be referred to a parametorize
ed ground~state configuration eg. 13 . For example, the informa-
tion on ¢’ vs fiw gained from the experimental levele schemes of
16"163'165% is shown in fig. 9, after the transformation to the
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Fig. 8.

Routhians, e’, and alignments, i, as a funot%gg of AW
for the ground-state band and the S-band in Yh refer~
red to the g.a.b. referance ( ahown to the lort), apd to
the yrast rg.geranoe ( shown to the right). A partial decay
scheme of L Yb and an E_ versue I pleoi showing the le-
vels of the g.s.b. and tﬁe S-band are alsc shown im the
upper portion of the figure.
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rotating frame and it is referred tothe ground-state configuration.
In ‘G?Yb, hovgver, where there are strong interacticns betwsen
the guasipartiole configurations, 1t is more convemient to cheose

an yrast reference.

%

.l .2 .3

L “I

ﬁ

Fig. 9. Experimental routhians for bands assigned to the { +,+)1
(#ym ) and (- ,+}1 configurations | designated b"résol '
dgsneg and dot-dashed lines, respectively) in :

‘Yb, referred to the ground-stats bands and their
smooth extrapolations.




%. The spectrun of single-quasineutron states in odd-i Yb
iactopen '

Before comparing experimentrl routhians with calcoculated exci-
tation enargies for independent-particle motion in a rotating,
deformed potential, the spectrum of the sxperimental single-
~quasiparticle states which can be obtainad frouw odd-i nuclel
will be discussed. The rotational configuraticons are labelled
by the comserved quantum numbors of the oorrssponding intrinsic
quasiperticle conr:l.gurationa(‘ﬁ ,&):, parity, U, and signature,
a,{ + or « corresponds toq= 1/2 or =1/2, while for O = 0 or 1
it ia explicitly sta.t.ecl). A supergceript S is added to multi-
quasipartiocle states to aasign the ssniority of the configuration
The N of a multiple-quasiparticle configuration is the product
of all the oconstituont gquasiparticles, whereas the & of the multi-
ple-quasiparticle configuration is the sum of the O.'s of the con-
stituent quasipartioles.

In the odd-A Yb isotopes ( see e.q. the level scheme of 1654y,
shown in fig. 3) three bands are kmown which are interpreted
{12,14,24] as single-quasineutren intrinsic configurations: the
ground-state band with ('\T,u)n =(=4+)4s and the favoured and un-
favoured portions of the yrast band with (¥ ,CL)n ={ + +), and
(+,«-)1, reospoctively. The systematices of the single-~quasiparticle
routhians are such as expected from the Nilsson states near the
Fermi surface Caea fig. 10) . The ¥ = 3/2° ground atate bands in
161y, and 19%yh and the K = 572" ground-state bands in '%yb and
67yy are based dominantly on the h 9/2 88 £/, shell-model
states. Therefore, because of the relatively larsog?. in ocompari-
son with j, these configurations are expeoted to achlieve only
a small aligoment during rotation. In oomntrast, the yrast bands
are oxpeoted and observed to have larger rotatiopal alignments.
These bands are baeed on the (+,+), and L+,-)1 intrineic configu-
rations that at fiw = 0 correspond to the 5/2* [ 642} Nilsson con-
figuration. Purthermore, 3/2* [ 651] ana 1/2* (660] Nilsecn confi-
gurations which may have very large rotational alignment are suf-
ficiently close to the Ferul surface (aoe fig ‘IO) to mix into
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fig. 10. Position of the Fe supface, A, relative to the Nils-
son levela for 1£1f‘1’%3,1§5,?8? . The spectrum of the

Nllason levels waa calculated with the quadrupole and
hexadecapole deformationa suggested by Bengtesen [ 467}
and given in the figure. The position of the Ferml
surface was dotermined by requiring that the nucleua
has the correot neutron number.

the yrast configuration at higher M W.

Under rotation K is no longer a constant of the motion, therefore,
the §2 = K = 1/2 component is mixed into the othar configuration
producing a *signature-depandent splitting® between the G = 1/2
componants of all the cunfigurations. The enorgy aspliiting between
the routhians corresponding to the different signatures of the
yrast configuration, 1.e.(+,+), and (+,-),, 10 a measure of the
R a 1/2 compomant in the wave function. The systematic decrease
with inoreasaing N in both, the alignment of the yraast bands and
the energy splitting [ 12,14,24] between the differemnt aignatures
of the yrast banda ( see fig. 11) is a consequence of the movement
of the Fermli surface toward 1'3/2 orbits of large & (see fig. 10).




Fig. 1%.

o wm e w
§ : Yb
ol —

Ezperimental and caleculated ( CSM ) signature splitting
of the yrast bandes in odd-A Yb muclei at B0 = 0.2 MeV.
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6. Construotion of m.l.tip.l.e-quas.i.ne’uéron states from the
apectrum of single-quasineutron states

The single quasineutron states such as the thre¢ observed
experimemtally, in the odd-A Yb isotopea, repreasaant the "building
blocka® for the conatruction of multiple-quasineutron atates.
From the ensergies of these single~quasinsutron states in the
intrineic system it 1as possible to oconstruot the axcitation ener-
gles a3 a function of AL for miltiple~guasiparticle states.

