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Abstract

Experimental routhians, alignments, band crossing frequencies, and the B(Af1)/B(E?2)
ratios of the N = 90 isotones anr several light Lu (N = 90 - 96) isotopes are sum-
marized and discussed in terms of shape changes. This systematic analysis shows
a neutron- and proton-number denendent quadrupole and 5 deformations for these
light rare earth nuclei. The stability of the nuclear deformation with respect to 3
and 7 is also found to be particle-number dependent. Such particle-number depen-
dent shapes can be attributed to the different locations of the proton and neutron
Fermi levels in the Nilsson diagrams. Coufiguration dependent shapes arve diseusserd

specially concerning the deformation differeince hetween the proton by 37 [541] and
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the high-IX hy;/2 configurations. The observed large neutron band crossing frequen-

cies in the hasa 57 [541] configuration support the predicted large deformation of this

configuration, but can not be reproduced by the self-consistant cranked shell model
calculation. Lifetime measurement for >’ Ho, one of the nuclei that show such a large
hwe in the §7[541] band, indicates that deformation difference can only account for

20% of such shift in fw..
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1. Introduction

Much spectroscopic information exists for the near-yrast states at high angular
momentum in the rare-carth region. \ost of these investigations, however, concen-
trate on the study of cven-even and odd-N nuclei, for example, the series of ytterbium
nuclei {[Gaa.1], [J6n.2}, [Kow.1], [Ric.1].[Roy.1] and [Wal.1]). Such studies provide
an understancding of many high spin phenomena, such as rotational band crossings
due to the excitation of pairs of quasineutrons and quasiprotons; the quenching of
static neutron pair correlations at high angular momentum; and the dependence of
the nuclear shape on particle number, configuration and rotational frequency.

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. Many 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 the unpaired proton, it is possible to investigate the details
of the nuclear wave functions by studying the magnetic dipole transition probabilities
between the favoured and unfavoured signature sequences of specific configurations.

A series 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.1l], [Fra.2]), **"Lu ([Yu.2]),
and "*"Ho ([Gas.2]). Together with the existing data for another odd-A lutetium
isotopes, '**Lu ([Hon.1}), and the odd-Z, N = 90 isotones, ***Tmg, ([Lar.1], [Lar.2),
[Sim.1}, and [Gas.1]) and ""Hogo ([Hag.1], [Sim.2] and [Rad.1]) the newly measured
data make the odd-A lutetium isotopes and the N = 90 isotones the best studied odd-
Z isotopic and isotonic chain at high spin. A systematic analysis on these isotopes
and isotones can thercfore be made for specific confieurations.

The spectroscopy for quasiprotou configurations would be identical for all the
lutetium isotopes in the absence of mean fiekd changes. since the proton configurations
arc the same for oll the isotopes. Changes of the single proton state speetrum as o
function of the neutron nmuber will be particularly seusitive to changes i the nuelear
shape. This sensitivity combined with the variety of proton orbitals (both down- and
up-sloping orbitals on the Nilsson diagrams) in this mass region leads to a very

detailed and interesting spectroscopy for these nuelei. The heaviest lutetimn isotope.



1877 196, is the most stably deformed nucleus discussed in this work. The rotational
effect on single proton motion is exhibited in this nucleus with the least amnbiguity. As
a result this nucleus sets a benchmark for such a study in a stably deformed system.
With the decrease of neutron number, both the magnitude and stability of the nuclear
deformation is expected to decrease. The lightest lutetium isotope, '®'Lugg, 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. In such
a “soft” system, the configuration- and angular momentum-dependent nuclear shapes
are expected. The rotational modification of single proton motion in a “soft” system
can also be investigated and compared with the more stably defermed system.

Combined with the data of even-even, N = 90 isotones, ®2Hf ([Hiib.1], '**Yb
([Rie.1} and [Gaa.l]) and '*Er ([Sim.4] and [Tja.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 lower- 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 Momentum

2.1 Energy Signature Dependence at Low Spin

Energy signature splittings are observed at low angular momentum for the odd-
mass lutetium isotopes and N = 90 isotones. see fig.3. This figure summarizes the
energy signature splitting. Ae’. as a function of rotational frequency for """ Hoq.
B9 mgq. and ¥ Lugg_as. Ne’ is defined as

