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The complete low energy two-particle spectrum arising from the coupling of the single-particle or-
bitals with summed energy (E,+E,) up to 750 keV, and from the coupling of all known proton or-
bitals up to 1.5 MeV with the ground state neutron, is calculated for the doubly odd deformed nu-
cleus '®®Ho. The bandhead energies, the Gallagher-Moszkowski splitting energies, and the nuclear
moment of inertia parameters for deriving the rotational energies are calculated for a zero range
residual interaction for each of the 34 possible bands for comparison with the available experimental
results from radioactive decay, neutron capture, and particle transfer reaction studies wherein 21
bands have been postulated. Our calculations agree with the characterization of 11 of these bands.
We further present evidence for selecting specific K™ and/or configurations for the remaining 10
bands. Predicted location and character of 13 bands not observed so far are given. Identification of

3 of these bands with known levels is proposed.

I. INTRODUCTION

The nucleus '$$Hogy is possibly the best studied' ™!
odd-odd deformed nucleus. It is also unique in that it
provides the only known exception to the Gallagher-
Moszkowski'® (GM) rule in the energy ordering of the
spin doublets in doubly odd deformed nuclei. The energy
levels of this nucleus have been extensively investigated
through B decay studies and through a variety of
neutron-capture reactions, e.g., (n,e”), (n,y), average reso-
nance capture (ARC), polarized neutron capture in polar-
ized target, etc., as well as through (d,p) and (t,a) particle
transfer reactions. In spite of this prodigious experimen-
tal effort, not only is the spectroscopic information in-
complete (only 21 out of the expected 52 two-particle con-
figurations from summed single particle orbitals energy
up to 1 MeV have been tentatively identified so far), but
the interpretation of the available experimental informa-
tion provides a considerable challenge. The interpretation
of the negative parity bands is particularly unsatisfactory.
The problem is further complicated by the fact that the
coupling of the ground state proton orbital - [523] with
the various excited neutron orbitals, and the coupling of
the ground state neutron orbital % [633] with the various
excited proton orbitals, yield very similar GM band pairs
with identical values of K”. Although one would not ex-
pect much admixture in these bands with the same K7 in
view of both the neutron and the proton orbitals being dif-
ferent, the transfer reaction populations and the decay
patterns indicate the presence of significant mixing in
several cases.

Whereas particle transfer reactions can generally indi-
cate the configuration of the involved state, information
from neutron capture reactions is much less definitive in
this regard. Even though specific processes, e.g., conver-
sion electron measurements,>® average resonance capture,’
lifetime measurements,!! polarized n and polarized target
experiments,'? etc., may lead to reliable spin-parity assign-
ments, the placement of these levels into specific K7
bands can often be attempted only through plausibility ar-
guments. Even then, the configuration assignment of
various K™ bands is left uncertain, to be decided on quali-
tative considerations.

Under these circumstances it is worthwhile to attempt a
theoretical calculation of the complete two-particle spec-
trum for this nucleus based on a quantitative evaluation
of the residual n-p interaction energy for the odd-odd nu-
cleus under consideration. The residual interaction is ex-
plicitly spin dependent (contains a 5,5, term) in view of
the observed validity of the GM rule;!® it also causes an
odd-even shift of the levels in the K =0 bands, usually re-
ferred to as the Newby!” term. The residual interaction
calculations”!7~2! so far had mainly concentrated on the
evaluation of these two terms, i.e., the GM splitting ener-
gy Egm and the Newby odd-even shift coefficient B, with
a variety of interactions.”’ However, this information is
not sufficient for a quantitative prediction of the band-
head energy since the residual interaction contains a spin-
independent (Wigner) term in addition to the &,-7, term.
A fit to Egy and B cannot by itself yield a measure of
the Wigner term. Recently, Sood and Singh?? have
developed a formulation which, by combining the atomic
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mass data with the GM splitting energies, yields a mea-
sure of the Wigner as well as the spin-dependent contribu-
tions for a zero-range residual interaction, and thus pro-
vides a quantitative prediction for the bandhead energies
for each (Q,,Q,) configuration. The formulation has
been successfully applied®?~2* to the description and pre-
diction of the energy levels of the doubly odd nuclei of the
actinide region. It has also been found successful for con-
firming and/or deducing the configuration assignments to
known levels?® and for examining the level structures of
the isotopic sequences of doubly odd nuclei of the rare
earth region’®?” as well. Preliminary results from an ap-
plication of this formulation to the energy levels of ¢;Ho
isotopes have been reported earlier.?’” Analyses of the lev-
els in '*®Ho and !"°Ho, dealing primarily with the place-
ment of the low-energy isomers, have been published ear-
lier.?*?® Here we report the results of our first study of
the complete two-particle spectrum of a doubly odd rare
earth nucleus using this formulation. In Sec. II we give a
brief outline of the formulation and the procedure for our
calculations. The results are presented and discussed in
comparison with the available experimental information
in Sec. III. The concluding section includes the summary
and conclusions of the present study.

