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ABSTRACT

Recent experimental data on unique parity spectra of odd-A nuclei
in the A§=l35 and A =190 mass region are compared'iﬁ'a systematic way
with calculated energies and transition probabilities of a quasiparticle
coupled tq‘a rotating triaxial core. The compa;ison yields detailed
evidence for triaxi#l shapes. Complex spectra of sﬁrongly—coupled
structure as well as decoupled structure and’various‘intermediate types
are almost completely reproduced by the model wiﬁh core parameters 3 and
vy determined ffom neighboring even nuclei. The coexistence of AI=2 and
AI =1 bandstructures, seen in some of the experimental spectra, is
explained as a consequence of fhe shape asymmetryr In the A=190 region,
the odd-A spectra confirm the existence of a gradual shape transition |
from prolgte—type shapes (1860s, y=16°) to oblate-type shapes (198Hg,
y=37°). Energies and lifetimes in A =~ 135 nuclei feveal prolate triaxial
shapes with y-values in the range 20° < y < 30°. Contrary to the
expectation of very y-soft, fluctuating shapes which.is based on calculated
collective poténtiéls, the present work seems to indicate thaf a‘number

of transitional nuclei have rather stable triaxial shapes.



1. SOME GENERAL REMARKS

This is fhe second part of a collective model study on odd-A
transitional nuclei. In Part I,l) the model of a singie—j quasiparticle
coupled to a rotating triaxial core has been invesﬁigated; A general
survey about the calculated energies, moments, and transition probabilities
.has been given there including a physical interpretation of the results.

In this second part, a systematic comparison of the ﬁodel calculation

with unique-parity states of transitional odd-A nuclei in the A =190 aﬁd'f'
A=135 mass region is presented. In general, the ffeé'parameters of the
model, B8, Y, gndFAF,are determined froﬁ neighboring even nuclei and from

a single-particle level scheme. The details of this procedure are deééribed-
in Section 2.. The theoretical spectra, compared'wi;h.experiment in Section
3, represent essentially parameter-free calculations. 

It should be emphasized from the beginning that.ﬁhé assumbtipn of
rigid triaxial shapes with fixed values for B and y ié‘cdnsidered as an
appfoximation.to”the a¢tua1 nuclear wavefunctions. - Against the:general belief—-
and also unexpected for the author of the present work -- this assumption
turns out to be a very useful approximation which ié well supported by new data
most of them obtained from heavy-ion experiments duringvthe last three years.
They give ne& support to the 0ld Davydov modél and seeﬁ to indicate that a
number éf tranéitional nuclei have triaxial shapeS'which are considerably
more stable than expected from theoretical potential—eﬁergy surfaces.

_This point will be discussed in Section 4.

In order to limit the size of this paper, no a;témpt is made to

compare the calculated reéults with spectra of lightér nuclei and with

normal-parity states also. The situation is more compiex for normal-
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parity states since there are usually several j-shells of the same parity
near the Fermi energy which tend to mix with each other. A systematic

comparison with a mixed j-shell calculation will be interesting, but has

not been performed so far.

2. DETERMINATION OF THE STANDARD PARAMETERS

In comparing the model calculation with experimeﬁtal'odd-A spectra,
the goal is to determine the deformation parameter B and the asymmetry
parameter Yy from the lowest excited states of the:adjacent'evenvnuclei and
to determine the Fermi energy AF from a single—pa;ticle level scheme. No .
parameter is then adjusted to the odd-A spectrum itself. Such a procedure
is oot completeiy unambiguous for several reasons:

(1) The low-energy spectra of even transitional nﬁclei differ in

jgeneral from those of a perfect triaxial fotor, and there are
. different ways to adjust B and vy.

(ii) in a number of cases, the first excited energies of the even .
nuclei are rapidly changing with mass number so that the -
question arises which of the tﬁo neighbors or which average
of them should be taken. |

(iii) Furthermore, there is evidence in some cases that the odd
nucleon polarizes the core so that the parameters of the even
neighbors are not quite applicable to tﬁe odd-A nucleus;.

Being aware of these.ambiguitiés, a certain compromise has been chosen.

‘The parameter y is determined from the energy ratio of the second

+ . S
2 state to the nearest member of the groundstate band, in most cases



the first 4+ state. For particle spectra (XF belpw j-shell), the (A-1)
neighbor is chosen as reference nucleus and, for hole spectra (AF above
the j-shell), the (A+l) neighbor. This procedure is well éupported by
the comparison with experiment. It can possibly be”justified by sfaﬁing-
that an odd—A spectrum should be compared with that even nucieus which
has the same number of unbroken particle (or hdle).paifs counting from-
the next closed shell. The energy ratios E2+//ﬁzé’- E +//E2+, ahd

1 2
E6+//E2+ are listed in Table 1 for different y-values over the range
) v

10° § Y%S 30°. Since the energy spectrum of the even triaxial rotor is
symmetric about y=30°, this procedure cannot distinguish between prolate
triaxial shapes O° < y < 30° and oblate triaxial shapesv30° < y < 60°,
The information to which side a certain nucleus belongs‘has fo be taken

from the odd-A spectrum,

The parameter B is determined from the average §;+ = (ngfl) + E;ﬁfl))/Z

of the first 2+benergies of the (A-1) and the (A+l1) neighbor. Taking
averages at this point seems to be inconsistent with the determination
of y; empirically, however, it yields the best overall .agreement with

‘experiment. Equating the expression.

6h2 9 - \/81-72sin’(3y)
39% 4sin2(3y)'

th
-Ez.,_(v) =

for the first 2+ energy of the even triaxial rotor ﬁith the experimental
fé+ and using the general relation hz/(zg%) = 204M§V/(82-A7/g) (see

Part I), one obtains
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B=—-77§—-_'-E—_.X(Y) ’

where §-+' is taken in units MeV. The y-dependent factor

X = ELm/enzg)

is listed for convenience in column 5 of Table 1 for different vy.