Ae' = (- +

o
)—-c(—.—-g). (1}

L] =

where the paramcters inside the parcentheses 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-nuniber dependence of the magnitude of the
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signature splittings at hw < hw.. The splittings are most dramatic for the lighter
lutetium isotopes (e.g *'Lu and '**Lu). For the N = 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
axially symmetric shapes are assumed. For axially symmetric nuclei, a signature
dependent decoupling in energy is expected and observed in the I = % rotational
sequences. The signature dependent term in the hamiltonian has different signs for
the a = +4 and —} sequences thus producing the decoupled energies for the I =
decay sequences. In a deformed rotating system, /\’ is not a conserved quantum num-
ber. The Coriolis interaction, which mixes ' = } comporents into the wave function
of bands with I # 3, leads to signature splitting in these sequences. Such a splitting
depends on the magnitude of the Coriolis matrix elements, which in first order con-
nects states with AR =  ([Boh.1]). Therefore the splitting for configurations with
very larcs K is inhibited at low spin. The decay sequences shown in fig. 3 are asso-
ciated with the orbits in the middle or upper portion of the A2 “high-j intruder”
proton subshell. These orbits (either the 27{514] or the {7 [523] Nilsson configura-
tion) have large K values at hiw= 0 (K" = 9/2 or 7/2). The rotational frequency at
which the large splitting occurs is not high enough to allow sufficient admixture of
the low-J\' cornponents into the wave function. Thus large signature splitting is not
expected. Indeed, a simple cranked shell model calculation assuming axially svin-
metric shapes predicts no signature splitting in energy for fiw < 0.25MeV. 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 from axial symmetry (i.e.
y-deformation). The occupation of a high-j quasiproton with the favoured signature
(the a = —1/2 signature for hyy/; shell) strongly polarizes the core shape especially
in the 7 degree of freedom. The nuclear shape is “driven” toward 4 > 0 for \ in the
lower portion of the shell, not affected for A in mid-shell and “driven™ toward 4 < 0

i

for A in the upper portion of the shell (The Lund convention for the sign of the 5
values is assumed, see ref. [And.1})). In contrast. the polarization effect of occupying
a quasiproton with the unfavoured signature is small.  The predicted dependence
of the two signatures of the lowest negative-parity quasiproton configurations on -

deformation is shown for Z = 71 in fig.d. This figure shows that both signature



components of the lowest &y, protons are energetically favoured at negative y val-
ues. The a = —~% orbit lies lower in encrgy and has a pronounced minimum at a
rather large negative value of y. Such a non-axially symmetric nuclear shape and the
different shapes for the two signatures give an enhanced energy signature splitting
compared to the axially symmetric system.

Not only can the signature partners of soft nuclei assume different + deformations,
but such signature-dependant vy deformations will change as a function of the proton
and necutron 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 (see the preceding paragraph). Indeed, the increase of energy
signature splitting in the negative-parity decay sequences of the N = 90 isotones with
increasing Z is attributed to such a change in the v deformation between the middle
and the upper portion of the hyy/2 shell. For example, a static v deformation of
about —20° is necessary to account for the observed splitting of the negative-parity
configurations in '*'Lugg below the band crossing, and those for **Tmgg and **Hoge
are —16° and ~10° respectively ([Ham.1]). It, however, is difficult to distinguish the
effect of a static 4 deformation from the fluctuation with respect to the v degree of
freedom. The magnitude of such fluctuations i inversely proportional to the stiffness
of the potential with respect to v deformation.

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
quadrupole deformation. Such a decrease of quadrupole deformation also gives rise
to increased signature splitting. since the proton Fermi level is closer to the low- Iy
components ot the shell for smaller quadrupole deformation. Hence the nucleus daes
not Lave to rotate as fust to produce the same amount of low-K components in the
wavefunctions.

The nentron-nuber dependenee of chauges in the speetra of quasiproton states

for an odd-Z i<otopic chain partienlacly refleets changes in the unelear shape. sinee

“Uhe definmien of prolate apd oblate ochitals downward and upoavard shoping respectively, an e
Nilssen dingrams. see fig 5. distinguishies the celitive projection of the intrinsie ancotar momentun

on the nuelear-syminetry and rotational axes. Oblide and prolate orbitals are illisrated for a prolate
taclens in fig