For example, the routhiana corresponding to the twe lowesal axpeot-
ed two-quasiparticle, negative-party configurations { - 0) , and
C-,!)z and the lowest two-quasiparticle, positive-parity confi~
gurations,( +,0)2 , in the meihgbouring even-~mass Yb isotopes

as well as the lowest three-quasineutron configuration, ( - ,+)1
of the odd~mass Yb isotopes can be constructed as glmple suma

of the routhians of the sgingle~quasineutron omf:l.g_urations L+,+)1 '
(#¢=), and («,+), of the oddemass Yb“s. The comsiruction of two-
and three quasineutron routhians from combinationas of three
single~quasineutren routhians observed in odd-Yb isotopos is
shown schemmtically in fig. 12. In this figure no valua for the
neutron pairing-correlation parameter, A a’ has been assumed.
Inuteadﬁn are obtained wvhen the oconatructed routhians are com=
pared with exporimental two= and three-quasineutron routhians.
Two of the constructed two-quasineutrom con.f:l.gurations, C + 0)2
[C+.+,‘?e @(l- -)1]1, i.e. the S bvand, and (-, 1)1 -['(.i- +)y @

111 the lowest negative = parity band, ars known in the
even-A Yo s. Similarly, the three-quasineutron configuration,
(-,4-)2 :[{_ +,+)1 @ (+,--]1 @C—,-r) ;H is known as the grdund-statso
band in the odd-A Yb“s above the observed band crossing. From the
comparia'on between the routhian of multiple-~gquasiparticle atates
and routh:l.a.n§ acnstructed from axperimental singlo-quasiparticle
statee, 1t can be found out where the strong ﬁu-dependent and
confifguration~dopendent residual interactions botween the consti-
tuent quaslparticles in the maltiple-quasipartiole configurations
exist. In the oranked shell-medel {10} it is assumed that such
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Fig. 12. Schewmatic figure illustrating construction of 2= and
3~ §.p. routhions using 1-g.p. routhians. Hote that the
neutron pairing correlation parameter,;_\n, has not been
added to the routhians. The dashed lines represent ro-
uthians for these ranges of 5w, for which routhians
for one or meore constituent quasiparticles have boen
extrapolated.
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residual interacticns between quasiparticles are weak. Thus, frem
the comparison discussed above one can decide whether the CSH can

be applled.
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It is alsc possible, as has heen already mentioned, to obtain
information on the neutron pairing-correlation parnmetar,d\n,
from the comparison of the absolute excitation energlea of the
constructed and experimental multiple-quasineutran routhians.
Since the sihgle=quasiparticle levels usually are raferxred to the
ground=state configuration of the neilghbouring even-even nuclei, .
it is necoessary to include, as a constant factor, the quasipar=
ticle energy, E.‘,zd, in the o0dds-A routhisns. Instsad of inoluding,
for example, the odd-even mass difference as an estimate of An
into the odd=-A routhians, 1t ia chosen to keep Bn a8 a parameter
and to plot e-:bn for the odd-i systems. Than the energy difference
between the constructed two-quasineutron systems, e'qu -24 ,
and the experigental values in the neighbouring even-even syatems,
e'qu, will give a measure of A . 'I‘h:eva.'l.ues of A obtained from
such a comparison will be labelled &n to emphasise that they
were obtained as a diffsrence between two-quasineutron routhians,
constructed as a sum of "experimental® single-quakineutron o=
uthians and "experimental” two-guasineutron routhians. From a asi-
milar comparison of the constructed and the experimental three-
=quasingutron statos a measure of &ce can be alag obtained, since
A appears in ths constructed thrao-qual:lneutron state three
t.:l.mes (once in the e’= O for each quasi.neutron) and only once
in the construction of t.he experimental routhian for the throe~
~gquasineutron etata.

Tuo quasineutron routhians copstructed for the (+,0)1 and
{~ !) states are compared t¢ the sxperimental ones for 160,162,
16k, 1664y, 4n fig. 13. In the comstruction of the two-.quasine-
utron routhisns average values of the appropriate single-quasi-
neutron routhians in the neighbouring odd-=A isotopes were used.
Such an averaging ought to remove at the first approximation,
effacts which vary smoothly with neutron number. In fig. 13 the
construoted twvo~quasineutron routhiens 1.e. oqu - ﬂ-\n wore shif-
ted up by two times the A value given in the figure in order to
reproduce the e:l:per:l.mental valuos. Both the slopefi.e. the aligne
mﬂnt) and the energy aplitting ot the axperimental routhians for
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Fig. 1). Comparison of the expe=
rimental { cirales) and the con-
atructed - soe r{g. 12 = (amoliad

and dashed lines o f

2.q.p. bands 1n 165, 7E%,328,185,
The open and the cloased c¢ircles
represont ithe experimental routhians
for the oddespin, odd-parity bands
,and the s-bandas, reapectively. The
dashed 1lines repressent the construc-
ted routhians for thoss ranges of
Bw, for which routhians for ene or
wore consiituent gquasineurrona have
been obtained by sxtrapolation.

