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Abstract

Experimental routhians, alignments, band crossing frequencies, and the B(M1)/B(E?2) ratios of
the N = 90 isotones and several light Lu (N = 90 - 96) isotopes are summarized and discussed in
terms of shape changes. These systematic analyses show a neutron and proton number dependent
deformations (both quadruple and ¥ deformations) for these light rare carth nuclei. The stability
of the nuclear deformation with respect to 8 and 7 is also found to be particle number dependent.
Such particle number dependent shapes can be attributed to the different locations of the proton
and neutron Fermi levels in the Nilsson diagrams. Configuration dependent shapes are discussed
specially concerning the deformation difference between the proton hg217 [541] and the high-K hyy ;2

configurations. The observed large neutron band crossing frequencies in the hg,;%"[ﬁ-‘ll] configuration
support the predicted large deformation of this configuration; but can not be reproduced by the
cranked shell model calculation according to the predicted deformations. Lifetime measurement for

157Ho, one of the nuclei that show such a large 7w in the 17[541] band, indicates that deformation
difference can only account for 20% of such shift in fiwe.
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1. Introduction

Large amount of experimental data and theorctical interpretations exists for the
near-yrast spectroscopy at high anguiar momentum in the rare-earth region. Most of
these investigations, however, have been concentrated on the study of even-even and
odd-N nuclei, for example, the series of ytterbium nuclei ([Gaa.1), {Jon.2). [Kow.1}.
[Rie.1].[Roy.1] and [Wal.1]). Such studies have provided a understanding of many
Liigh spin phenomena, such as rotational band crossings due to the aliznment of pairs
of quasineutrons and quasiprotons; the quenching of static neutron pair correlations
at high angular momentum:; the dependence of the nuclear shape on particle number.
configuration and rotational frequency, ctc.

It is important to extend such high spin studies to odd-Z nuclei in order to estab-
lish the spectrum of proton states at large angular momentum. \any phenomena.
for example, the variation of the nuclear shape induced by the occupation of various
single-proton orbitals with different deformation driving forces, can be studied and
compared with the corresponding neutron effect. Furthermore, because of the large
g-factors associated with an unpaired proton, it is possible to investigate the details
of the nuclear wave functions by studying the magnetic dipole trazsition probabilitics
between the favoured and unfavoured signature sequences of specific configurations.

A scries of experiments have been carried out recently to study the odd-Z light
rare earth nuclei, e.g, **'Lu ([Yu.1]), '**Lu ([J6n.1}, [Fra.1], [Fra.2]), **Lu ([Yu.2)).
and *"Ho ([Gas.2]). Together with the existing data for another odd-A lutetium
isotopes, '%3Lu ([Hon.1}), and the odd-Z, N = 90 isotones, *®Tmqy ([Lar.1). [Lar.2).
[Sim.1]}, and [Gas.1}) and **Hogp ([Hag.l], [Sim.2] and {Rad.1]) the newly mcasured
data make the odd-A lutetium isotopes and the N = 90 isotones the best studicd add-
Z isotopic and isotonic chain at high spin. A systemnatic analysis on these isotopes
and isotones can therefore be made for specific configurations,

The spectroscopy for quasiproton confignrations would be identical for all the
lutetium isotopes in the absence of mean field changes, since the proton confignyations
are the same {or all the isotapes. Changes of the single proton state spectrum as a

function of the ncutron munber will be particularly sensitive to changes in the mwhar

shape, This sensitivity comhined with the varicty of proton orbitals (both down- wxd

. .upﬂa\g orbitals on the Nilsson diagrams) in this mass region leads to a verv
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detailed and interesting spectroscopy for these nuclei. The heaviest lutetium isotape,
167 114, is the most stably deformed nucleus presented in this work. The rotational
cffect on single proton motion is exhibited in this nucleus with the least ambignity. As
a result this nucleus sets a benchmark for such a study in a stably deforned system.
With the decrease of neutron number, both the magnitude and stability of the nuclear
deformation is expected to deercase. The lightest lutctium isotope, 'Ly, is near
to the transitional region where the nuclear deformation changes from prolate to
spherical shape. Consequently it is least stable with respect to deformations. Tn such
a “soft” system, the configuration- and angular momentum-dependent nuclear shapes
are expected. The rotational modification on single proton motion in a “soft” system
can also be investigated and compared with the more stably dcfored system.

Combined with the data of even-even, N = 90 isotones, '®*Hf ([Hib.1], "°Yh
([Rie.1} and [Gaa.1]) and **8Er ([Sim.4] and [Tje.1}), the odd-Z, N = 90 isotones make
the N = 90 isotonic chain the best studied isotonic chain at high spin. A systematic
study of these isotones allows the investigation of nuclear shapes influenced by the
changing mean field due to the change of proton Fermi surface.

Figure 1 is a map of the nuclei to be discussed. The contrasting locations of
proton and neutron Fermi levels on the Nilsson diagrams (see fig.2) for these two
chains of nuclei (in the upper- and lewer- portions of the shell respectively) make the
comparison of isotopic and isotonic systematics most sensitive to the configuration

and particle number dependent shapes.