to first approximation the same spectra are expected for identical quasiproton con-
figurations assuming the same shape. Differences in the spectra of quasiproton states
therefore are directly attributed to different nuclear shapes. In fig.3 the drastic de-
crease of energy signature splitting at low spin with increasing neutron number for
the lutetium 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 symmetric shapes and the increased mag-
nituce of the quadrupole deformation associated with the occupation of downward
sloping neutron Nilsson levels between N = 90 and 96, see 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 vi 32 shell drives
the nucleus toward positive v and larger quadrupole deformations. The almost van-
ishing energy signature splitting in '°*Lu indicates that this nucleus is most stably
deformed and has the largest quadrupole 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, — v dependence of the total routhians
for the lowest negative-parity, a = —1/2 configurations in the odd-mass N = 90 and
Z = 71 nuclei at hw=2 0.2 MeV. Such plots show a particle-number dependence of the
stability of the nuclear shapes. The total routhian minimum is best defined on the
P27 plane for the heaviest lutetium isotope, **Lu. This nucleus has also the largest
quadrupole deformation and the smallest deviation from axial symmetry (the energy
minimum has the largest 3, and 3= 0). With the decrease of neutron number the
stability of the nuclear deformation decreases. i.e. the energy minimum becomes less
well defined wirh respeet to 4, and <. This “softuess™ is especially pronounced with
respect to 5. For "L, the lowest energy contour line hias 4 values varving from
< =30° to +10° The quadipole deformation is also significantly reduced from N
= 96 to 90. For the N = 90 isotones. the removal of the upper-shell by, protons by
decreasing the proton number from 71 to 67 apparently stabilizes the nuclear shape
especially with respect to = and tnereases the quadmpole deformation 7,0 Suelya sys-
tematics is i agreement with the observed systematie trend of the enerey signature

dependence,



2.2 Signature Dependence of Transition Rates at Low Spin

The large energy signature splitting discussed in the preceding subsection is a
clear indication of non-axially symmetric shapes for the lighter lutetium isotopes
and N = 00 isotones, but not definite evidence. Since different models based on
varying assumptions and parameters predict different magnitudes of energy splittings
even for the same deformation, it is important to investigate additional experimental
quantities tliat are seusitive to the deformations.

Figure 7 shows the relative ratios, B(M1,I — I —1)/B(E2,I — I — 2), of the
reduced magnetic dipole and electric quadrupole transition probabilities of the decay
sequences associated with the lowest 7/, configurations for ***Hogg, !3¥Tmgg and
161-16T ugg-g6. In fig.7, the B(AL1.] — I - 1)/B(£2.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 measurements for **Hogg
([Hag.1]) and '*¥Tmgq ([Gas.1]) show no signature dependence of B(E2,I — I —2)
values at low spin within the experimental uncertainties of 20% and 15% for '*Tmgo
and "Hogg respectively. The observed signature dependence of the B(A1)/B(E?2)
ratios, therefore, is attributed to the B(M1,I — [ — 1) values.

The signature dependence of B(M1) values is related to the amplitude of K =}
components 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(11) values. if the nucleus has an axially symmetric shape.
In @ scmiclassical approximation ([Don.1}) based on cranking. if the nucleus is axially

symmetric about the z-axis (or has a very small 5 deformation). the reduced M1-

transition probability is:

o= 3 e [TRGP iy A i
DML I—1)~S_‘I\ (g, —amy)1 ~ Iz ——[-ﬂ:-T:]~(5/-.—UR)7} (2)

Thercfore helow the bhand crossiug (i.e. i, = 0).
BMla=+ 1 sa=-17-1) 15wy .
- - — ta i
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e T TR
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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-aligned
limit. The validity of this relation is therefore a test of the axial symmetry of the
nuclear shape. From eq. (3) the relative signature dependence of B()M1) values can

he expressed by: '
AB(M1) 4 X3 )
B(M1he X2+(3%)?

where X' = /1 — "—2[1211 - ”,3

The relative splitting 3%?,(—#1‘)%% can be extracted from experimental B(2\1)/B(E2)
ratios, and compared to the empirical values calculated from the right hand side
of eq. (4) using experimental values of Ae’/hw. The results of both experimental
and empirical values of AB(A1)/B(A1) are shown in fig.8 for **Hogg, **Tmygq,
and '91-18Lugy_gg at spin I = 10. The “expected” AB(AL1)/B(A1),,. values are
overestimated for 3"Ho and **Lu by more than a factor of two and for 19T'm, ¢11$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, '®3Lu,
and '**Tm suggest sizable triaxial deforinations 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

Indirect informations about the nuclear deformation can be obtained from the
band crossing frequency, hw,., which in many cases can be determined accurately
from experiment. Theoretically such a crossing frequency is associated with: (1) the
projection. . of the intrinsic angular momentum component on the rotation axis
for the aligning orbitals responsible for the band crossing: and (2) the quasiparticle

energies of the aligning orbitals defined as:

E. = A+ (e, = \)? (3)

where Ale, and A are the pair gap pavameter, the single particle energy of stare
v otaken to be that of the aligning levels and the Fermi level associated with the

appropriate particle nuuber. For mielei with Fermi levels elose to the aligning orbits
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[therefore (€, — A) is small in eq. (3)], band crossing frequencies are dominantly
determined by the pair gap, A. Band crossing frequencies are also sensitive to the
relative position of the Fermi level with respect to the aligning orbitals. This influence
is not only derived from the single particle term, (e, — A3, in eq. (5), but also
associated with the value of j.. Thus deformation can influence fiw, by changing the
position of Fermi level relative to the aligning orbitals.