The enargy scales on the left-hand

tm d orrespond to
ﬁg’f@b and 'gat?ghgb, respeoti-
voly. The rimental data for
120Tb and TEE;b were taken from

refa. 21,24. Por further details,
woe taxt.

‘the loweast positive— and negative-parity two-quasinsutron confi-

gurations are reproduced by routhians constructed as the sum of
the routhians of single~quasineutron configurations. Such an
agreement indicates that a residual interaction between the two
uppaired quasiparticles ia not atrongly dependent on the angula.s
frequency and the quaaiparticle configurations.

The comstructed three-quasinentron routhians for the C-.f)?
configuration { = e (eys)y » ele,=), + eir,+j‘ ara aleo compared
in fig. 14 with the routhisns of the ground-state lands of 1077
163,155,167y, above the band crossing. 4 smaller alignmwent is
observed in the three-quasineutron configurations of these nuclei
than it i3 expocted from the experimentally construced routhians.
A possible explanation is the following: when three-quasineutron
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rimental{ circles) and the con=-
struoted = see fig. 12 - ( solid
4 sease \ \’\ “1° and dashed lineas) routhisns for
\ .'\ the lowest n gative-par:l.tev 3 q.p.

i N L S g, ©
..:o— Wy ] The dashed lines roepresent the
q
»

\ ‘\ Fig. i4. Comparison of the expe-
LY

\ constructed routhians for those
A\ N ranges of fiw, for which routhians
| . * _{o for ome or more constituent quaai~
A »yy e \ naeutrons have been obtained by
* \ \ extrapolation. The energy scales
'y shown to the left-hand and the

\ ) r 4 sldesy corresapond to
2" \ \ T 1é§?f6 Yb and '01,105yp  respecti-
\ vg%y. The experimental data for
1

Yb were taken from ref. 24.
\, " For further details, see text.

orbits near the Fermi surface are occupied, thereby "blocking"
their contribution to pairing, the pairing is sufficiently reduced
to decrease the alignment. Cranked shellemodel calculations do
indicate that a decrease in the alignment is asscclated with the
decreased pairing. Therefore,. the present agreement in the align-
mants for the conatruoted and experimental two-guasinoutron states
togather with the deviation for the three-guasineutron states
would indicate a significant decroase in bh for the threa-quasi-
neutron configurations when compared to the twoequasineutron con-
figurations, Since there ls a disorepancy between the slopes of
the constructed and the experimental three-quasineutron routhians,
it is npot posaible to geot an estimate of Ah from the erergy dif-
ference between these routhilans.
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The described above method of construoting smitiple~quasipar-
ticle routhlans on the basia of single-quasiparticle onos as
“bulilding blocks" and c¢opparing with the experimental routhians
can be extended to more than three quasiparticles [ 22].
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7. Band-crossing systematics in Yb nuclei

In the mass region, where the Fermi surface is near the low=51
113/2 neutron orbits, the band-crossing frequency, ﬁu%, COrragw
ponding to the alignment of the first palr of neutrons, 1s control-
led by a rotational aligned orbit .ear the Fermi surface which
is particularly sensitive to the neutron pairing-correlation para-
meter [25]. '

To establish the angular frequency, ﬁuﬁ, at which it is ener-
getically favourable for a quasineutron pair to be alignod, it is
convenlent, as it has been mentioned bhefore, to expree: the infor-
mation contalned in the level schemes in a rotating frame. Nonrota-
tional faatures, interpreted as the band crossings, are apparsnt
from the variation of e’ as a function of h. for a specific cas-
cade { see fig. 8). The band-crossing frequencies, fiu), are well
determined frow such a plet. In even-even rare-sarth nuclei the
lowest=frequency band crossing corresponds to the crossing of the
ground-gstate band with the aligned two=quasineutron 5-band. This
band-crosslng which corresponds to the aligmment of a pair of
113/2 quasipneutrona, is responsible for the backbendings obsarved
in the yrast segquence of evenweven rare-earth nuclel. A band cros~
sing corresponding to the slignment of the same twWo gquasineutrons
can also be obrsrved in the lowv=lying negative-parity banda of the
odd=% nuclei. Hore a band based on the negative-parity single quasi-
noutron crosses a three quasineuctron bhand involving the unpalred
negative~pasiry qQuasinecution as well o3 the same two 113/2 quasi~
neut:rons vwhich form the confijuration of the 5=-band in the even-