. The position of the Fermi energy XF relative to the j-shell on

which the uﬁique parity states are built determines,tﬁe particle or the‘
hole eheracter ef the speetrum. For a given j—sheil, AF is estimated

from a Nilsson level scheme for y=0°, since a good general level scheme
showing.the sihgle-particle energies as functionslof‘B and vy has not

been at our disposal.+ This estimate is sufficient as long as AF is

+
Single—particle energies for 8=0.3 and 0° § vy £ 60° are given in ref.
),for0<B<06andy=30°inref 31, |



located outside;the j-shell level system. In casés where AF penetrates
the j-shell appreciably, the fine adjustment of AF has been performed by
fitting approximately the first (j-1) state of the odd-A spectrum. In
figs. 2-9, AF is giveﬁ in the'formr'xF = (AF-el)/(ez-el) for particle
spectra and  XF = (e(j+%)f-AF)/(e(j+%)-e(j_%)) for hole spectra, where
€, with v==1,2,...j+% are the single particle energies of the j-shell.
The parameters determined according to this procedure are called
standard parameters. In the following comparison with experimental

spectra, standard parameters are used unless stated differently.

3. COMPARISON WITH EXPERIMENT

3.1, The A=190 Mass Region

Considerable evidence for triaxial shapes is found from odd-A nuclei
in the A= 190 mass region. The experimental systematics of Odd;proton
negativé-parity'states are summarized in fig. 1. ‘The energy spectfa

represent either particle states built on the hglé_shellbor hole states

11/2

even nuclei in this region and their parameters B and y are also given in

built on the h shell. For comparison, lowest excited states of the

fig. 1. One finds a remarkable constancy of the parameters as a function
of neutron number (less pronounced for Os isotopes), however a strong
variation with proton number as it approaches Z=82. The standard:

1860s to 8= 0,13 and y=38°

parameters vary from 8 = 0.23 and y=16° fdr-
for the Hg isotopes. The y-values of the heavier Pt isotopes are almost
y=30°, but it is unclear whether slightly below ofiélightly above this

value.



The variation of y from shapes of prolate type (0° < y < 30°) to
shapes of oblate type (30° < y < 60°) covers the intetesting region where
the theoretical odd-A spectra change from a decoupled level sequence
(G, 3-2, j+2, j+1,...) to a strongly coupied level sequence (j, j+1,
j+2, ...) for particle cases and vice versa for hole'cases (compare fig. 6
and section 3.2; of Part I.) The theoretical expectation is nicely borne

.out by the experimental spectra, provided one associates the particle
spectra with the (A-1) even neighbor as core and the hole spectta with

the (A+1) even neighbor. Doing this, one expects, e.g., for-1871r, a

decoupled h9/2 spectrum on the y=16° core of 18608, but at the same time
a strongly coupled'hll/2 spectrum built on a hole in the y=24° core of

188Pt. For 189Au, the prolate type 188Pt now serves as a core for the

9/2 spectrum, but the hll/2 spectrum is built on the oblate type 190Hg
with vy~ 38°, and both spectra are expected to be of.decoupled structure
in good agreement with experiment. One can fbllow-this line one step
further to the;Tl isotopes where now the h9/2 particle soectra'on the
oblate type Hg cores are of strongly coupled structtre as expected; Note
the remarkable constancy of the h11/2 spectra in Au and the h9/2 spectra
in Tl ' for all isotopes which reflects the constancy of the Hg core
energies. This survey already indicates that there is a continuous transition
fron the prolate side to the oblate sidevthronéh the triaxial‘region. AIt
can be‘followed over a series of nuclei. There’is no sndden switch ttom
Y=0°toy 60.. |

The characteristics of the different triaxial regions can be traced

to much finer details of the experimental data as will be shown in the



following for some representative nuclei. Examples are picked out for

which the measured data are most complete and which cover the range from

199 187

Tl to Ir. Most evidence for triaxial shapes 1s obtained from the

positions of unfavored yrast states and second and third states of the same
spin, some 6f which form AI =1 bands beside the yrast band. These side :

bands are expected for triaxial odd-A rotors and will be discussed in

187

connection with Ir.

At the present time, there are much less data known for odd-neutron

nucleila’15

193

) than for odd-proton nuclei. In the following collection,
Hg 15) is included as one example for an 113/2 neutron spectrum. Also
the experimental results on moments and transition probabilities are still

187

rare, but the few data known, e.g., for Ir, agree well with the model

calchlation. The largest systematic discrepancy observed in the following
examplgé concerns a general overall compression of the.experimental spectra
as compared with the calculated‘ones. This compression is equally observed
for thg neighboring even nuclei and reflects a certain Softness of the

actual wavefunctions which 18 not taken into account in the present rigid-

rotor description.

3.1.1 1994

The negative-parity states of Tl isotopeslz) represent a strong

9/2
proton shell closely follow the spectrum of a rigid triaxial odd-A rotor.
199

case for the preSent model, The strongly coupled bahds built on the h

This is shown for Tl in fig. 2. The theoretical spectrum is calculated

with standard parameters except for B. A value 8=0.15, instead of

8=0.13 from 198Hg or the even smaller value of 2OOPb, gives much improved



agreement between the theoretical and the experimental spectrum. The
larger B-valuevindicates'that the h9/2 particle has a deforming effect
on the 198Hg core.

Stroné eVidence for a triaxial shape is provided by the second 13/2°
state. As may be checked from fig. 6a in Part I, the energy of.thiS'state
changes rapidly with Y relative to the groundband Here, its experimental
position is well reproduced with the standard value yx=37° derived from

the 198Hg core. Candidates for the (13/27 ), state are also seen in 197

and 195Tl at about the same position. The 1943 keV state in 199Tl can

Tl

possibly be identified with the second 9/2 model state. As doesﬂthe (13/2_)2
state, -it decays to the first_ll/Z state in the measured as well asvin the
calculated spectrum. The detection of the 5/2° state should be a challenge
for experiment. ‘Itvis predictedito lie just below the (13/2_)l state and
should decay via E2 to the (9/2 )lstate or via El to the 3/2 state at
’367 keV in 199T1.. The (13/2° ) state has the character of a K-0 = +2)
y-band head built on the 9/27 ground state (see section 3.4. and 3. 5. of
Part I). The (9/2 )2 state belongs to the corresponding low-spin band with
X- Q= —2) character. "It 1is interesting to note that the states of this
band are most strongly decaying to the ground band rather than within the
band. This band leaking will be further studied in examples"that follow.
As-seen in fig. 2, the decay within the groundband is not well reproe
duced by the'calculation. ‘This is probably due to an underestimate of the
Ml-transitionsfin the calculation;'an effective g ~ Olmight be more |
appropriate for the h9/2 system than the value g, = 0 sgfree used.
throughout this work, This is also indicated by the calculated magnetic

moment u = 2 9 n.m. which is much smaller than the h9/2 moments of about 4 to

5 n.m. measured in Re and Bi isotopes.16)
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3.1.2. 195Au