In the past few 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 hgsz 3 [(541] 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 sequences of the neighbouring even-even isotones:
1 —
$hw, = hwe(odd — Z, 5 [541]) — hw,(even — even, yrast), (6)

are summarized in fig. 9. Deformation effects qualitatively describe ([\Val.2]) the
shift of hw, to larger frequencies in the }7[541] configuration. The strongly down-
sloping 37 (541] orbit in the Nilsson diagrams (see the left-hand side of fig. 2) drives
the nuclear shapes toward a large quadrupole deformation. As a result, the nu-
clear deformation is Jarger when an odd proton occupies this orbit compared to the
occupation of other orbits. Indeed, self-consistent cranking calculations reproduce
([Wal.2]) most of the observed shift for '"*Re;g;. It should be noted, however, that
not ouly is the observed fiw, relatively small in ""Reyo; (e.g. less than half of that
in % Lugg, see fig. 9), but also the 732 quasineutron band crossing for this nucleus.
for which the Fermi level is moved away from the highly alicnable orbits. is more
sensitive to the deformation. This sensitivity decreases with the decreasing neutron
number. For the 96 neutrous of " Luyg. the neutron Fermi level is eloser to the highly
alignable i3, orbitals than for *""Reyya. Therefore the guasinentron enerey, E, . s
less sensitive to deformation changes. Self-consistent calenlations (INaz 1)) hased on
a Woods-Saxon muelear poteutial only prediet about 50% of the observed <lift in
crossing frequencies for the 17[541) decay sequence in "Lu. For the lightest mneled
shown in fig. 9. "*"Houy. the predicted shift is less than 20% of the observed valne, A

recent measurenient {{Gas.2]) of the lifetimes for both the b, L7[541) and the iy,
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I7(523] configurations in '*"Ho indicates that the experimentally determined defor-
mation difference between these two configurations can only account for about 20%
of the observed shifts in hw.. Such a result agrees with the expected small sensitivity
of the AB ncutron band crossing frequency to deformations when the neutron Fermi
level is in the lower portion of the 713/; subshell. The measured large shifts of crossing
frequencies in decay sequences associated with the hoyp 3~ [541] Nilsson configuration
versus other configurations for these nuclei is impossible to understand in terms o

deformation differences.
4. Spectroscopic Phenomena at Higher Spin

4.1 Alignment Systematics above the ADB Crossing

The systematics of the aligned angular momentum for the N = 90 isotones are
summarized in fig.10. An interesting 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 < 0.4027eV") between the neutron and proton band crossings,
see fig.10. This feature is absent in the positive-parity decay sequences of ¥!Lu, and
the other odd-Z, N = 90 isotones. However, it'is observed, though less pronounced. in
the negative-parity decay sequences of **Tmgs and is nearly absent in the negative-
parity decay sequences of **Hogg.

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, see fig. 10. Since this feature is absent
in the (—,0),(—,1),(—, %) and (—, —%) sequences (AF,AE, ABE, and ABF quasineu-
tron excitations respectively) of the even-A. N = 90 and 91 isotones. it was suggested
({Ric.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. Liowever, fails to explain the gradual alignments in the negative-parity decay
sequences of ' Tigg and "W, that are absent in the positive-parity sequences of
these same unelei. The positive- and negative-parity decay sequences in these add-
Z isotones should have the same quasineutron configuration: thus any quasinentron
alignment should either oceur. or not ocenr, in both positive- and negative-pazity
sequences. [ These systematies are also discussed in refs. [Hith.1] and {Bin.1)).

-
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The physical basis of the relative alignment gains of the negative-parity decay
sequences with respect to the positive-parity sequences in 19Tm and '¥'Lu remains
unexplained. It is noted that this feature is more pronounced for nuclei with a
smaller 3; deformation and also is anti-correlated with the the stability of nuclear
deformation in both the 3; and v degrees of freedom. No such gradual alignment
gains are observed for the heavier lutetium isotopes. This may be associated with a
more stable nuclear shape for thesc isotopes resulting from the addition of neutrons.
see also discussion in sect. 2.