~even nuclei,

Sxperimental band-crossing frequencies for a large nunber of
Yo nuclei [11,12,13,14,24,26,27], or (28-33], nf (34-38] and
% (39,40} nuclei are shown as a function of the neutron number in
fig. 15. In the mass region presented im this figure, the-ﬁu% for
odd=¥ nuclei is asystemactically, LO-50 keV, lower than for even-
~evan nuclei. As will be shown below, this systematic lowering of
hué when going frowm odd- to even-!! nuclei is not a result of the
technique of dafining-ﬁLé from the experimontal routhians.
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The croasing frequencies are nearly independent of the Harris
parameters used t¢ remove the excitation energy of the rotating
core. If a nonzero value of K is assumed for the S-band, the
magnitude of the odd-~even varlation of ﬁf.-)c would be even larger.
In order to determine whether the obmerved shift in Aw is
a funotion of nmeutron nupber or mass number, the nuclel 137ur
and '>?tu were studied [41,42]. The observed 'ﬁc.:c for odd~Z, even-N
nuclel are characteriatic of the sven~even miolei, therefore, the
variation in band-crosaing frequencies is depsndent on whether
there is an even or odd numbsr of neutrons. Such a shift of 'ﬁu.é
or neutron alignment frequencles to lower angular frequencies for
odd~N systemo can be expleined by a reduction of the neutron
pairing-correlatimr parameter, An’ for the odd-N nuclel { ses fig.
16). If there 18 less pairing, the rotational aligpned configura-

tion beoomes yraet at a lower ﬁuc.

— T T

Fig. 16. Cranked shell-model
*Wo=quasineutron routhians
caloulafgg as a function of
fu for Yb with €,= .246
and £)= .005 and two different
values of eﬂf 0.84 apd 1.13
Me¥). The ft in ﬁwc COrrose
p to a change in 4 1is
indiecated. B
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Qualitativae evidence for a reduction of An in odd-N puclei as
ocompared to the seniorliiy—zeroe bands in the even-even nuclel was
obtained previously from éhe analysis of the moments of ilnertia,
O\ =decay intensitiea and two-nnocleon tranafer cross sectlons LB] .
From these techniques, howsver, due to uncertainties associated
with the calculations of the moments of lnertia, ™ -decay and par-
ticle=tranafer cross sections it ia difficult to get accurate
quantitative values for the magnjitude of the pairing reduction.
The fact that the reduction in the pairing énergy is measured cs
an energy (1.e. the shift of the crossiug frequenoy) suggeata that
the procedure to get quantitative values of ths pairing reductiom
way bhe less complicated than that for the other teckniquee. It ia
only neceogeary to predict correctly the average alignment for
frequencies O.{Méﬁuc (see fig. 16) to obtain a measure of the
change 4in An’ 1.9.54'1, assoclated with the shift in ‘!iuo.

In the smmll region around the critical frequency 'ﬁ-..sc whore
the trajectories of the poasitive and negative-energy quasipartio-
lea apprcache each other the CSM [43] dees not describe well the
motion of the quasiparticlea. The cranked shell-model reproducea
experimental alignments over the remaining range of ‘Emi. Thus,
it 1s expected that the absolute values of An labelled bgsu
ocbtained from the CSM analyails of the crossing frequencises, givan
in fig. 15b, are a reasonable wmeasure of the neutrom pairing-gap
parameter for the nuclei ﬁue of which is comtrolled by high-}j
low=-orbits near to the Ferwi surface. Indeed, a» it is ashown in
fig. 15c, the valuea of Aﬁsn extracied for even-sven nuclei aro
in agreement with odde-even neutron mzsa differences, A:e, for
those systems where accurate mass measurements exist [ 44].

A reduction in the alignment of the lowest frequency pair of
1,4/, meutron should be also assoolated with the reduction ofAn
in the odd-N system. A systematics of such a reduction in odd-K
Td muoled for the 113/2 neutron alignmant with reapect to the,
alignment of the same pair of 1'3/2 peutrans in sven-even nuclei
as well as with respect to the sum of the alignments of the singl.
=guasineutron states correspending to the two agtive 113/2 quasi-
neutrone is presented in fig. 17.

1)



Fig. 7.
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Systematics of the alignment in Yb nuclei for the Lirst
pair of 1,4/, neutrons (1.0, (4,4}, 5 A and (+,~) =8)
taken from the gain in the aligument at the lowest-
-frequency band crossing ( cloeed circles) and from the
sum of alignments of the corresponding single-guasineu-
tron states in odd-N nuclei { open circles).




e AR

8. Comparison with oranced shell-model calounlations

The best tesat of the cranked shell-model is a direct compari-
son of oalculated reuthians with Mexperimental" ones obtained
from the decay scheme information. The parameters usad in the
CSM = caleulations are the quadrupole deformation az, the hexa~
decapole deformation Lh, the pairing-correlation parawoters Zh
and & ( for neutrons and protons, respectively) and the chenicai
potential A which determines the expectation value of the perticie
mmber. In the rare=-earth region ths gquadrupole and hexadoccapolan
deformations, €y and ih are rather well known and were taken [{roon
the systaematics published by the Lund-Warsaw group 45,46 .

As discussed earlier, ome can obtain an estimate of Ah from the
-ﬁu% crossings Tregquencies of the ground-state bands in odd-%

Yb nuclei.( The parity, ¥ of the ground-state band assures
that none of the 113/2 neutron configurations, ~ = +, is "blocked",
The precedure then is to take this /; value together with delor-
mation parametars, 22, Eh and the appropriate position of the
Fermi surface,”., to reprodoce the neutron nuwmber, and to cal=

7

culate the specirum of the single-particle states in the roEating
intrinsic frame. The results of such Call=calculations for 163,
167p’s are shown in fig 18.