The h spectra in Au isotopeslo) are based on the same oblate

11/2
Hg cores as the h9/2 systems in the Tl isotopes, but since they represent
hole sﬁates they have a decoupled level order. 1In fig. 3, the standard
model calculation is compared with the hll/2 1evé1 scheme of 195Au. The
numerous high-spin and low-spin states known from heayy-ion and decay
experiments are all reproduced by the model calculation including the
transition branchings. Agalin, the result is rather épecific concerning
the shape asymmetry.  For example, the near degeneracy of the first 9/2
and 13/2° states as well as the position of the unfavored 17/2° yrast
state just below the favored 19/2  state and the near-crossing of the
(11/2-)2 and (11/2—)3 states confine y to within a‘few'degrees about the
standard Hg value y=37°, No comparable agreement'wpuid be dbtained with
an axially symmetric core.

Some finer details should be pointed out. As discussed in connection
with fig. 5b in Part I, the second and third 11/2- state exchange structure
at a deformation B~ 0.15, and one expects the transitidn probabilities
in the decay of these states to vary strongly with 8. In Table 2; relative
transition intensities measured in 195Au are compared with calculated oneé.
Falr agreement is obtained with a value B = 0.144 sligﬁtly‘larger than
the standard value B = 0.141. The transition lines in fig. 5 are based -
on the calculation with'B = 0.144; The very sharp’qhénge with B probably‘ : o
is a spurious reéult of the present model and would be smoothed by a more
realistic wavefunction of the core.

Three more negative-parity states than shown in fig. 3 have been

195

found for Au in a recent decay study,ll) a9/2” state at 1068 keV and
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two (9/2, 11/2;:13/2)- states at 1406 and 1487 kev; The calculation
yields a second 9/2” state, but no more 9/2°, 11/2°, or 13/2 states.in
thig region.' Considering the decay of the additional states to their
9/2” member and then most strongly to a 7/2+ statg, one is temp;ed to
attribute themiﬁo an h9/2 system with a basic 9/2” state and, depending:
thereon, an 11/2° and a 13/2  state, in analogy to the first 13/2" and
li/z_system.} Provided this intérpretation is right,
195

the calculation accounts for all measured negative-parity states in Au.

189Au,7)

15/2--1evels_of_the h

The h
187

system has been observed beside the h,, , system in

1891r ZL It can also be identified iﬁ lglAq;S)

9/2
2
Ir,”) and

3.1.3. ﬁg

In fig. 4, the measured 193Hg spectrumls) (low-energy part < 1.5 MeV) .
built on an ;13/5 neutron hole is compared with the model calculatién.-
Thé decoupled leve1 order of the yrast band with the favored 13/2+,l7/2+,..
21/2%, 25/2" states and the unfavored 15/2" and 19/2" states is reproduced
by both calculations fér Y==38° and Yf§60°. This agéip confirms an oblate
type shape for Hg isotopes. Evidencé for triaxiality is given by the -
second 19/2'sta£e which has been observed in experimeni; thbugh.witﬁ.an

uncertainty concerning the parity. The relative independence on Y seen

for all calculated yrast states is partly due to the Fermi energy which
| | 193

lies inside the ;13/2-shell for

the unfavored states with y, marking the triaxial‘region, in cases where
195

Hg. There is a sharper variation of

A is located outside the j-shell (see e.g., Au in ref. 17).

F

187

3.1.4, S Ir (hgv‘/2 system)

Extensive data have been obtained recently for_187Ir and 1891r. 2)
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The spectra of the two nuclei look very similar. Beside positive-parity

and d shell, two separate negative_parity

bands built on the s1/2 3/2

families are observed and attributed to the h9/2 and the h11/2 shell.,
The h9/2 system has a decoupled and the hll/2 systém_a strongly coupled
level order consistent with a prolate-type core. As seen in fig. 1, the
adjacent even nuclei, e.g., of 187Ir, possess quite different core

186 188

parameters, for 0s, B = 0,23, and vy = 16° and, for Pt, B=0.18

and y = 24°. Comparing the 187Ir data with the model calculation

in figs., 5 and 6, good agreement is found when using the 186Os parameters

88

for the h9/2 particle spectrum and the 1 Pt value y=24° and an aVeraged

B = 0.21 (standard procedure) for the h11/2 hole spectrum. This result

187

indicates that a kind of shape isomerism exists in Ir and also in

1891r. It is also present in the Au isotopes.

In figs. 5 and 6, the calculated levels havévBéén ordered according
to the (K,Q) classification discussed in Part I. Each column corresponds
to an approximate K and 2 value. The experimental states have tentatively
been arranged in the same order on the basis of their energies and their
decay transitions. An almost complete identification of the experimental
levels seems to be possible within the present model, In particular, a
-number of unassigned levels can be understopd as higher members of thé
AI==i vertical band structure.

For the h9/2 system, shown in fig. 5, a large numberbof favored and
unfavored yrast states and 5 non-yrast states have been obéerved. Their
felative order is almost completely rgproduced by the calculation. The
result again sensitively depends on the shape asym@etry and confirms ﬁhe
value y=16° dérived from the 186Os core. The triaxial coupling scheme,
discussed iﬁ Part I, classifies the favored yrast states as approximate

_f-:Q, §+2, 54-4; ... states with 2=9/2, On the lwfspin side, the yrast
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is continued by approximate'f = 5;2, 5;4, -6 states, Within the theoretical
picture, the states on the yrast line mainly arise from.collective rotatidn
about the intrinsic ﬁ—axis, whereas the states thaﬁ build up on each yrast
state are related to an additional rotation about the intrimsic l-axis.
The possibility of simultaneous rotation about two different intrinsic
axes is a dirécf_cohsequence of the triaxility of the.core.