4.2 Energy Signature Dependence above the AD Band Crossing

The large cnergy signature splittings at low spin (see subsect. 2.1), which favours
the a = —1 sequence, in the negative-parity decay sequences of the lighter lutetinm
isotopes and heavier N = 90 isotones disappears above the AB band crossings, sce
fig. 3. The small splitting above the AB band crossings fo- these nuclei favours
the a = +3 sequence. Such a dramatic change of signature splitting is the result
of deformation changes due to the occupation of a pair of 7,3/2 quasineutrons. The
excited low-Q ¢)3/2 quasineutron orbitals drive the nuclear shape toward a positive
v deformation, see the right-hand side of fig: 4, thus canceling the driving effect of
quasiprotons ({Yu.1l]), and producing a stable, axially-symmetric nuclear shape for
these isotones and isotopes. It is noted that the relative change of energy signature
splitting, Ae’, 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 the nuclear potential

expected in this nucleus.

At the largest rotational frequencies. a sizable sigaature dependence of energy

develops for " Lu in the negative-parity decay sequences isased on the 37[314] Nilsson
coufiguration., see fig. 3. A similar. though smaller. signature splitting in energy is
also observed ([Fra.1] and [Fra.2]) for this configuration in **Lu. see fig. 3. Suchia
energy signature splitting at high <pin is attributed to the admixture of the low-[K
Iryyys comiponents into the wave fanetions,

4.0 Transition Rates at Higher Spius

Near the 7/, quasinentron band crossing. the B 1)/ B(E2) ratio inereases for

all the nueled shown in fig, 7. This feature is expected qualitatively. The B(M1) valne



is expected to increase due to the increased neutron alignment. However, the mag-
nitude of the increases for the lighter lutetium isotopes is considerably larger than
those for the other nuclei. Such a large increase can not be explained entirely by the
increased B(A[1) values based on the experimental alignment gain if a stable, axially
symmetric shape is assumed. The alignment gains associated with thie AB neutron
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(M1)/B(E2).
Such experimentally extracted relative increases of B(AI1) values are compared with
the “expected” increases according to cq.(2). Figure 11 shows such a comparison
for 3"Hogg, *°Tmgg, and '® 1% Lugy_gs. The experimental relative increases were
obtained by assuming a constant value of B(E2) and are defined as:

B(M1,I%30) (FEt)me

- 7
B(AM1,1 =~ 10) (%{’-‘%)mm . o

where ( %%3{%)1220 and (%((%1')2):'%10 are the averaged experiment:a:l B(M1)/B(E2) ratios

at spin I = 20 and I = 10 respectively. The expected relative increases of B(M1)
values are the ratios of the calculated B(M1) values at I = 20 and I = 10 respectively.
The proton and neutron gyromagnetic ratios used in the calculation are g, = 1.26 and
gn = —0.2 for hyy/; protons and 1,372 neutrons. The effective g-factor for collective
rotation, gr, 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 #3572 quasineutrons,
are taken from the experimental alignments.

The expected increase of B(M1) values for *"Ho, %Tm, ®Lu and '%"Lu are
iu good agreement with the experimental values nnder the assumption of constant
B(E2) values. However. the expectations underestimate the inereases for "'Lu and
'“Lu by a factor of 3 and 2 respectively. Such discrepancies can be the results of
cither an improper assumption of constant B(E2) values or an abnormal behavior
of B(M1) values. Eq. (2} is valid only for nuclei with axially svimmmetrie shape or
small triaxiality ([Donc1]). Both "' Lu and "Lu are expected to have considerably
large deviation from axial symmietiy at low spin. For nuelet with large anisotropy
(13} 2 20°) a difference in the principle mowments of inertia should be constdered