It is pougsible to compare directly zthesac predicgtod quasipar-
tiecele levels with the experimental routhians constructed : sce
seotion 3} fron the decay scheme information. llowever, wiEh the
ground~state configuration taken a&s the "reference® (or all
angular frequencies, it appears necessary (¢ reconstruct tho pu:ie
quasineutron states in these regions where the mixing between
the quasiparticle states is substantial { 10,47 ]. “hen the intcr-
actions are strong amndfor several levels interact, such a recon-
struction, becomes impossible. The technique describod in refs.
10 and 47 i3 used in the present work to obtain the purc quasi-
neutron astates in the interaction regions for 161'163'165Yb.
The resulting theorctical and “experimental® routhians are pre-
sented in fig. 19. In the caloulation of the experimental

T
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Flg. 18. Quasinsutron levels in the rotating frame for ‘65"671"!:,
obtained from CSM calculatione and showm a2 a functiom
of the rotaticnal frequency Hi=, The parameters used,
and the parities and signaturas of a few trajectoriea
are shown to the right. (T,a) = (+,+), ( +r~), (=,4)
and ( -,=) states are indicated by full drawn, shorte
dashed, and long-dashed lines, respectively.
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Pig. 19. ?8?p?g%s?gsof the experimental guasineutron spectra for
* P Yb, shown as a functien of Hw, with thoae

from CSM calculations, The filled circles and the solid
linea are the experimental and the theoretical spectra,
respectively, for bands with positive sigpature. The
open circles and the dashed lines depict the same for
bands with negative signature. The axperimen@gl data
for Yb were taken from ref. 2&.

routhians, the values, An, necessary te reproduce the band croa-
aing in the ground-state band [ 2%) have been assumed. At angular
frequencies below the band~orossing frequenclea, where the
routhians correspond to single~quasinsuiron configurations,
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the alignment and the relative excltation snergles of the lowest
positive~ and negatlve~parity canflgurations in 163’165Yh, L+,+)1
and (--,-u-)1 are reproduced well.  For 161Yh, however, the posi-
tive-parity configuration is predicted to be the closeat to the
Ferml surface even for amasll fw, in disagreesument with the experi-
mentally observed negative-parity ground atate Lzh]. The observed
energy splitting between the two aignatures ol the positive~parity
configurations, (+,+}_1 and (+,-);s» i3 greater than predicted.

A gsimilar discrepancy has been observed for several other rare-
~earth nuclei [10]. Fbr-ﬁur(hu% a larger than observed alignment
is predicted for both negative-parity three-guasineutron configu-
rations, (-,+j? and L-,-)?. The observed alignment for these con-
figurations is also less than that of the three-quaaineutfon
routhians constructed as a sum of the appropriate asingle-quasi-
neutron routhians ( see section ﬁj. The alignment of the three-
-quasineutron configurations can be reproduced in the CSM=calcu~
lations if the pairing-correlation parameter is reduced by 25%
relative to the wvalue of AﬁSM obtained from omne-~ and three-guasl~
neutron band croasing frequencies.

Band c¢rossiogs are also predicted in the positive parity banda
Csee Fig. 19), L+,+)1, corresponding to the alisnment of a diffe-
rent pair of i13/2 quasipneutrons than those responsible for the
lower fregquemcy alignment in the negatlve-parity band and in the
yrast band of the neighbouring oven-N isotopes. This band-~crossing

161Yb and l63Y'b but 1t is

fraquency is correctly reproduced in
165Tb

obssrved at about 50 keV higher in fiw than predicted in
Of course, it 1s possible to increase the frequency of this band
crossing in CSli=calculations by an arbitrary increase in the
pairing correlation parameter. However, to reproduce the observed
crosasing frequency, it is necessary to lncrease A% by about 35%
with respect to the value used to reproduce the lower-frequency
erosaing in the negative~parity band, Such an iunereased value of
dn is as large as that derivod from the ground-state band- S-band
croesing in the neighbouring even-N Yb isotopees [(25). It is,
however, difficulf to understand in a phenomenoclogical way how
the occupancy of certain single-particle configurations in aome
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odd~N Yb nucleil significantly reduces Qn while in others does
not affeoct it. As a matter of fact, the recent caloulations done
by R. Dengteson and J-y. Zhang LhB] suggest that for neutron
levels in rare-parth muclel, the pairing is reduced more for the
negative-parity states than for the positive~parity states and
for oconfigurations with smaller signature splitting. Such effects
might play a role in explalining the observed discrepancy in the
band ercssing frequencyin tha pesitive-parity band in 1 b
Howawer, the observed sigmature splittings hetween boeitive-
-parity statee in 'O'yb and '®yb are larger than in '%vv,
therefore, such an effect would scarm to be the largest in the
lighter odd=N Yb iscotopes where the band croasing is predicted
at the correct frequency. In the caase of 165Y‘l:u, it is aleo dif=-
ficult to alter significantly the difference in % betwean the
predicted orossings for the negative-parity and positive~parity
bands by small changes in the various paraweters vhich are taken
into acoount im the CSM-caloculationa. Thus tha source of the
discrepancy in '65‘1'1: la not undesrstood yet.