The vertical band structure is expected to exist only for a few
lowest states. In the h9/2 spectrum of 187Ir, the states with relative
energies 0 keV (9/2),.434 keV (11/2), 822 keV may be understood in this
way as a K = Q = 9/2 band, and the states with energies 164 keV (13/2),
717 keV (15/2), 1135 keV as a K = R+2 = 13/2 band.‘ The calculation
suggests that higher states associated with this band structure predominantly
decay to neighboring bands, in particular to yrast states. In fig. 5,
this is seen fbf the 15/2” model state at 1385 keV. its strong decay to
the 17/2° and713/2_ yrast states suggests that it corresponds to the measured
1061 keV state. On fhe 5asis of the triaxial model, one would therefore\
assign the experiﬁeﬁtal states at 822, 1061, andv1135 keV (relative energy) .
as second 13/2—,v15/2-, and 17/2° states, respectively. There are more
high-spin model states below 1.4 MeV, not shown in fig. 6: ,two>9/2— states
at 829 and 1070 keV, two 11/2” states at 1082 and 1377 keV, and another 13/2"
state at 1306 keV. Their calculated decays, however, agree much less or

not at all with the decay pattern of the unassigned experimental levels.

187

3.1.5. Ir (h ) system)

11/2 :

The h11/2 spectrum of 187Ir is compared with the calculation in fig. 6,

Energies and trénsiﬁion probabilities of this spectrum and of corresponding

levels in heavier Ir isotopes strongly support the triaxial



14—

model. An interpretation assuming an axially symmetric core must fail,

On the one hand, the low-lying 7/2  state and its éttongly enhanced

189

B(E2; 7/2 + 11/2) = 0.3 (eb)2, measured for Ir,4) could only be under-

stood assuming an oblate core. On the other hand, the strongly
coupled level order of the yraét band gives a clear indication for a
prolate cbfé.‘ The suspicion’of shape asymmetry hés beenvraised
in the past6)‘and is substantiated by the present work. |

~ The triakial model calculation, using standardvpérameters, yields
a low-lying '7/2_ staté with a calculatedv B(E2; 7/2- -+ 11/27) = 0.32'(eb)2
simultaneously with the strongly coupled yrast bénd; In additionm, it
reproduces and elucidates the fairly complex level structure seen beside
fhe yrast band and tentatively identifies five unassigned experiméntal
states. It.alsé-provides good égreement between caléulated.and'
measured B(EZ);branching ratios and mixing ratios wﬁich are compared in
Tables 3a and 3b. |

Some further comments should be made with respect‘to fig. 6. The

bandé of the éalcﬁlated.spectfum are classified from left to right as
K=7/2,0=11/2), (K=5/2,8=09/2), ®=0=19/2), =7 = 11/2),
(K = 13/2, @ = 9/2), and (K = 15/2, T - 11/2) bands. ‘The.‘y‘are related to
11/2[505] and 9/2[514] Nilsson bands and the corresponding low-'and |
high-spin y-bands. One should keép in mind, however, that these bands are
strongly mixed and that the (E;ﬁ) character is weakiy defined in general‘v
'(compare discussion'in Part 1). Though of rotational character, their
‘band structﬁre is often difficult to recogniie experimentally since transitions
within these bands are sometimes weaker than those»to-neighboring

bands, in parficular the yrast band. For example, ;hé“measured 1127 keV state
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decaying to the 15/2  yrast state is likely to be the 15/2 meﬁber of the

K = 13/2 band both because of its energy and its decay. The classification
of the measured 1287 keV state is unclear, though'it.might’correspond to
the 17/2 state of the same band.

Although the general structure of thg h11/2 spécﬁrum'in %87Ir can bé
understood assuming a fixed shape, there are some indications'for parameter
variations'within this level system. For example, the staggering of the
experimental yrést band, which is not reproduced by‘thé standard calculation
shown in fig.v6, would be obtained with slightly larger vaiues for vy and
ka. This éan be checked, e.g., in fig. 8 where the h11/2 spectrum of
137Nd and the corresponding calculation is shown. As a second point, the-
calculationrfor 1v871r yields the 7/2  band too high relatiye torthe
11/2" band, indicating that the y-value of the experimental 7/2° band is

187Ir result sug-

slightly larger than that used in the calculation. The
gests that‘the_Pt core on which the h11/2 spectrum in ;87Ir is based is
more 'Y—soft ﬁhéﬁ, e.g}, the Hg cores on which the h11/2 spectra in Au and

the h9/2 speqtra.on Tl are built.

3.2. The A = 135 Mass Region

In the region with Z> 50 and N< 82, which was discéve;ed as a new
regidn of deformation a decade ago;18) even nuclei consistently show a
low-1lying second 2+ state at about the energy of the first 4+ state;
This suggests that shape asymmetry might bg impoftant; First excited 0+
states appear well separated at higher energies and exclude a two phonon
interpretation. Parameters B and Y of some even nuclei in this region

are derived according to the standard procedure and are listed together
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with the lowest excitation energies in Table 4. Considerable variations

\

of B with mass number are found, whereas the y-values are fairly constant

o

in the range 20o <y < 300. Decoupled odd-A spectra built on‘hu/2 proton
particles as well as strongly coupled spectra built on h11/2 neutron holes

are observed in this mass region and clearly indicate prolate-type shapes.

19,20

Obiate shapes have been assumed in the past ), buf they are ruled

out also by recent measurements of quadrupole moments in.even Ba isotopesz;).
The.eriting point about odd-A spectra and,‘in.particular, fémilies

§f unique—pafity states is that they give more information about tﬁe

shaﬁes than just a claésification as prolate or oblate; they allow to

determine the shape asymmetry rather sensitively.  Aitthgh the available

experimentai material on odd-A nﬁclei in the A = 135.mass region is still |

less abundant than for A = 190 nuclei, there élready exists considerable

evidence that the new region of deformation is mainly a triaxially

deformed region - at least around A = 135. This conclusion is based
(1) on hli/2 proton spectra observed in 133La, 22’23’24) 135La, 24)
135, 129 24

Pr, 25) and Cs, )

(ii) on yrast bands built on an'hlll2 neutron hole in 135’137Nd, 26)
13?’1350e, 26) and lnga, 27) and on the decay épectrum of
137Pr to 137Nd, 28) and )

(iii) on a recent lifetime measurement of favoréd'yrast states in

129 29

La. )

Part of this evidence is discussed in the following. A lifetime measure-

ment in 107Cd,.similar to that in 129

30

La, is included in the discussion

because of its general interest.