2. Systematic Trend of Deformations at Low Angular Momentun

2.1 Encrgy Signaiure Dependence at Low Spin
Encrgy signature splittings are observed at low angular momentum for the add-
mass lutetium isotopes and N = 90 isotones. sce fig.3. This figure summarizes tle
cnergy signature sphitting. Ac’. as a function of rotational fregquency for VU Ho.
19 mgg, and "1 71 Luag_oue. e’ is defined as
1

’ ! l 1]
Ad == +3) — (= =3) (11

where the parameters inside the parentheses are parity and signature. (7.a). and

) " - - - - -
¢’ is the experimental routhian for the corresponding configurations. The dramatic



feature shown in fig. 3 is the particle number dependence of the magnitude of the
signature splittings at hw < hw.. The splittings are most dramatic for the lighter
lutetium isotopes (e.g ' Lu and '®Lu). For the X = 90 isotones, the splittings are
pronounced for all the three nuclei with the heaviest isotone, **'Lu, having the largest
Ae¢’. Such a large splitting at low spin for these nuclei is difficult to understand if
xially symmetric shapes arc assumed. For axially symmetric nuclei, a signature
dependent decoupling in encrgy is expected and observed in the A = 1 rotational
sequences. The signature dependent term in the hamiltonian has different signs for
the a = +§ and —} sequences thus producing the decoupied energies for the K = 5
decay sequences. In a deformed rotating system, A is not a conserved guantum num-
ber. The Coriolis interaction, which mixes i = } components into the wave function
of bands with I # %, leads to signature splitting in sequences with ' # ,:7 Such
a splitting depends on the magnitude of the Coriolis matrix elements, which in first
order connect states with AKX = 1 ([Boh.1]). Therefore the splitting for configura-
tions with very large K is inhibited at low spin. The decay sequences shown in fig.
3 are associated with the orbits in the middle or upper portion of the hyyz2 “kigh-j
intruder” proton subshell. These orbits (cither the 7 [314] or the £ {523] Nilsson con-
figuration) have large A" values at fiw= 0 (K =9/2 or 7/2). The rotancual frequency
at which the large splitting occurs is not high enough to allow sufficient admixture of
the low-I\' components into the wave function. Thus large signature splitting is not
expected. Indeed, a simple cranked shell model calculation assuming axially sym-
metric shapes predicts no signature splitting in energy for fiw < 0.251/eV. The large
signature splittings for these isotones at low spin can be understood {{Ben.1}, [Fra.3).
[Lea.1l. and [Yu.1]) as the deviation of the nuclear shapes froan axial symmetry (i.c.
v-deformmation). The occupation of a high-j quasiproton with the favoured signature
(the @ = —1/2 signature for hyy2 heli) strongly polarizes the core shape especially
in 3 degree of freednm. The nuclear shape iz “driven”™ toward 5 > 0 for A in the lower
portion of the shell. not affected for X in mid-shell and “driven™ toward 3 < 0 ko
A in the upper portion of the shell (Lund convention. sce vef. {And.ii). In contrast,
the polarization cifect of occupying a quasiproton with the unfavewred signatuae is
small. The predicted dependence of the two signatures of the lowest negative-parity

quasiproton configurations on y deformation is shown for Z = 71 in fig. 4. This fignre



shows that both signature components of the lowest hy, s, protons are energetically
favoured at negative y values. The a = —1 orbit lies lower in cnergy and has a
pronounced mininum at a rather large negative value of 5. Such a non-axially sym-
metric shape of the nucleus and the different shapes of the two signatures give an
cnhanced energy signature splitting compared to the axially symmetric system.

Not only can the signature partners of soft nuclei assume different 5 deformations.
but such signature-dependant v deformations will change as a function of the protoa
and ncutron numbers. The nucleus is either driven toward different ¥ deformations
or not influenced by the valence particles depending on the relative positions of the
Fermi levels in the shell (sce the preceding paragraph). Indeed, the increase of energy
signature splitting in the negative-parity decay sequences of the N = 90 isotongs with
increasing Z is attributed to such a change in the 4 deformation between the middle
and the upper portion of the hyyy2 shell. For example, a static y deformation of
about —20° is necessary to account for the observed splitiing of the negative-parity
configurations in ' Lugg below the band crossing, and those for '*Tmgp and ***Hosw
are —16° and —10° respectively ([Ham.1]). It, however, is difficult to distinguish the
effect of a static v deformation from a softness in the v degree of frecdom.

The changing of the proton Fermi level also affects the 3, deformation of the
nucleus. This can be qualitatively understood from the proton Nilsson diagrams.
see fig. 2. The occupation of an oblate proton orbit™ drives the nucleus toward a
smaller quadruple deformation. Such a decrease of quadiuple deformation also gives
rise to increased signature splitting since the proton Fermi level is closer to the low- K
components of the shell for smaller quadruple deformations.

The ncutron number dependence of changes in the spectra of quasiproton states
for an odd-Z isotopic chain particularly reflects changes in the nuclear <hape. sinece
to first approximation the same spectra are expected for identical quasiproton coa-
fignrations assuming the same shape. Differences in the spectra of quasiproton states
therefore are directly attributed to different nuclear shapes. In g3 the drastic de-

crease of energy signature splitting at low spin with increasing neutvon muniar fov

* The definition of prolate and ohlate orbitals, downward and upward sloping respectively, on the
Nilsson diagrams, sce fig.5. distinguishes the relative projection of the intrinsic angular mpmeatuin
on the nuclear-symmetry and rotational axes. Qllate and prolate orbitads are iMustrated for a jeclate
nucleus in fig.3 /
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the Jutetium isotopes is a clear indication of shape changes from the lighter to heavier
isotopes. The decrease of splitting with increasing neutron number is the result of
both the increased stability of the axially syimmetric shapes and the increased mag-
nitude of the quadruple deformation associated with the occupation of downward
sloping neutron Nilsson levels between N = 90 and 96, sce the right-hand side of fig.
2, In contrast to the case of protons as discussed in the preceding paragraphs. the
occupation of prolate neutron orbitals at the lower portion of the 17)3: shell drives
the nucleus toward positive ¥ and larger quadruple deformations. The almost van-
ishing energy signature splitting in ®Lu indicates that this nucleus is most stably
deformed and has the largest quadruple deformation and the least deviation from
axial symmetry.