The frequancy of the croasing in the favoured and unfavoured
positive-parity band (which correspenhds tc the exchanse of the
Toles of the [+,3}1 and (+,3)2 trajectories ~ see fig. 18) repro=-
sents a more ithorough test of tha CSM than the lowest-frequency
band crossing (1.e. that observed in the negative parity band).
The (_+,:)1 -(_+,:)2 crossings are sensitive to the quasiparticle
energy, alignment and the interactiom of the trajeectoriea. The
(.-r,:_)z and the higher laying trajectories are derived {row and
interact with Nilsson orbitals which are more distant from the
Fermi surface { eee fig. 10}. Therefore, not cmly the relative
pogitions of orbits, but alsc their energy relative to the Fermi
surface, £ - A, becomes important in predicting the higher-frequen~
ey band crossings. Furthermore, the strengths of the interactions
at the lower-lreguency crcoasings are alse lmportant in the calcu=-
lation of the higher-frequency orossings.

¥When the interaction betweem the quasiparticle trajectories is
strong, it becomes difficult to reconstruct the "pure® quasipar~
ticle trajectories in the interaction region. In the cass of

47




167 {see fig. 1B), where thers are two strongly interacting

tra jectory croassings closely spaced in angular frequency correa=

sonding to the alignment of the first and the second pair of 113/2
neutrons , it is particularly difficult to reconstruct the “pure®

quasiparticle trajectories. Such troubles can be avoided by refer-

ring the cxperimental routhians to the yrast band in the neighbo-

uring oven-even isotopes. Then, the experimental routhians can

Yo directly  compared to the calculated routhians | see fig 20).

' ] ' - ’ I ' —
10 . 1O
*3Yb

S5

0

o Q2 LY /] . a2 04
hw {Mev}

Fig., 20. Pgaoretlcal and experimental quasineutron spectra for
5Yb ana ! 7Yb shown as a funciion gﬁ ho anu *e;crrcd
tg an averago of the yrast bandf én ¥b g 65yy raor
5Yb and to tne yrast band in 199Yb for fo The yrast
references have bean shifted in By so as to nake tho cros-
sing frequenciea of the references coincide with the lo-
gat-frequancy crossings in the nogative parity baands in
vv. The open and the ¢losed circles represeni the
experimental spectra for the negative an:i the pogiilve
signaturea, reapectively, The gquantuunm rnumbsirs awnrepriate
Tor the theoretical spectira are also shovn in the fipgura.




In fact, it has baen suggested [13] that such an approach may bo
better, since the interacticn at & crossing is never zero and ac
the large angular frequ.ané:i.es the spectrum of quasiparticle levoal
becomes complicated. Several practical problems, however, are
encountered in referring the odd-N experimental routhians tc the
yrast bands of the nelghbouring even~seven isotope_ts. Ideally, the
average routhian of the yrast line from the even-evenr iscotopes
with one leas and one more meutron can be constructfed as a funce
tion of fw and substracted as a reference from the odd-N isotope
of interest. It ia known, however, that the frequency for the
alignment of the firet pair of 113/2 neutrons 1s different in
odd-~N and even-N lsotopes [25]. Therefore. it is necessary to
gshift the reference or the experimental vacuum in Bu) so that the
croasing frequency of the reference coincides with that in the
isotope of interest. Besides the ahift in the alignment frequency
Tor the first pair of 113 2 neutrons, a shift in the magnitude of
the alignment assoclated with tris pair ef neutrons is apparently
observed betwsen the two-quasineutron and three~quasineutron con-
figurations, resuliing presumably {rom the reduced pairing
cagsed by ithe larger number of aligned quaziparticles. Ancother
problem, which miet be considered when applying the experimental
yrast line as a reference tc the neighbouring iasctope, is the
variation betwean neighbouring isctopes of the interaction betwae
the constituent bands of the yrast configuration [23,46,49]. Tho
appropriate treatment for such change in the alignment and in the
interband interaction atrength between the neighbouring even~ and
odd~N isotopes iy not m priori obvious. Therefera, the approach
is to axamine for 1651'1: the comparison betwveen the axperimental
and predicted routhians for both reference frames and then to
conaider '67Y‘b vhere only the refaerence to the yrast band ia
appropriate.

When the experimental recuthians of '65"'67113 are referred to
the yrast configuration, the arossing in the negative-parity
bands should disappear { compare figs. 19 and 20}. Therefore, the

ektent to which this band crossing is removed is a test of whethe:
an appropriate reference bas been chosen. In the yrasi representa-
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tion configurations are labelled by the non-yrast excited quasi-
particles. For axampls, the ground-state bands of 165’167‘&! will
be (--,,-u-)1 at i) below ea well as above the band croesing, since
the 113/2 neutrons are also aligned in tha reference. The discon~
tinuity in the experimental rouihian of the (_-,+)1 band of the
165y1, ( wee fig. 20) at the crossing and the change of alope of
the routhian at this point are assoclated with reference problems.
The palring correlationa and interband interactions in the yrast
bands of '5!"16611: are not completly applicable to 1""'5‘113.