([Ham.2]). A different coupling scheme for the unfavonred states is also expected
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when v & —30° In this coupling scheme the B(Af1) values are nearly quenched
({Ham.3]). Such a reduction of B(M1) values due to the non-axial shapes below the
ADB band crossing gives rise to the relative increase of B(M1) values at the crossing. A
decrease of B(E2) values can also enhance the relative increase of the B(M1)/B(E2)
ratios. The observed abnormally large increase of B(M1)/B(E2) ratios at the AB
neutron band crossing most probably are the combination of a reduction of B()M1)
values below the band crossing due to the negative-vy 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
angular momentwn for '***Tm and '**Lu, see fig. 7. Such an increase may be the
result of a decrease of B(E2) values. Detailed discussion for these increases are given
refs. (Hag.2] and {Fra.2]. For '*'Lu, the B(M1,I — I —1)/B(E2,I — I — 2) ratios
above the AB neutron band crossing retain the abnormally large value up to the
rotational frequency 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
discussedt in the preceding paragraphs, but also at higher spins, since a decrease of
B(AI1) value is expected due to the decrease of the effective IL values as a function
of hw, see ref. [Don.1]. At high angular momentum, a signature dependence of
B(M1)/B(E2) is observed in % Lu and ®"Ho. Such a signature dependence results
from the rotationally induced Coriolis mixing that is also responsible for the signature
splitting in energies (see the discussion in sects. 2.1, 2.2). The signature dependence
of B(M1,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 abour nuclear shapes can be derived from experimentally mea-
sured transition guadrupole moments. Such information is available for most of the
N = 00 isotones. Figure 12 summarizes the transition quadrupole moments for the
vrast hanels of five N = 90 isotones. Two interesting features are observed when odd-
A nuclel are compared to their neishbouring even-even isotones: 1) The transition
qlm(lrllp()l(‘ moments for ""Ho is smaller than either of its even-even isotones, W"D}'
and "Er at low spin. 2) The decrease of @ as a function of spin exhibited in the

-
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even-ceven isotones is absent in both *"Ho and '*®Tm xcept for '*"Ho at very low
spin).

The first feature indicates that '*"Ho has & smaller quadrupole deformation thar:
its neighbouring even-even isotones. The occupation of single proton states is maod-
ified in two ways when an unpaired proton is added to an even-even core: (i) The
single unpaired proton occupies a specific arbit with 100% probability. The quantum
numbers of this orbit define the parity and band head spin of this configuration. (ii)
The addition of of a proton “blocks” the pairing contributions associated with the
orbit that is occupied. This effect on the proton correlations can be sizeable (a reduc-
tion of 20 - 30%) if the configurationis near the Fermi surface. Both of these effects
influence the nuclear shape. Indeed, a simple cranked shell model calculation shows
that the occupation of the 2% [523|proton orbit at small rotational frequencies
“drives” the nucleus toward smaller quadrupole deformations even though this orbit
has a nearly zero slope in the Nilsson diagrams (see fig. The occupation of such an
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. 2). Likewise, the reduction in proton
correlation associated with the “blocking” of this orbit reduces the occupation of the
strongly prolate-polarizing orbit, i.e., the 17 [5341] orbit, which lies above the proton
Fermi level, see fig. 2.

For '*¥Tm, the Q, 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 '3"Ho, see the preceding paragraph. The second
cause argued for '*"Ho, however, may not be valid for '**Tm, since the 17(541] orhit
is expected to be further away from the Fermi level for the heavier N = 90 isotones.
[t is therefore possible that no obvious odd-cven deformation difference exists for the
heavier N = 920 isotones,

The absence of the decrease of @y as a function of spin for the odd-A isotones.
may be partially aszociated with the odd-cven deformation differences. The deerease
of transition quadrupole moments (or the BE2) values) as a fuaction of spin were
obscrved for the even-even N = 90 isotones ([Emlb 1], [O<.1]. [Bee 1), and 'Few 1)) aned
for several heavier Yh isotopes ([Bae 2] and [Cla.1]). This effeet Las been attributed

{{Gar.1]) to a modification of single particle composition of the intrinsic wavefuuetion



by rotational motion. In the presence of rotationally-induced Coriolis and centrifugal
forces, the degeneracy of the pairs of strongly polarizing nucleons (i.e. nucleons
moving in a high-j, low Q orbits), moving in time reversed orbits is removed. At
higher frequencies, the splitting becomes sufficiently large for the “unfavoured” states
(corresponding to the nucleon moving in a direction opposite to the nuclear rotation)
to be depopulated. The deoccupation of such strongly shape-driving states causes
the decrease of the nuclear quadrupole deformation, thus resulting in a decreased
transition quadrupole moment. A smaller quadrupole deformation anticipated for
157Ho (see the preceding paragraph) causes the loss of the high-j. low-Q orbit to
occur at a lower rotational frequency. For a smaller quadrupole deformation. the
neutron Fermi level is closer to the low-2 components of the #,3;; subshell. As a
result, the nucleus does not need to rotate as fast to loose 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.e. at or abov the AB neutron
baad crossing, see fig. 12). For *"Ho, the experimental Q, decreases by 30% from
spin 13/2 to 17/2 (see fig. 12). It should be noted, however, that at such a low spin.
Q. is sensitive to the effective IX values used in the extraction of Q, from the measured
lifetime. The mixing of low-IX components due to a small triaxiality expected in this
nucleus may reduce the amount of the above mentioned decrease in ;. At higher
spins, the @, values show no further decrease in '*”"Ho. The connection between the
lower-frequency (spin) occurrence of the decrease of @, and the smaller quadrupnle
deformation is also observed in a systematic anal;sis ([Gar.2]) of this phenomenon
for several YD isotopes.