)
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3.2.1. 13py

The h ‘odd-proton spectra in the A = 135 mass region can be

11/2
considered as the particle analogues of the hll/z'hole spectra .in the

Au isotopes. For the Au isotopes, one has y = 379, and the Fermi energy

for La and Pr isotopes, one has

lies above the h shell, XF >

11/2 €11/23

Y= 23° (= 60° - 37°) and AF < Due to the particle-hole symmetry

€1172°
(compare Part'I), the corresponding h11/2 spectra look very similar.
In fig. 7, this is demonstrated for 135Pr, one of the rare cases

25)

in this region where both high-spin and low-spin data are available.
Beside the standard triaxial calculation with y = 230,‘the model solution
for vy = Oo‘is'also shown for comparison. The effect of the ﬁriaxiality
of the core is most evident for the grbup of second aﬁdfthird states with
Spin'7/2_,‘9/2—, 11/2” just below the 19/2° yrast state. Possiblé |
theoretical partnérs fo: the experimental states are found in this energy
region in the triaxial calculation, but lie far tod high in energy forv
an axially symmefric core. This strongly supports the-assumpﬁion of
shape asymmetry in 135Pr.v Concerning transition-branching ratios, ex-~
periment and theory do not cémpare well enough to idéﬁtify these states
separately. | |

The standard calculation yields more states in theiregion aroghd
the 19/2  state: a 5/2 state at 1279 keV, a 13/2° state.at 1456 kéV,
a 3/2_ state at 1517 kev; a 15/27 state at 1700 keV, and a 17/2° state at

135

1746 keV. Since the Pr spectrum is fed By decay from a 9/2 state in

135Nd with all log (ft) values < 7, these states are probably ndtpopulated.

The 5/2  state has been observed near the expected energy in 133La for

‘which a spectrum similar to that of 135Pr has been foundQ23’24)
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3.2.2. 129, ana 94

Another test for shape asymmetry in spectra with decoupled level
order is based on lifetimes of the favored yrast states. Although the
favored energies do not strongly depend on Y, the B(E2)-values do, as
shown ih'fig. 9 of Part I. The calculated ratios” _”

R = B(E2; (j+2)> j)/B(E2; 2+ > O+) drop from values Rz'l.S for axialiy

symmetric shapes at y = 0° to values R = 1.2 for y'¥_200 and R ~ Q9 for

Y = 25°. The ratios R are also slightly dependent On'B and’ AF.

129

A recent'measurementzg) for La yields a preliminary value

B(E2; 15/2 > 11/27)/B(E2; 2+ > 0+) = 1.15 (% 10%) which indicates a .

o . 130

Y < 21° in good agreement with the standard value Yy = 22~ of Ba. No

129

additional states of La beside the yraét band are known at the moment

to check this value with other odd-A data. A similar measurement hés

recently been feported for 107Cd. 30) In this case, the negative-parity_'

states are based on an h11/2 neutron particle. A value-
B(E2; 15/27 » 11/27)/B(E2; 2¥+ 0o%) = 1.16 (¢ 52) very similar to
129 107 :

‘that of La is obtained. The Cd measurement is in excellent

agreement with the triaxial rotor model which yields R = 1.17‘taking
106,198C

Y = 22O from the energies and B = 0.177 from the B(E2)'s in d and

31

A, = 0 from the level scheme in ref.” ). This is é very interesting

F -
107 2/3

result since Cd has a rathef small parameter B - A = 4.0 and is

expected to be at the border to the weak-coupling region. Neverthélesss,
the 107Cd result is well described in the present rotor model. In ref.3°),
it has been interpreted in terms of the particle-phonon model. Both

models seem to reproduce the experimental value. A distinction between

them might be possible based on B(E2)'s of higher yrast transitions.
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3.2,3. g
; 137 - ' :
Combined data for Nd, obtained from heavy-ion and B.- decay

experiments?6’28) are compared with theory in fig.‘8. With 77 neutrons
137Nd 1s the neutron analogue ofv187Ir which has 77 prbtons. As seen
from the comparison of fig. 6 and fig. 8, the h11/2 spectra of both
nuclei -— at least their ﬁigh—spin part -- are remarkably similar. As

in 187Ir, a strongly coupled, heavily distorted yrast band is observed

in 137Nd and indicates a triaxial shape. It is well reproduced by the
calculation with standard parameters and confirms y to lie within a few’

138Nd. In féct,,

‘degrees about the standard value vy =26°, derived from
the staggering of the yrast band and the narrow spacing between the
(13/2-)1 and (15/2—)1 states poinf to a slightly larger ¥y. |

There is an additional group of negative-parity levels observed in
137Nd as éhown on the left-hand side df fig. 8. These levels should also
be understandable within the model. One could think of the 1374 keV
state as the (7/2-%_mode1»state, but, on this assumption, it should
strongly decay to thé basic 11/2" state and not to ﬁhe (9/2-51 state as
in experiment..'Ihe éxperimental level system builttqn the 1899 keV state
is also difficult to understand within the h11/2 model.spectrum, since-

the potential partners among the model states in this region predominantly

decay to the K = @ = 9/2 and K = 2 = 11/2 bands and not to their next

neighbors as in experiment. Our conclusion,-therefore,'ié that these

11/2 shell,
It would be tempting, however, to attribute the system on the
1899 keV state to the hg,, shell and possibly the states at 1374 keV and

1788 keV to the f7/2 shell which should show up in this energy région
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and in this order. Provided this interpretation would be fight, the
states at 2370 keV, 2433 keV, 2722 keV, and 2804 keV could be attributed
to (11/2)1, (13/2)1, (13/2)2, and (11/2)2 states, respectively, based on

the h state at 1899 keV. The corresponding calculation indicates a

9/2 _ .
,Y‘?30°- All these states would be easily populated in the decay from the “

137Pr. Unfortunately,however; the expected

11/2" parent state in.
h9/2 (1899 kgV) > h11/2 (520 keV) t;ansition has not been seen in
experiment so that no definite conclusion can be draﬁn at the moment,

‘For a systematic study, more experimental results in neighboring nuclei

are mneeded. E )

133

3.2.4. Ce _
The N=75 isotones 135Nd, 133Ce;'and 13138 exhibit almost identical
negative parity spectra.26’27) The case 133Ce'is p:ésented in fig. 9.