The 1571’13 axperimental routhians, shown in fig. 20, are referw
red to the yras¢ band of 168, { 50,51}. A conatant value of
E,= 0.79 MeV has been included in the routhian. This value cor-
responds to An 0.745 MeV plus a contribution from E,.,-)., which
acoounts for the fact that the Ferml surface in 'G?Yb is located
in a gap between 5/27 [ 529 and /2t (633] levelas in the Nilsson
scheme { see fig. 10). Bad the yrast band, with its weak ground-
-state band s-band interaction, been used as a reference for 1671’1:,
with its strong interaction between the ground-atats band and its
crossing band, a very pronounced disoontinmuilty would have basn
produced in the negative=parity band at the croasing frequency.
Similarly, the large s-band alignment im 165‘1"!‘: would have led to
a slope change in the 1671’1: negative~-parity band above the band
crossing frequoncy. The routhiana of the positive=parity bands of
87y are at low fiwy, lower in axcitation energy than predicted,
indicating either that the predicted energy separation between
the 5/27 [ 5253) and the 5/2% [ 6427 Nilsson configurations is too
largje or that the Fermi surface should be closer to the 7/2%{ 633}
Nilsson state than to the 5/27 [ 642]) state ((see fig. 10). Similar
to 167:163,1650, 104 other odd-N rare-earth muclei L10] the signa-
ture splitting between the (_+,+)1 and the L,+,-)' configurations
is observed to be larger than predicted. Im contrary to ths case
of 1651’1:, the crossing in the (+,+), band, corresponding to the
alisnment of the second combination of :‘.1 /2 neutrons Li.e. the
exchange of character of the (+,+), and the ( +,+), configurations)
is clese to the predicted frequemncy. This croeasing, which corres-
ponds to the change in the slope of the (_+,+)1 routhian at
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hwx0.32, is characteristic of strongly interacting configura-
tions in agreement with the calculations. The band crossing in
the (+,-)1 band, corresponding to an exchange in character of the
(+,—)1 and (+,-)2 configurationa, is not observed up to Au~0.375
MeV, wheareas it is predicted at a lower angular frequency (see
fig. 20). For the lighter ¥b 1sotopos, the crosaings of the
(+,+)1 and (-t-,-]1 bands are found at nearly equal {requemncles
[52]. This feature is connected probably with the low=52 compo-
nents (having thus large alignment ) which mixe into the {+e4]),
quagineutron for N)Qj, thereby depreasing the (+,+}2 trajJectory
wlth respect to the (+,-)2 ane (see fig. 18). For the lower-mass
Yh dsotopes, the highly aligned J.ow-.‘l? trajectoriss are close to
the Fermi surface and therefore are the dominant components of

those guasineutron oconfigurations.
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9. Bvidence for strang rotatiocnal effocts on M! transitions.

The interband 1 transitions matrixz elements connecting states
in rotational bands based ohn the opposite signatures of high~{,
low~ G quasiparticle orbits are predicted [ 53] to be strongly
gignature depemdont even for small rotational frequencies. The
M1 transitions between hands based on the C+,+)1 and (+,~), con-
fligurations in light odd-N Yb should provide an excellent test
of these predictions, since theseo bands are strongly populated
in { H.I.,, ) reactiona. In fact, such transitions in 161y
[21,24] were used as the original examples of this effect. The
interband transitions between the (+,+) and (+,-)1 bands in
163,165, ‘67Yb provide an even more aenaitive test of the signa-
turs~dependent rotational effect on the M! transitions. Yot only
are more transltions observed in ‘63’165’1673'1:» than in | 1Yb,
but in 165Yb the signature splitting in energy is such thart the
I~1 state im the (+,-)1 band is nearly degeneratod with the I state
in the (+,+), bcnd (see fig. 3). This is exactly the conditioen
for the M! matrix elemonts of the (I+1,0.-_--1/2—=-I,a;=1/2} tran-
sitions to approach zero, and Tfor the (I,& =1/2 — I-j, G-=-1/2}
transitions to have the maxXimum enhancement [ 53). For example,
n(™t, 23/2%— 21/2") should be very small and B(M1, 21/2% -5 19/2%)
is expected to be large. In 165Yb, the y=ray apergies of the
X, =21/2 5 I-t,6.==-1/2) transitions in the yraat band are s0
small that these transitions cannot compete with the strongly-
-enhanced(;—¢I—2)transitions along the yrast band. The {_I+},
oozm1/2->1, 0._1/2, transitions, which should be greatly hindered
are observed. In 163Yb and 167Yb, where the signature splitting
is smaller, both types of M1 transitions between the posltive-
~parity bands appear.

Although no absolute transition rates have been weasured,
somn information on the Mi matrix elemerta can be exirzcted by
a comparison with the E2 atrength which ias assumad to follow the
pattern of the rigid rotatioen. Rotatiomal perturbations on G L2)
values for the \_I — I-t) transitions between the signature partners
and for im-band (I =7 I+2)transitions are expected (o hc very
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small \'_'53:\ . From the experimental branching ratiocs A=l {I~>I-2 /
M (1-~1I-1), a value of

BiMy) ¥ 2) ¢ 1K 20/1.2x )% . L -

Q¢ TR (E;; ~ AN

- { Ix 20/I-1K % 2] . /12/

can be evaluated. It is also poaaible to use the experimental
values of the mixing ratios < within the I -»>I-1 transitions co

determine the same ratio.