Self-consistent calculations ([\Wys.1]) also show consistent deformation systemat-
ics for these isotopes. Fig. 6 shows the the 3; — 4 dependence of the total routhians
for the lowest negative-parity, & = —1/2 configurations in the odd-mass N = 90 and
Z = 71 nuclei at hw= 0.2 MeV. Such plots show a particle number dependence of the
stability of the nuclear shapes. The total routhian minimum is best deflacd on the
32-7 plane for the heaviest lutetium isotope, '"Lu. This nucleus has also the iargest
quadruple deformation and the smallest deviation from axial symmetry (the energy
mimimum has the largest 3, and y= 0). With the decrease of neutron number the
stability of the nuclear deformation decreases, i.e. the energy minimum becomes less
well defined with respect to .3, and v. This “softness™ is especially pronounced with
respect to . For *'Lugy, the lowest energy contour line has v values varving from
< —30° to +10°. The quadruple deformation is also signifcantly reduced from N =
96 to 90. For the N = 90 isotones. the removal of the upper-shell hyy/; protons by
decreasing the proton number from 71 to 67 apparcntly stabilizes the nuclear shaje
especially with respect 10 5 and increases the quadiuple deformation s, Such a sys-
tematics is in agreemnent with the ohserved systematic trend of the cuergy signatinve
dependence.

2.2 Signature Dependence of Transition Rules at Law Spin

The large energy signature splitting discussed in the preceding subsection s
clear indication of non-axially symmetric shapes for the Bghter hutetinm isotopes and

N = 90 isotoncs, but not a definite evidence. Since different models based on dif-



ferent assumptions and parameters predict different magnitudes of energy splittings
ceven for the same deformation, it is iniportant to investigate additional experimental
quantities that are sensitive to the deformations.

Figure 7 shows the relative ratios, B(M1,1 — I —1)/B(E2,I — I —2). of the
reduced magnetic dipole and electric quadruple transition probabilities of the decay
scquences associated with the lowest 7hy;, configurations for V" Hou, ' Ting and
161-16"] ag-gg. In fig.7, the B(M1,I = I —=1)/B(E2,I — I —2) ratios at low spin
(below the first band crossing) are characterized by a signature dependence that is
smallest for the heaviest lutetium isotope, '**Lu. Lifetime mcasurements for '**Houp
([Hag.1]) and **¥Tmgy ([Gas.1]) show no signature dependence of B(E2.1 — I —2j
values at low spin within the experimental uncertainties of 20% and 15% for *?Tig,
and *"Hogg respectively. The observed signature dependence of the B(\1)/B(E2)
ratios is therefore attributed to the B(1f1,I — I — 1) values.

The signature dependence of B(M1) values is related to the amplitude of K = 3
component in the wave function through a mechanism similar to the decoupling in
the excitation energies responsible for the energy signature splitting discussed in the
preceding subsection. Such a signature dependence of B(M1) values does not in
itself give definite evidence for the triaxiality of the nuclear shape. However, it is
proved ([Hag.3]) that there exists a definite relation between the signature splittings
of routhians and the B(1f1) values, if the nucleus has an axially symmetric shape.
In a semiclassical approximation ({[Don.1]) based on cranking, if the nucleus is axially
symmetric about the s-axis or has a very small triaxiality, the reduced M1-transition

probability is:

3 s I - A 'u )
B(M1.I-1-1)= E—-_-]\'(..:){(g,, R‘[Vl - -\—(—-’———I- —] —(9—.-:‘1!?)’7‘}' (2)

S

Thercfore below the band crossing (i.e. 7, = 0).

BiMla=+ T sa=-11-1) 1-5_% 3 3
B(Mla=-{l—a=+}I-1) fi_E_3_ o= '

Particle-rotor calculations ([Hag.3]) also show that a similar relation is valid for
axially symmetric shapes, and that it works very well in the deformation-aligied

limit. The validity of this relation is thercfore a test of the axial symmetry of the
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nuclear shape. From cq. (3) the relative signature dependence of B{}M1) values can

be expressed by: ,
AB(M1) 4.\'%
B(M1)a.  X24(3P

(4)

where X' = /1 heia 5}

- &

The relative splitting ﬁ%’: can he extracted from experimental B(M1}/B(E2)
ratios. and compared to the empirical values calenlated from the right hand side
of cq. (4) using experimental values of Ae'/hw. The results of both experimental
and empirical values of AB(M1)/B(M1) are shown in fig.8 for '**Hoyp, '**Tingo.
and 1918 Ly, g6 at spin I == 10. The “expected” AB(A1)/B(11)4,, values are
overestimated for '*"Ho and 3Lu by more than a factor of two and for '*3Tm, '¢'*Ly
by a factor of 3 -4. For '%'Lu the expected value is close to the experimental value.
The large discrepancies between the expected and measured values for *'Lu, '®Lu,
and ®Tm suggest sizable triaxial deformations for these nuclei. This conclusion is
consistent with the large energy signature splittings at this spin region discussed in

the preceding subsection.