For '¥¥Tm, no decrease of Q, is observed at low spin. Since 'Tm has a larger
quadiupole deformation than "Y'b (the Q, values for " Tm are larger than those
for "9Yb at low spin: self-cousistant caleulation ({Wys.1]) also predicts a larger
quadrupole deformation for ' Tm). the lack of deercase in V9Tm compared to 'Y,
15 difficult to understand in terms of the reasons argued for "Ho in the precedine
paragraph. This ludicates a more complicated mechanism behind the decrease of Q,
aned the lack or eavlier ocenrrence of this deercase in the odd-Z isotones, More data
for the odd-Z muclel ave ueeded i order to fully understand this odd-even ditferenee

of transition quadrupole monments.
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6. Summary

Several recent ligh spin studies on the light lutetium isotopes, '®'~1%"Lu ([Yu.1],
[Hon.1], [J6n.1], [Fra.1l, 2] and [Yu.2]), and the odd-Z, N = 90 isotones, 15"Hog.
19T 1gq, and ' Lug([Hag.1], {Gas.2], (Sim.1], [Gas.1], and [Yu.1]) are summarized
and compared to the relevant even-even isotopes. The systematic analysis concen-
trates on the study of nuclear shapes and stabilitics for the odd-Z, N = 90 isotones
and the lutetium isotopes with respect to the various deformation degrees of freedon:.

The results of the systematic analysis of energies and relative transition proba-
bilities indicate that the heaviest lutcetium isotope, ®’Lu, has not only the largest
quadrupole deformation but also the best defined shape with respect to the various
deformation degrees of freedom. The nuclear shapes and other properties for the
lighter isotopes, tliercfore, can be compared to this well deformed rare earth nucleus.
The results from the comparison show evidence for a decreased quadrupole deforma-
tion with decreasing neutron number for the lutetium isotopes and with increasing
proton number for the N = 90 isotones. Energy signature splittings and their relations
to signature dependent transition rates at low spin indicate that the lightest lutetium
isotope, ®'Lu, has not only the smallest quadrupole deformation, but also the least
defined shape among the nuclei studied. The “softness™ of the nuclear potential is
associated with both the quadrupole deformation and the y-degree of freedom. The
neutron-number dependence of shapes is consistent with the expectation in terms
of the polarization effect of the valence particles. The low location of the neutron
Fermi level in the neutron 7,32 subshell for ¥1-1%9Ly suggests a larger and more sta-
ble quadrupole deformation and a more stable shape for isotopes occupying a larger
number of low-Q configurations. Such shape systematics is also consistent with the
recently caleulated equilibrinm shapes for these isotopes. A similar analvsis for the
N = 90 isotones shows the opposite dependence of nuclear shapes on the proton
nuber. The contrasting locations of the proton Fermi levels in the middle or upper
portion of the proton shiell vesult - aninereased 4, and a more stable shape for a
staller munber of protons.

The large signature splittings in energy at Jow spin and the incousistency of
these splittings with the sisuature dependence of BEM1) values expected for an

axially symmetric systeny also suggest o sienificant trinxiality for the lighter lutetimn
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isotopes and heavier N = 90 isotones. Such a deviation of nuclear shape from axial
symmetry is understood as the result of the negative-v driving force of the unpaired
hiy2 quasiproton. However, it is difficult to extract quantitative information about
the v deformation from the experimental data, since the separation of static and
dynamic 7 deformations is not straight forward.

The polarization effects of different valence quasiprotons on the core are studied
by comparing diffevent configurations in the odd-Z, N = 90 isotones 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 hyy; subshell. For the heavier
lutetium isotopes and the lightest X = 90 isotone, *"Hogo, level schemes are also
established for the decay sequences associated with the § [341] Nilsson state, the
lowest hgsy configuration for prolate deformation. Comparisons of the quasineutron
band crossing frequencies in the {7 [341] band with those in the yrast configurations
of the neighbouring even-cven nuclei show significant differences. The systematic
shifts of the AB quasineutron band crossing frequencies to large values in the 1™ [541]
configuration are indicative of a larger quadrupole deformation for this configuration.
However, significant discrepancies are observed between the self-consistent cranked
shell model calculation and the experimental data especially for nuclei with neutron
Fermi surface low in the ¢3/2 subshell. These sizeable anamalous shifts of the AB
neutron band crossing are not understood.