Again, the experimental spectrum is much better reproduced by the standard
triaxial calculation than by the y=0° solution. A diécrepancy; however,
remains f&r thé lowest 9/2 state. Althohgh the'pehetration éf the Fermi
energy into the hil/Z shell.brings the 9/2-statébd0wn, it is not lowered:
far enough. This difficulty with I < j states is known from Coriolis
distorted bands.in strongly defofmgd nuclei and is.ﬁsﬁélly remedied by
an ad hoc attenuation of the Coriolis matfix elements; No such procedure
has been adopted in this work, since it would obs;ure.the clear
physical outlines of the present model, A physicalvexplanétion of this
effect ﬁas been given recently by Ring and Mang,32) based on.a self-
consistent treatment of the core moment-of-inertia. It 1is still an.open

question how to incorporate their treatment into a triaxial-rotor model

where one has three rotation axes rather than one,
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4. DISCUSSiOﬁ OF RESULTS AND RELATIONS TO OTHER MODELS

It has'béen shown that the predictions of the'triaxial-rotor-plus—
quasiparticle model are in remarkable agreement wiﬁh a number of unique-parity
spectra of odd—A transitional nuclei. It describes the nucleus 199Tl at

1871, which borders

the border to the closed-shell Pb regidn as well as
- strongly defofﬁgd rare-earth nuclei., It also seéﬁs to apply to the
50<2z, N”<82'nd§1ei théugh more experimenfal data ate-ﬁeéded to confirﬁ
its validity in that region. How is this successvof_a rigid triaxial rotor
model to be ihtérpreted? It would be naive to take the rigid shape literally.
There is much evidence that these transitional nuclei have fairly soft |
fluctuating shapes. The question is rather tkohich extent these nuclei
are soft or rigid and what one can learn about it from the present result.
In what follows, a qualitative answer is éiven.

Assumiﬁg that the collective motion of low-excited nuclei is
dominate@ by thé quadrupole degrees of freedom, the nuclear softness is
most conyenigptly discussed in‘terms of potential-energy suffaces (PES)

in the (B,Y) plane. Figure 10 displays some typical situations in a

schematic way:

1) Fig; 10a: The harmonic;Vibrator PES whicﬁ phly occurs for

closed shell nuclei and their next-néighbors.

'2)  Fig. 10b: The prolate-rotor PES with a deep potential minimum

‘at B, # 0 and‘yo_% 0 which is characteristic for well deformed nuclei .

3) Fig. 10c: The y-soft PES which has a relative maximum at 8=0
and shows a shallow valley at %)fo with the deeper minimum either_at

Y =0° (prolate type) or at y=60° (oblate type).
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4) Fig. 10d: The triaxial-rotor PES which is similar to the

y-soft PES but possesses a clear minimum in the triaxial region.

The existing microscopic calculations of PES in the A=190 and A=135
mass region consistently yiéldyPES of the y-soft type without any pronounced
triaxial minima.33’34’35’36) This result seems to be inconsistent with the

present result as well as with empirical data of even-A nuclei. The

evidence_frcm.even nuclei is discussed first.

(1) A specific test for complete y-softnessvis the simultaneous
degeneracy of the 2;vand 4; states and the'3I and 4; states of the qﬁasi—
Y-band. This double degeneracy occurs for a compiétély y-independent:PES
no matter what the B- dependence is (model of Wilets and Jean )) Iﬁ

Table 5, data for 19005 and 124Xe which have E 4, = E , are compared with

2 M
the y-soft case and the triaxial rotor. It is seen that the measured -
v-band ratios are inconsistent with complete y-softness which, on the
other hand, has been obtained approximately from microscopic calculations

19008 and 124Xe. Also the rigid—triaxial—rotor.1imit is not reached,

for
1ndicating that the actual wavefunctions are neither sharply localized nor
equally distributed in the y-valley, but have a certain limited spread --
for 19008 less than for 124Xe. Such wavefunctions ‘would be obtained from

the triaxial type of PES shown in fig. 10d.

éii) A similar result has been obtained by GneuS§ and Greiner385
and more recently by Habs et al.39) based on a fit of tﬁe anharmonic-
vibrator model to low-energy data. These empirical PES of nuclei in the
A =135 region show pronounced minima of triaxial typé’in disagreement

with microscopically calculated PES.
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The resﬁlt of the present work on odd-A nuclei-points'inéo the same
direction. The question is to which extent the odd particle is able to shift
the average parameters of the core. The odd-A energies vary strongly as
functions of v, and; for a very y-soft poténtial, one would expect large
variations of y within a family of odd-A states and also in comparison with
the even neighbors. A feeling for this effect can be obtained from results
of Kumar and Bafanger on even nuclei in the A=190 mass region. Based on -
calculated PES and a dynamic treatment of B and y, they derive rms-values
of B and y for the lowest excited states. Some results for l86Os and>196Pt
are gi&en in Table 6. In the groundstate band, Yrms'ﬁovgs slightly-towards

186 196

y‘=OO for Os‘and towards Y=6Oo for Pt with incréasing erergies;

for the second 2+ state, however, it is sharply pushed towards r=3OO. This is
just what one expects from the slopes of the triaxiai—rotor energies as functions

of v (compare fig. 2, Part I) in the case of y-soft shapes. Since the energy

+
2

this direction.

of the 2, state comes down steeply for Y->3Oo, it tends to push the core in

In contrast to these theoretical results, the present comparison with

‘experimental odd-A spectra indicates that the r-deformations are rather stable.