3. Deformation and the AB Neutron Band Crossings

One of the indirect informations about the nuclear deformation is the band cross-
ing frequency, hw,, which in many cases can be determined accurately from experi-
ment. Theoretically such a crossing frequency is associated with: (1) the projection,
Jz» of the angular momentum component on the rotation axis for the aligning orbitals

responsible for the band crossing; and (2) the quasiparticle energics of the aligning

E,= /A + (e, - A (51

wliere Al e, and A are the pair gap parameter. the single particle cnergy of state

orbitals defined as:

v and the Fermi level associated with the appropriate particle number. For micled
with Fermi levels close to the aligning orbits [therefore (6, — A) is small in eq. {34l
band crossing frequencies are dominantly determined by pair gap. A, Band crossing
frequencies are also sensitive to the relative position of the Fermi level with respeet
to the aligning orbitals. This influcnce is specially important when the single particle
term, (e, — A)%, in cq. (3) is large. Thus deformation can influence b, by changing

the position of Fermi level relative to the aligning orbitals,

S



In the past fow years, studies on some Ta and Re isotopes ([Bac.1]. [Wal.2])
have shown that the AB neutron band crossing is shifted to a larger frequency in
the proton hgesz 17[341] Nilsson configuration relative to the other configurations.
Such shifts of the AB neutron band crossing frequencies are also observed in some
light rare earth nuclei, e.g. '*"Lu ([Yu.2]), '*Lu ([J6n.1]) and ***Ho ({Rad.1}). The
magnitudes of these shifts, measured relative to the average crossing frequency in the

vrast scquences of the neighbouring cven-even isotones:

Shw, = he(odd - 2, %- [341)) = huw(ecven — even, yrast), {G)

are summarized in fig. 9. Deformation cffccts qualitatively describe ([Wal.2}) the
shift of hw, to larger frequencies in the 1 [541] configuration. The strongly down-
sloping 1 [541] orbit in the Nilsson diagrams (see the left-hand side of fig. 2) drives
the nuclear shapes toward a large quadruple deformation. As a result, the nuclear
deformation is larger when an odd proton occupies this orbit compared to the occupa-
tion of other orbits. Indeed, self-consistent cranking calculations reproduce ([Wal.2})
most of the observed shift for '**Re;p,. It should be noted, however, that not only is
the observed fiw, relatively small in '*"Re;g; (e.g- less than half of that in **"Lugg, sce
fig. 9), but also the 71372 quasineutron band crossing for this nucleus, for which the
Fermi level is moved away from the highly alignable orbits, is more sensitive to the
deformation. This sensitivity decreases with the decreasing neutron number. For the
96 neutrons of % Lugs, the neutron Fermi levelis closer to the highly alignable #;2/2
orbitals than for !""Re,q,. Therefore the quasineutron energy, E,, is less sensitive to
deformation changes. Self-consistent calculations ([Naz.1]) based on a Woods-Saxon
nuclear potential only predict about 50% of the observed shift in crossing frequencics
for the 37 [341] decay sequence in *“Lu. For the lightest muclei shown in fg. 9.
13"Houg. the predicted shift is less than 20% of the observed valune. A recout mea-

Tresn
9=

tuley

surcement ([Gas.2]) of the lifetimes for both the Jyyy 171541] and the ke
onfieurations in *"Ho indicates tl | cperimentally determined deformation
configurations in o indicates that the experimentally determined deformation
diffezence between these two configurations can only zcconnt for about 209 of the
obscrved shifts in ;. Such a result agrees with the expected smadl sensitivie of
AD ncutron band crossing frequency to deformations when the neutron Fermi leved
is close to the bottom of the 1372 subslicll.  The measured large shifts of crossing

frequencies in decay sequences associated with the gy, ;-'{541] Nilsson confisuration
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versus other configurations for these nuclei are difficult to understand only in terins
of deformation differences. A further theoretical investigation is needed to interpret

the physical basis of this discrepancy.
4. Spectroscopic Phenomena at Higher Spin

{.1 Alignment Systematics above the AD Crossing

The systematics of the aligned angular momentum for the N = 00 izotones are
summarized in fig.10. An intcresting feature is observed in the negative-parity decay
sequences of ' Lugg, i.e. the gradual, yet sizable, alignment gain at intermediate
frequencies (0.25 < hw < 0.40)¢V) between the neutron and proton band crossings.
sce fig.10. This feature is absent in the positive-parity decay sequences of **'Lu, and
the other odd-Z, N = 00 isotones. However, it is observed, though less pronounced, in
the negative-parity decay sequences of '*Tmaqg and is nearly absent in the negative-
parity decay sequences of **"Hogy.

A similar gradual gain in alignment, increasing in magnitude as a function of Z,
has been known ([Rie.1], {Rie.2] and {Fra.4]) at mid frequencies in the {+.0) decay
sequences of the even-mass, N = 90 isotones, sce fig. 10. Since this feature is absent
in the (—,0),(—,1),{-, }) and (-, —}) sequences (AF,AE, ABE, and ABF quasincu-
tron excitations respectively) of the even-A, N = 90 and 91 isotones, it was suggested
({Rie.2] and {Fra.4]) to be the result of a band crossing associated with the excitation
of the lowest-frequency pair of negative-parity quasineutrons (EF). This explana-
tion, however, fails to explain the gradual alignments in the negative-parity decay
sequences of 1*9Tmgp and !*'Lug, that are absent in the positive-parity scquences of
these same nuclel. The positive- and negative-parity decay sequences i these odd-
Z isotones should have the same quasincutron configuration: thus any guasinentron
alignment should cither occur. or not occur. in both positive- and negative-parity
scquences. ( These svstematics are also discussed in refs. THab.1] and Bind.