Transition quadrupole moments deduced from lifetime measurements for the N
= 90 isotones are also presented and discussed in a systematic way. The smaller
average value of the transition quadrupole moments for '*"Hogy extracted from the
lifetime measwement compared to its neighbouring even-even isotones. Dy and
"SEr. may be associated with a combination of reduced oceupation of prolately-
polarizing orbit. i.e.. ;7[341]. due to decreased protou pair correlations. and the
occupation of the unpaired, oblate-polarizing ?[523] orbit. The lack of a decrease
in Q¢ at high spin for ""Ho compared to the even-even isotones can be partially
attributed to its smaller deformation fsce sect. 31, the failure of interpreting the
lack of decreasze in "Tm using the same argnment suegests a more complicated

mechanisin behind this phenomenaon.
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Figure Captions

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

Figure 2: Nilsson-model diagrams (plots of single-particle energy as a function
of quadrupole 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, Ae' = €/(a = +1/2) —€'(a = —1/2), as a
function of rotational frequency for the decay sequences associated with the proton
hy1/2 yrast configurations in '¢'~'%"Lu, *"Ho and '**Tm. See sect. 1 for data sources.

Figure 4: Cranked shell model calculation of the vy-dependence of the lowest
negative-parity quasiproton (left-hand portion) and positive-parity quasineutron (right-
hand portion) configurations at hw= 0.03 fw(0.23 MeV). Solid and dashed curves
denote a = +; and a = —1 respectively. The proton and neutron Fermi levels
[Ap = 5.88Awq (For '®'Lu, hwe = 7.240 and 7.833 MeV for protons and neutrons
respectively), A, = 6.46hwp] were fixed at v = 0 to correspond to Z = 71 and N =
90. The deformation parameters, e2= 0.2 and ¢,= 0, are appropriate for 6!Lugy. The
pair gap parameter, 2\, was taken to be 0.14 fwy (= 1.05 MeV), i.e. approximately
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: Comparison of calculated ([\Wys.1]) potential energy surfaces for the
lowest negative-parity, a = —1/2 configurations of '6UISMERET]  B7Hg and '*Tm.
These surfaces were calculated as a function of 3; and v at hw = 0.2 NMeV using the
Nilsson Strutinsky procedure. The pairing gap parameters are fixed at the values
calculated with the BCS method at he = 0.

Figure 7: B(M1.1 — I~ 1)/B(E2. I — I —2) ratios as a function of spin for
¥ Hogp. "™ Tmgg. and "1 Luyg_a;. Sce sect. 1 for data sources. For Y*Tm the

ratio corresponding to I = 33.5h is 8.25 + 0.G3.
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Figure 8: Comparison of “expected” [see eq. (4)] and experimentally extracted
relative B(\M1) signature splittings averaged at spin = 2 for the yrast configuration
of % Hogq, *¥Tmgg, and **' "% Lugy_gs.

Figure 9: Summary of the shifts, dhw,, of the AB quasineutron band crossing
frequencies, for the decay sequences based on the 3™ [341] Nilsson configuration in
"Ho([Rad.1], %Lu ([Jén. 1] and [Fra. 1]), '*"Lu([Yu.2]), '**Ta [(Li.1]), "1™ Ta
([Bac.3)), '™Re ([Bar.1)). and '""Re ([Wal.2]) with respect to this crossing in the
neighbouring even-even isotones. The precise definition of éhw, is given in eq. (5).

Figure 10: Comparison of the experimental alignments for selected decay se-
quences of the N = 90 isotones (see sect. 1 for data sources). All the values
are referred to a reference configuration parametrized by the Harris formula, J =
JO 4 JM,2 ([Har.1]) with J© = 29AfeV 'A% and JO) = 32M eV 3R,

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 #;3/; quasineu-
trons for decay sequences associated with the high-K proton hy,/; Nilsson state in
161.163,165167] ) 157"Ho and '°Tm. The empirically predicted relative increases were
calculated using Donau’s formula, eq. (2), and the experimental alignment gains at
the band crossing, see text.

Figure 12: Experimental quadrupole moments for the AI = 2 transitions in the
yrast decay sequences of *%Dyqq *"Hogg,'*Ergq, '%°Tmgq, and '®®Ybg,. Data are

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