E.g. for the odd-A Au-isotopes, our result is definifely in disagreement with
large variations of y comparéble to those of T pms shown in Table. 6. One could
think of a stabilisation due to the odd particle; but this would not explain

why the hll/2 spectrum in Au and the h9/2 spectrum in Tl consistently lead to

the same Y=37o, within izo or so, as the Hg cores. Our conclusion is therefore

that the Hg cores themselves are less y-soft than calculated PES in this mass
region and that they have probably triaxial potential minima of the kind shown
in fig. 10d. A similar conclusion seems to be indicated by the present work

for Os, Pt, and even-A cores around A=135, although the present evidence for

these cases is not as strong as for the Hg-isotopes.
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One would.like to make the conclusion more quantitative. This would
require, however, a calculation, similar to that of Gneuss and Greiner,
for odd-A nuclei in which the odd particle is coupled to a parameterized
anharmonic vibrator or at least a y-soft vibfator (only B fixed!) and in which
the parameters are fitted to experiment. This procedure would make |
more sense for the odd-A case than for the even-A dase since there are much
more data known in the low-energy region for odd-A huclei which would
check the model. Unfortunately, no results of such calculations are at

~our disposal at the moment.

In the past, odd-A transitional nuclei have been described on a
spherical basis coupling a quasiparticle to one or two phonons. Such
calculations have been performed on a large scale by Kisslinger and
Sorensen who used RPA phonons based on the pairing-plus—quadrupéle modelao).
Most published results are given for low-lying nofmalfparity states,
and no comparison with the present results on unique-parity states is
possiblé.

Interesting calculations have béen perfdrmed recently by Paar within
the Alaga mode141) for nuclei wﬁich are three particles or.three holes
away from closed shells. In these calculations, three particle (hole)-
clusters are coupled to one and.two phononé of closéd-shell nuclei.
Aﬁharmonicities are considered to arise exclusively from the particle-
phonon coupling. It will be interesting to compare_the'results'of the
triaxial-rotor model with those of the Alaga model, e.g., for‘Au isotopes,

when they become available.
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5.  CONCLUSION

Stimulated by new results from heavy-ion and B-decay experiments,
families of unique-parity states in transitional odd-A nuclei have been
investigated iﬁ a systematic way. Although quite:different types of level
orders are observed in these spectra, they all appear to'arise from the
same physical structure. This structure can be descfibed in a relatively
simple and intuitive model consisting of an odd nucleon coupled to a
triaxial rotating core. |

187

In the best experimental cases, e.g., in Ir and 195

Au, 13 or
more states of one family are known at low energy (< 24). The model
calculation feproduces all states in almost the right.ordef, including
high-spin and low-spin states. The unique-parity systems have been studied
here-fOr nuclci in the A=190 and A =135 mass region; Similcr spectfa,
however, have also been seen in some lighter nuclei,-and they possibly
represent a general structure characteristic for weékly deformed open~
shell nuclei. -

The modei'depends 6nly on the three pcrémetefs, B, Y, and AF’ which
hace a_direcﬁ physical significance and can be'detcrmined almost in&epenf
dently from che odd-A spectra. As a function of the dcformation parameter

3. 42"

s thé model describes different strengths of core-particle coupling
intermediate.cétween weak coupling'and strcng ccupling, whereas  the |
" variations with y prcvide the main clue for underscanding the'variecy

of different level orders observed in experiment. A most beautiful
example for these changes is given by the unique-parity spectra in Ir,

Au, and Tl isotopes. The gradual shape tranmsition in this mass region

from strongly deformed prolate to weakly deformed oblate shapes through
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a series of triaxial shapes is reflected in detail by these spectra in
agreement with the pfesent theoretical description.

The puzzling result of this work is that the odd-A spectra defiﬁe'
y rather sharply, within * 2° or so for cases like\lgsAu or'137Nd,
and that, within this margin, these values coincide consistently with
those derived from the éven neighbors -- the (A-1) neighbor for particle
and the'(Ai!l) neighbor for hole speétra. This resqlt is aﬁ variance
with the expecéation of very y-soft shapes which are predicted by
calculated potential-energy surfaces for these tranéitional nuclei. An
odd-A calculation based on a dynamic treatment of B‘and Y is strongly
suggested by the present result to check, in particular, the influence
of Y—sof;ness on the odd-A spectra quantitatively.  Due to the large
number of levels at low energy, the construction of empirical collective
potentials from odd-A spectra should make more sehse'than corresponding
attempts from even nuclei. Based on the present wbrk, one expects
potentials with rather pronounced minima in the triaxial region. If
this expectation can be confirmed, it will have serious implications for
the calculated collective po;entials which, so faf,'do not show such |
minima.

The present work has strong applications in the field of experiment.:
It provides a general frame for analyzing low-energy spectra of transitional
odd-A nuclei. It predicts numerous states, their eﬁergies, momenté, and
transition probabilities, which have not yet been measured. More experi-
mental results are necessary to judge the range ofbvalidity of the
present model. Certain discrepancies are expected dué to shape fluctuations

and other effects. But the present work clearly points out that there is
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a simple general structure behind the intricate and,so far, poorly
understood odd-A spectra in the transitional regions and that the concept
of triaxial nuclear deformations represents a natural way to understand

their systematic behavior.
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Table 1. Ratios of the first ZT, 4?, and 6T_energies to the second 22

energy for a triaxial rotor with irrotational moments-of-inertia.

. : 6h?

Y EZ_:_/EZ_;_ Ear/Ez_: E6_:_/E2_:_ EZT/<E)
10° 0.062 ~ 0.208 . 0.434 1.06
11° | 0.076 0.253 0.527  1.08
12° 0.092 0.305 0.632 C1.09
13° 0.108 0.357 0.738. 111
14° ~ 0.126 0.415 0.854 1.13
15° 0.146 0.476 £ 0.973 - 1.15
16° 0.167 0.543  1.10 1.17
17° ©0.186 ~ 0.603 1.25 1.19
18° 0.214 ~ 0.685 1.40 1
19° 0.239 0.758 1,54 1.24
20° 0.267 , 0.838 - 1.60 1.27
21° 0.296 10,910 C1.73 1.30
22° 0.326 0.982 1.86 1.33
23° 0.327 1.05 - 1.98 - 1.36
24° 0.387 1.12 2,11 1.39
25° | 0.417 1.18 2.22 1.42
26° 0.445 1.23 2.32 1.45
27° 0.466 1.27 2,39 1.47
28° 0.482 1.30 . 2,44 | 1.48
29° 0.495 1.32 2,48 1.49

30° ©0.500 1.33 2,50 1.50
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Table 2. Experimental and theoretical relative transition rates in the

decay of the second and third 11/27 state of 195Au. Experimental

energies relative to the first 11/2° state identify the states.