The physical Lasis of the relative alignment gains of the negative-parity deciy
sequences with respect to the positive-parity sequences in *Tin and *Lu remains
unexplained. It is noted that this featnre is more pronounced for mnclei with a
smaller .7, deformation and also is anti-carvelated with the the staliline of nuclesr

deformation in Loth the 3, and ¥ degrees of freedom. No such gradual alignment
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gains are observed for the heavier lutetium isotopes. This may be associated with a
more stable nuclear shape for these isotopes resulting from the addition of nentrons,
sce also discussion in sect. 2.

4{.2 Energy Signature Dependence above the AB Band Crossing

The large encrgy signature splittings at low spin (see subsect. 2.1). which favours
the a = —1 sequence, in the negative-parity decay sequences of the lighter Intetium
isotopes and heavier N = 90 isotones disappears above the AB band crossings. sce
fig. 3. The small splitting above the AB band crossings for these muclei favours
the @ = +} sequence. Such a dramatic change of signature splitting is the result
of deformation changes diie to the occupation of a pair of 7,372 quasineutrons. The
excited low-Q i;3/; quasineutron orbitals drive the nuclear shape toward a positive
~ deformation, sce the right-hand side of fig. 4, thus canceling the driving effect of
guasiprotons ([Yu.1]), and producing a stable, axially-symmetric nuclear shape for
these isotenes and isotopes. It is noted that the relative change of energy signature
splitting, A¢’, is the largest for '*'Lu, indicating a larger change of nuclear shape
below and above the AB band crossing for this nucleus compared to the other isotones
and isotopes. This feature is consistent with the “softness” of nuclear potential
expected in this nucleus.

At the largest rotational frequencies, a sizable signature dependence of cnergy
develops for '*"Lu in the negative-parity decay sequences based on the 27 [514] Nilsson
configuration, see fig. 3. A similar, though smaller, signature splitting in cnergy is
also observed ([Fra.l] and [Fra.2]) for this configuration in **Lu, sce fig. 3. Such a
energy signature splitting at high spin is attributed to the admixture of the low-A
hiq42 components into the wave functions.

4.3 Transition Ratcs at Higher Spins

At the region of the 7133 quasinentron band crossing, the increases of the B{I1)/B{£2)
ratios for all the micled shown in fig. 7 are qualitatively expected in term of the in-
crease in B(A[1) due to the increased neutron aligmnent. However, the maguinudes
of the increases for the lighter Jutetium isotopes are considerably larger than these
for the other nuclei. Such a large increase can not be explained entirely 1y the in-
creased B(AM1) values based on the experimental alignment gain if a stable, axially

symmetric shape is assumed. The alignment gains associated with the AB neutron
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band crossing for these isotonic and isotopic chains of nuclei have similar magni-
tudes. By assuming constant value of B(E2), the relative increase of B(M1) values
at the band crossing can be extracted from the experimental ratios of B(01)/B(E2).
Such experimentally extracted relative increases of B(M1) values are compared with
the “expected” increases according to eq.(2). Figure 11 shows such a comparison
for *"Hoag, "9 Tmap, and 91-1%Lugy_ne. The experimental relative increases were

obtained by assuming a constant value of B(E2) and defined as:

B(M1,1~20) _ (Gim)isw -
BOMLT~T10) - (2D,

where (2211 B 52) 1} 1020 and (ﬁ((—!ﬁ)l) r=10 are the averaged experimental B(M1)/B(E2) ratios
at spin I = 20 and I ~ 10 respectively. The expected relative increases of B(JM1)
values are the ratios of the calculated B(M1) values at I = 20 and I = 10 respectively-
The proton and ncutron gyromagnetic ratios used in the calculation are g, = 1.26 and

» = —0.2 for h1;y, protons and i,3/, neutrons. The effective g-factor for collective
rotation, gg, is assumed to be 0.4 below and 0.3 above the AB neutron band crossing.
The alignment gains, Ai, caused by the excitation of a pair of ;372 quasineutrons,
are taken from the experimental alignments.

The expected increase of B(M1) values for '*“Ho, '*°Tm, '*°Lu and !*'Lu are
in good agreement with the experimental values under the assumption of constant
B(E2) values. However, the expectations under-estimate the increases for **'Lu and
163y by a factor of 3 and 2 respectively. Such discrepancies can be the results of
either an improper assumption of constant B(E2) values or an abnormal bchavior
of B(M1) values. Eq. (2) is valid only for nuclei with axially symmetric shape or
small triaxiality ({Dén.1j). Both 'Lu and Lu are expected to have considerably
large deviation from axial symmetry at low spin. For nuclei with large anisotropy
(I%] = 20%) a difference in the priuciple moments of inertia slould be considered
((Ham.2]). A different coupling scheme for the unfavoured states is also expected
when ¥ = =302 In this coupling scheme the B{AM1) values are nearly gquenched
{{(Ham.3]). Such a reduction of B(M1) vulues duce to the non-axial shapes below the
AB band crossing gives risc to the relative increase of B(M1) values at the crossing. A
decrease of B(E2) values can also enhance thie relative incrense of the B(AI1)/B{E2)

ratios. The observed abnonmally large increase of B(M1)/B(E2) ratios at the AB

12



neutron band crossing most probably are the combination of a reduction of B(M1)
values below the band crossing due to the negative-y deformation, and a decrease of
B(E2) values at the crossing.