2
5OnY) - Erg { 1K20/1-1K > %
Qz 14.41  * 62 /13/
0

In both expressions ’"5’1 and E 2 oorreapond to the energlies in keV fo
I-~»I~1 and the I->I-2 transitions, respectively. The data presei-
ted in fig. 2f have been derived, assuming a value of Qo = 7 eb.
For all nuclei studlied, K= 5/2 was used to get the valuas of
ﬂ?—‘—) + Stnce the rotation is expected to wix lower K values ince
tBe wave function, values of K = 3/2 and 1/2 were alsc applied
and were found to increase B{}i)}’as extracted from the brméhing_
ratie A, while the B(M1) values gbtained from the mixing ratio -
were 'ound to decrease drastically. The experimental determina-
tion of é invelves a larger uncertainty than that of the A -valuc
but, in order to bring the two extracted values of B(M!) into
agreement the average value of K has to be shifted of about 1/2
unit below 5/2, The values presented in fig. 21 have been derivo
from the branching ratios with this Kk -~admixture taken into ace
count. The effect 18 found to be the largeat om the highly retar-
ded B'M1) values in '97+163:965,y  por '57v1,, the separation
between the B(}M1) values for the transitions between the two
slgnatures is observed, but in this nucleus the retardation is
less pronounoed, as is expected, since the Feruld surface liew
hers further away from the low- 52 orbits of the :I.1 3/2con.f:l.gurat:l.c
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Fig. 2t. B{i1) values for I-I-1 transitions between states of
opposite sigmature of the 113/2 band in odd-% Yb nucled.
These values were derived using Qg = 50 32.b and the
average value X = 2 ( see text). The zigzag %%ge shows
the theoretical values appropriate for the '°“Yb, cal-
culated frox the particle~rotor model(-sjl.
sinze the 1/2 T 6607 is closer to the Fermi surface in 161Yh and
’bJYb than in 165Yb for which the calculation is perloreed,

& larger signature dependence is observed for the two lighter b

nuclei.
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10. Summary

The studies on which this paper is based can be regarded as
a test case for the cranked shell-model in a region of nuclei
with stable deformation. Routhians and alignments have been
extracted frem the experimental data. Experimental a2ingle-quasi-
neutron routhians have been used to censtruct two=- and three=
~quasineutron routhians. The Hiuw and configuration dependences
of the constructed routhians for two-quasineutron configurations
in 162’164'166Yb agree with the experimental data, suggesting
that the residual interaction between two unpaired quasineutrons
is only weakly dependent upon the configurations and frequency.
A comparison of the magnitude of the neutron pairing~cerrelacion
paraseter obtained from the energy difference between the cwo-
-guasineutrens routhians and the sum of the constituent single-
~quasineutron routhians with the neutron odd-even mass difference,

and the pairing-correlation parameter obtained {rom the fiw_  of
the band crossing inm the 166Yb yrast saquence givea a reaigual
interaction of about 300 keV between the unpaired quasineutrons.

in empiriecal odd=even neutron-number dependence of the rota~
tional frequency for the alignment of the first pair of 113/2
quasineutrons has been established. This behaviour ias explained
by a reduction of An for odd-N systems as compared to the senio-
rity-zero neutron configurations in even-N nucleld. A comparison
ol the wagnitudes of the ACSM necessary to reproduce the cros-
sing frequencles with éﬁa {frow odd-even mass difference) indiw
cates that it may be possible to obtain quantitative values of /.
from the crossing frequencies of guasipartiole bands. The agree-
ment between é§SM and ﬁge indicates alsc that dh is not strongly
dependent upon fr> for vaeluss of -fu(hoc. The 1088 in neutron
pairing is associated apparently with neutron alignmnent and inde-
pendent of proton alignment.

Finally, it has been shown, that it is possible te oake a di=-
rect comparison between calculated quasiparticle energies for
independent particle motion in a rotating deformed nucleus and
high~spin docay-echeme data expressed in the e’ versus Ho repre-
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sentatiom. Such a comparieon has been made for a large number

of quasineutron configurations in rare=-earth nuclei of varying
neutron number. The agreement ia surprisingly good despltie the
simple assumptions of the cranked shall modeltall paraneters,
Eas Byt An, K, p, A indspendent of {::...\) « However several problems
are not solved yet:

t/ It is necessary to reduce 'An for configurations with a lar-
gor number of excited quasinoutrons.

2/ The predicted signature splitting is too large for the
loweet negative-parity ievels near Nc=9{.

3/ It is difficult to reproduce simulteneously the signature
aplitting in the poaitive-parity band and the band-orossing
fraquencies near Nx95.

The drastic effect of rotation on M1 transition matrix elements

between the nucleons in higb-J] orbita has alsc been observed in
agreement with the calculations of I. Hamamoto.
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