—-Relative Transition Rates—

I Ei - 'If Eg Expa) Theory Theory
[keV] . [keV]  B=0.144 B=0.141
11/2 962 - 9/2 575 1 1 1
13/2 560 " 0.06 0.16 0.37
7/2 207 0.20 0.39 6.26
11/2 0 0.65 - 0.57  4.17
11/2 1028 -> 9/2 575 0.69 0.87 1.38
13/2 560 1 1 1
772 207 _— 0.03 0.09
S 11/2 0 0.36 0.79 0.78
_a) Ref.'g).
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Table 3a. Comparison of experimental and theoretical B(E2)-brénching

ratios within the h11/2 system of 187Ir.'
Transitions ' > B(E2)~-ratios
Exp Theory
(15/2)1 > (11/2)1 L +o s
(15/2)1 +Tl3/2)1 -l 1.4 .
(17/2); » (13/2), ) g 40.2 Ly
(17/2)l - (15/2)1 *° _0.6 .
(15/2), + (11/2) ,
(15/2), > (137/2); < 0.1 0.02
(19/2), > (15/2), Ly # »

Bpet. 2.




-35-

Table 3b. Comparison of experimental and theoretical mixing ratios

G(EZ/Ml) within the h system of 187Ir. Measured transition .

11/2
energies have been used for calculating S§(E2/M1).

o o —§(E2/M1)
Transition Y _ a) o

[keV] Exp Theory
(15/2), ~+ (13/2); . 200 0.0 <6§<0.25 0,06
(13/2), ~ (11/2), 330 0.25 < § < 0.40 0.22
(17/2); ~ (15/2), 389 0.15 < § < 0.25 0.23
(15/2), » (13/2); ' 395 0.28 < & , 0.25
((9/2), ~ 11/2); 385 -0.,40 < § < -0,15 =~ -0,08

a)Ref..vz).
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Table 4. Lowest excitation energies in the A= 135 mass regionl3) and

derived parameters.

o"oQ@ z N E2.1|. E 4t EZ-:- B y 8 RZE
42
xel?® 54 74 443 1033 970  0.213 23 5.4
xel30 54 76 536 1206 1122 6,190 23° 4.9
xe'32 54 78 668 1460 1298  0.169  24° 4.4
Bat30 56 74 357 902 908 0.231  22° 5.9
Ba’32 s 76 465 1128 1032 0.203  24° 5.3
Bal3* 56 78 605 1401 1168  0.177  25° 4.6
ce’3?  sg 4 325 858 - 0.240 - 6.2
ce’* s 76 409 1049 966 - 0.210 23° 5.5
celd® 58 78 553 1316 1093  0.182  25° 4.8
Nal3* 60 74 294 789 - 0.25% - 6.7
N3 60 76 374 974 -- 0.223  -- 5.9
na® 60 78 521 1250 1014  0.185  26° 4.9
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Table 5. Comparison of theoretical and ekperimental energy ratios of the

the quasi-y-band.

v Theory Experiment
y-soft Triaxial rotor 1900 a) 124x b)
(y=22.2° s e
Ey+/E,+. 1 1 1.02 . 0.96
0 , |
an;"Ez';o_-
- 1 ' _ 2,73 - 2,01 1.47

E ....T"_E -+
31 22 )

a) Ref. 13
®) Ref.

).

42).

Rk TR R

Table 6. Comparison between calculated Brms-and Y rms values and standaxd

B and vy fit—values of this work.

A

186, 186, 196, 196,
Kumar,Baranger’)  this work - Kumar,Baranger’) this work
Brms Yrms - 8 Y Brxhs Yrms B Y
o] | 0.223 23.2° 0.23 16° 0.154 36.2° . 0.13  37°
2] | 0.230 21.1° 0.168 38.9°
4y | 0.239  19.6° ~o0.181 40.5°
25 | 0.226 33.4° 0.173  31.2° o
8) Ref, 33y,
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

ref. 2, 3; Ir ref. 2, 4;

Systematics of unique—pafity spectra built on the h9/2 and the

hll/2 shell of odd-proton nucleil in the A= 190 mass region.

Energiles (in keV) of adjacent even nuclei and standard values
for 8 and Y or estimates (in brackets) are given;l3) Spin

values (2I) and positions of odd-A states are based on: 187Ir

189 191 193Ir ref. 5 6 189Au ref. 7;
191Au'r_ef. 8 and systematics; 19344 ref.9; 195Au ref.9, 10, 11;

T1 isd;bpes ref. 12.: | |
Negative-parity statee in 199Tl. Solid linee indicate the |
strongest observed and calculated decay transitions of eech leveli
Negative-parity states in ;QSAu. Energies areﬁgiven in keV
relatiﬁe to the 11/2° state at 318 keV. Solid lines indicate
transitions with 80 to 100%, broken lines transitions with 20

to 80% of the strongest decay intensity of eaeh level. Caiculated
intensities are based on calculated B(E2)- and B(Ml)-values, but

experimental transition energies when known.
193

.Positive-parity states in Hg.

family of negative-parity states ini1871r. Energies

The h9/2
are given in keV relative to the 9/2  state at 186 keV. Calculated
transition lines are defined as in fig. 3; experimental ones are
solid for the strongest transition and broken for weaker
transitions.

The h11/2 family of negative-parity states in 187Ir. The calcuiated
quadrupole moment and magnetic moment for the basic 11/2° state

are given. For more details see fig. 5.
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Negéfive-périty states in ;35Pr below th¢'1§/2- state. The

second 9/2° and the third 11/2° state,icélcﬁlated fof Y‘?0°,

lie At higher energies (given in keV) than shown.

Nega;ive_ﬁarity states in 137nd;,The definition of the_;ransition lines

is given in fig. 3. Not all theoreticél :fansitions are shown.
' 133 '

Negative-parity states in Ce.

Schematic poteﬁtiel-energy surfaces for different types of

nuclei,
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LEGAL NOTICE

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