An increase of B(M1,I — I —1)/B(E2,I — I — 2} ratios occurs at the largest
spin for ™Tm and %Ly, sce fig. 7. Such an increase may be the result of a de-
crease of B(E2) values. Detailed discussion for these increases are given refs. {Hag.2)
and [Fra.2]. For ''Lu, the B(M1,I — [ = 1)/B(E2,I — I — 2) ratios above the AB
neutron band crossing remain the abnormally large value up to the rotational fre-
quency where a proton alignment is expected to occur. Such a pattern suggests a
possible decrease of B(E2) values not only at the band crossing, as that discussed in
the preceding paragraphs, but also at higher spins, since a decrease of B(M1) value
is expected due to the decrease of the effective K values as a function of fize, sce
ref. [D6n.1]. At high angular momentum, a signature dependence of B(A1)/B(E2)
is observed in '®Lu and »®"Ho. Such a signature dependence results from the ro-
tationally induced Coriolis mixing that is also responsible for the signature split-
ting in cnergies (see the discussion in sects. 2.1, 2.2). The signature dependence
of B(A1,I — I -1)/B(E2,I — I - 2) ratios in ' Lu qualitatively agrees with the

expectations from the signature dependence in energies.

5. Absolute Transition Probabilities

Direct information about nuclear shapes can be derived from the experimentally
measured transition quadruple moments. Such information is available for most of
the N = 90 isotones. Figure 12 summarizes the transition quadruple moments for
the yrast bands of five N = 90 isotones. Two interesting features are observed when
the odd-A nuclei are compared to their neighbonring even-cven isotones: 1) The
transition quadruple moments for '*Ho is smaller than Dy and ¥*Yh at low spin.
2) The decrease of Q, as a function of «pin exhilited in the even-even isotones is
abscut in both ' Ho and "™ Tm.

The first feature suggests that P*"Ho has a simaller quadruple deformation than
its neighbouring even-cven isotones. Two possible causes may be attributed to this
odd-even deformation difference. The first cause may be the polmization of the

nuclear shape by the odd proton which only exists in the odd-Z nucleus. The proton
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Iy %'[523] orbit appears to be flat in the Nilsson diagrams (sce the left-hand side
of fig. 2). The cranked shell model calculation shows, however, this orbit lias a
driving force toward smaller quadruple deformations at a finite rotational frequency.
The occupation of one such orbit in '**Ho may have a stronger influence on the
nuclear shape than the occupation of a pair of these orbits in Dy and "Yb,
Therefore *"Ho exhibits a smaller quadruple deformation compared to **Dy and
160y, The second cause may be associated with the different occupation probabilities
of the proton 779/2%-[541] orbit between the odd-Z and even-cven isotones. The
smaller proton pair correlations for the odd-Z nuclei indicates a smaller occupation
probability of the 17[341] orbit, which is above, yet not too far away from the Fermi
level for *Ho, 1*%Dy, and '*°YDb. Since the £7[541] orbit has a strong driving force
toward a large quadruple defor:nation, a smallcr occupation probability of this orbit
1 '"Ho naturally will produce a smaller quadruple deformation.

For ¥9Tm, the @, values are nearly in between those of its neighbouring even-
even isotones. This is hard to understand in term of the first cause of the odd-even
deformation difference argued for *"'Ho, sce the preceding paragraph. The second
cause argued for '*"Ho, however, may not be valid for **Tm, since the 3~ [541} orbit
is expected to be further away from the Fermi level for the heavier N = 90 isotones.
1t is therefore possible that no obvious odd-even deformation difference exists for the
heavier N = 90 isotones.

The second odd-even difference, the absence of the decrease of @, as a function
of spin for the odd-A isotones, may be partially associated with the odd-even de-
formation differences. The decrease of transition quadruplc moments {or the B(E2)
\-alucs) as a function of spin were observed for the even-even N = 90 isotones ( {IEml.1.
{Ozh.1], iBee.1]. and {Few.1]) and for several YD isotopes ({Bac.2] and [Cla.1]). This
p!.ennn*cnon has been attributed ((Gar.1}) to the modification of single particle state
Ly rotational motion. In the presence of rotationally-induiced Coriolis and centrifiugsl
forces, the degencrate pair of strongly polarizing wieleons (i.e. nucleous moving in a
high-j, low Q orbits). moving in time reversed orbits, becomes strongly split in encres
At a certain frequency. this splitting becomes large enough to canse the “unfavoured”
state (corresponding to the nucleon moving in a direction opposite to the miclear ro-

tation) to be depopulated. The loss of such stronely shape-driving states helow or
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around the Fermi level causes the decrease of the nuclear guadruple deformation,
thus resulting in a decrease of transition quadruple moment. A smailer quadruple
deformation anticipated for "Ho (sce the preceding paragraph) may cause the ioss
of the high-j, low-Q orbit to occur at a much lower rotational frequency. For a smaller
quadruple deformation, the neutron Fermi level is closer to the low-Q components of
the #1372 subshell. As a result, the nucleus does not need to rotate as fast to locse
the anti-aligning, high-j orbit. Consequently no decrease of Q, is observed for ***Ho
in the spin region where the decrease is observed for the even-even isotones (i.c. at
or above the AB ncutron band crossing, sce fig. 12). For **Ho., the experimental Q,
decrcases by 30% from spin 15/2 to 17/2 (sce fig. 12). It should be noted, however.
that at such a low spin, Q, is sensitive to the effective K values used in the extraction
of Q; from the measured lifetime. The mixing of low-K components due to a small
triaxiality expected in this nucleus may reduce the amount of the above mentioned
decrease in Q,. At higher spins, the @, values show no further decrease in '**Ho. The
connection between the lower-frequency (spin) occurrence of the decrease of Q, and
the smaller quadruple deformation is also observed in a systematic analysis ([Gar.2})
of this phenomenon for several YD isotopes.

For ¥*°Tm, no obvious decrease of @, is observed even at low spin. Since **°Tm has
a larger quadruple deformation than *°*YDb (the Q, values for »°Tm are larger than
those for °YDh at low spin; self-consistant calculation ([\Wys.1]) also predicts a larger
quadruple deformation for ***Tm), the lack of decrease in *9Tm compared to '*%Yh
is difficult to understand in terms of the reasons argued for >*Ho in the preceding
paragraph. This indicates a more complicated mechanism behind the decrease of Q;
and the lack or carlier occurrence of this decrease in the odid-Z isotones. More data
for the odd-Z nuclei are needed in order to fully understand this odd-cven difference
of transition quadruple moments.

6. Summary

Scveral recent high spin studies on the light lutetimm isotopes. =" Lu ({Yn.1L
[Hon.1], [J6n.1}, [Fra.l. 2] and [Yu.2]) and the odd-Z, N = 90 isctoncs, " Houn
1%9Tmgo, and ''Lu.(Hag.1), [Gas.2). [Sim.1}. {Gas.1}. and {Yu.1}) are summanized
and compared to the relevant even-even isotopes. The systematic analysis concen-

trates specially on the study of nuclear shapes and their stabilities for the odd-Z.
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N = 90 isotones and the lutetium isotopes with respect to the various deformation
degrees of freedom.

The results of the systematic analysis on energies and relative transition proba-
bilities indicate that the heaviest lutetium isotope, '%Lu, has not only the lurgest
quadruple deformation but also the best defined shape with respect to the various de-
formation degrees of freedom. The nuclear shapes and other properties for the lighter
isotopes can therefore be compared to such a good exammple of a well deformed ligin
rare carth nucleus. The results from the comparison show evidences for a decreased
quadruple deformation with decreasing neutron number for the lutetium isotopes and
with increasing proton number for the N = 90 isotones. Energy signature splittings
and their relations with the signature dependent transition rates at low spin indi-
cate that the lightest lutetium isotope, *'Lu has not only the smallest quadruple
deformation, but also the least well defined shape among both the lutetium isotopes
and N = 90 isotones. The “softness” of the nuclear potential is associated with both
the quadruple deformation and the y-degree of freedom. The neutron number de-
pendence of shapes is consistent with the expectation in terms of the polarization
cffect of the valence particles. The low lying locations of the neutron Fermi levels in
the neutron 7,3/, subshell for 161~1%°Ly suggests a larger quadruple deformation and
a more stable shape for a isotope occupying a larger number of low-f #13/2 neutrons.
Such a shape systematics is also consistent with the recently calculated equilibrium
shapes at low spin for these isotopes. The same analvsis carried out for the N = 60
isotones shows an opposite dependence of nuclear shapes on the proton number. The
contrasting locations of the proton Fermi levels in the middle or upper portion of the
f1172 proton subslell for the three odd-Z. N = 90 isotones result in an increased ..
~ deformation and shape stability for smaller nuanber of protons.

The large signature splittings in enerey at low spin and the incompatible relation
of these splittings with the signature dependence of B{A11) values expected for an

axially symmetric system also suggest a significant traxiality for the Hglter lutetinm
isotopes and heavier N = 90 isotonces. Such a deviation of miclear shape from axial
symmetry s understood as the result of the negative-5 driving foree of the unpaired
hy172 quasiproton. However. it is difficult to extract quantitative jnformation alont

the 7 deformation from the experimental data. The sepuration of static and dynamic
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v deformations is also difficult.

The polarization effects of different types of valence quesiprotons on the core
shapes are studied by comparing the different configurations in the odd-Z, N = 90 iso-
tones and lutetium isotopes. The yrast decay sequences of these nuclei are associated
with the proton orbits lying in the middle or upper portion of the /y,/; subshell. For
the heavier lutetium isotopes and the lightest N = 90 isotone, ***Hogo. level schemes
arc also established for the decay sequences associated with the 37 [341] Nilsson state
that lies at the bottom of the hg/; subshell. Comparisons of the quasineutron band
crossing frequencies in the 1 7[541] band with those in the yrast configurations of their
necighbouring even-even nuclei show significant differences. The systematic shifts of
the AB quasineutron band crossing frequencies to a larger value in the 7 [541] con-
figuration than those in the other configurations are indicative of a largcr quadruple
deformation for this configuration. However, considerable discrepancies are observed
between the expectations from the cranked shell model calculation based on the ex-
pected equilibrium deformations and the experimental data especially for the nuclei
with neutron Fermi surface lying at the bottom of the 737, subshell. A full under-
standing of the cause of the shift of the AB neutron band crossing calls for further
investigation from the theoretical side.

Transition quadruple moments deduced from lifetime measurements for the N
= 90 isotones are also presentcd and discussed in a systematic way. The smaller
average value of the transition quadruple moments for **Hogp extracted from the
lifetime measurement compared to its neighbouring even-even isotones, '*Dy and
13°Er, may be associated with the odd-even difference of proton pair corrclations:
the smaller proton pair correlations for *"Ho gives a smaller ocenpation probabilinr
of the =hasy 17 1341 configuration. making '*"Ho less driven to the large deformation
Ly this orbit compared to its ucighl)rmrin"‘ even-cven isotones. On the other hand. the
presence of an odd proton in the =h,, /1 "1523] arbit in ”7110 miy drive the nncleus
toward a smaller quadruple deformation. Ax a result, "*"Ho has a snller quadmyple
deformation compared to its neighbouring even-even isotones. Although the Inck of
a decrease in @Q, at Ligh spin for " Ho compared 1o the even-cven isotenes can be
partially attributed to its smaller deformation (see seet. 3). the fuilure of nterpreting

the lack of decrease in **Tm using the same argument sugsests a more complicated
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mechanism behind this phenomenon.
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Figure Captions

Figure 1: The N= 90 isotones and odd-A lutetium isotopes discussed in this work.

Figure 2: Nilsson-modecl diagrams (plots of single-particle cnergy as a function
of quadruple deformation, €) for protons (left-hand side) and neutrons (right-hand
side) calculated using modified-oscillator potentials ([Ben.2]) parametrized as in ref.
[Ben.3).

Figure 3: Energy signature splitting. ¢’ = e'{a = +1/2) —'{a = -1/2), a5 a
function of rotational frequency for the decay sequences associated with the proton
hy1;2 yrast configurations in %'~ Ly, '"Ho and '**Tm. Sce sect. 1 for data sources.

Figure 4: Cranked shell model calculation of the.'y-depcndencc of the luwest
negative-parity quasiproton (left-hand portion) and positive-parity quasincutron (right-
hand portion) configurations at fiw= 0.03 fiwg(0.23 McV). Solid and dashed curves
denote @ = +3} and a = —1 respectively. The proton and neutron Fermi levels
[Ap = 3.88hwy (For ®'Lu, hwy = 7.240 and 7.833 MeV for protons and neutrons
respectively), A, = 6.4GMiwy) were fixed at ¥ = 0 to correspond to Z = 71 and N =
90. The deformation parameters, €;= 0.2 and e;= 0, are appropriate for '**Lugp. The
pair gap parameter, A, was taken to be 0.14 fiwg (= 1.05 MeV), i.e. approxi.nately
equal to 80% and 90% of the odd-even mass differences for protons and neutrons
respectively. The remaining parameters of the oscillator potential were taken from
ref. [Ben. 3.

Figure 5: Comparison of the prolate and oblate orbitals in prolately-deformed
nuclei. The intrinsic angular momentum, j, for nucleons moving in such orbitals are
indicated together with the projections on the nuclear symmetry axis, Q, and on the
axis of rotation. j;.

Figure 6: Comparizon of calculated ([\Wys.1]) potential encrgy suwrfaces for the
lowest negative-parity. a = —1/2 configurations of 19315, 1 He and ™ Tm.
These surfaces were caleulated as a fimction of 3, and = at Ao = 0.2 AMeV using the
Nilsson Strutinsky procedure. Tlie pairing gap parameters are fixed at the values
caleulated with the BCS methiod at i = 0.

Figure 1 B(M1.f -1 —-1)/B(E2.I — I =2) ratios as a function of spin {or
" Hoag, "™ Timgg, and "% Lugg_as. Sce sect. 1 for data sources. For YTm the

ratio corresponding to [ = 33.5h is 3.25 % 0.63.
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Figure 8: Comparison of “expected” [sce eq. (4)] and experimentally extracted
relative B(M1) siguature splittings averaged at spin = 22 for the yrast confignration
of ¥“Houqp, 1°Timgg, and 6'=167Lusg_gq.

Figure 9: Summary of the shifts, &, of the AB quasineutron band crossing
frequencies, for the decay sequences based on the }7[541] Nilsson configuration in
%"Ho([Rad.1], ***Lu ([Jén. 1] and [Fra. 1]), *"Lu([Yn.2]), ***Ta {{Li.1]), **''5Ta
([Bac.3]), ''Re ([Bar.1}), and ""Re ([Wal.2]) with respect to this crossing in the
neighbouring even-even isotones. The precise definition of fhw, is given in eq. (3).

Figure 10: Comparison of the experimental alignments for selected decay se-
quences of the N = 90 isotones (sce sect. 1 for data sources). All the values
are referred to a reference configuration parametrized by the Harris formula, J =
JO 4 M2 ([Har.1)) with J© =297V =152 and JO) = 321/eV =347,

Figure 11. Comparison of experimental (solid points) and predicted (open points)
relative increase of the B(M1) values due to the excitation of a pair of i;3/2 quasincu-
trons for decay sequences associated with the high-K proton hy;;; Nilsson state in
161163165167y, 15"Ho and '**Tm. The empirically predicted relative increases were
calculated using Dénau’s formula, eq. (2), and the experimental alignment gains at
the band crossing, see text.

Figure 12: Experimental -quadruple moments for the AI = 2 transitions in the
yrast decay sequences of **Dygy **Hogy,'**Ereg, '**Tmgg, and !*°Yhgy. Data are

taken from [Eml.1], [Hag.1], [Gas.2], [Osh.1], [Bec.1], [Gas.1] and [Few.1].

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employecs, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility 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. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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