II. FORMULATION AND PROCEDURE

The two-particle states in an odd-odd deformed nucleus
are constructed by adding an odd proton (£;) and an odd
neutron () to a deformed even-even (Z —1, 4 —2) in-
ert core. Each (Q,,(,) combination gives rise to two

bands (usually referred to as a GM pair) with
K*=| 0,+Q,|. The bandhead energy is then written as
Eg(Qp, Q) =E(Q)+E (Q)+E o +Eip, , (1)

where the rotational energy term is introduced to take into
account the relation between the intrinsic and the ob-
served bandhead energies given by

,ﬁZ
E =EX4 — 1)—K?
x(J) E0+2f[J(J+ )—K~] (2)
ﬁZ
=E(I§+EK for J =K , (2a)

and the last term in Eq. (1) accounts for the residual
neutron-proton energy for the two valence nucleons. As-
suming the near equivalence of the moment of inertia pa-
rameters in the odd-mass and the odd-odd nuclei, we ob-
tain

ﬁ?_
Em o 7 [K —(0,+0,)] (3a)
— %
=20 8, (3b)

For the residual n-p interaction, we assume a zero range
interaction with an explicit &,-7, term and obtain??

En=WI[(1—a)4¢(K)+ad,(K)]+(—1)Bék,, 4)

where W and aW are the strengths of the spin-
independent (Wigner) and the spin-dependent terms in the
zero range interaction, Ao and A, are the matrix ele-

ments of these two terms using the appropriate product-
type Nilsson wave functions evaluated at the specific de-
formation for each configuration, and B is the measure of
the Newby!” (odd-even shift) term for the K =0 bands.
The details of the formulation and the analytical expres-
sions for the interaction matrix elements have already
been published.??> Here we present only the essential re-
sults and the outline of the procedure for calculation of
the bandhead energies and the GM splitting energies.
Combining Egs. (1), (2), and (4), we obtain,*? for the band-
head energy in an odd-odd nucleus,

Ex(Z,4,9,,Q,)=E(Z, 4 —1,Q,)+E(Z—-1,4—1,Q,)
ﬁZ
+5 K —(Q+0,)]

+W[(1—a)do(K)+ad,(K)]
+(—1YBég, . (5

The GM splitting energy contains only the contribution
from the spin-dependent term in the interaction and is
given by??

since the magnitudes of 4, and A4, are the same for both
the K* and K~ bands. Thus the strength parameter a W
of the spin-dependent term in the interaction can be de-
rived from the experimentally observed splitting energy
after taken into account the rotational energy correction
and Newby shift if relevant. The odd-even Newby!” term
for the K =0 bands can be obtained?' from the lowest two
observed levels in the band as

B= 5 (—1V[Eq(J))—Eo(J +1)]
ﬁZ
+.J[(_1)J(J+1)+apan89n1/2] , (7)

where the last term contains the decoupling parameters a
in the case in which Q,=Q, =5. Theoretical estimates
of B (sometimes denoted N) are also available for a
variety of interactions.?%2137

By using the fact that the ground state in each odd-
mass as well as odd-odd nucleus is the observed bandhead
for the respective configuration, we obtain,?? from Eq. (5),
for the K540 case,

Ey=[M(Z,A)—M(Z, A —1)—M(Z —1, 4 —1)
+M(Z—1,4 —-2)]—E_
:WA()(KG)—aW[Ao(KG)—Aa(KG)] , (8)

where K; denotes the ground state band number. Thus
using the atomic mass data to evaluate Ej; defined in Eq.
(8) and the experimental splitting energy of the GM pair
including Ks, we can evaluate both the interaction pa-
rameters W and aW. The interaction parameters are as-
sumed to be configuration dependent and are the same for
every (Q,,(},) combination appearing in any nucleus. If
the configuration under investigation is not observed as
the ground state in any nucleus and/or GM splitting is
known only in an excited GM pair, we obtain an approxi-
mate value for the interaction parameters by assuming an
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average value for «=0.25 and, using this value with the
known Ej; or Egy, obtain W through Eq. (6) or (8). In
case neither of the two quantities is experimentally known
for the specific configuration, we adopt the ground state
parameters derived for the nucleus under consideration or
the nearest neighbor nucleus with similar orbitals.

Having obtained the interaction parameters and calcu-
lated the matrix elements at the appropriate deformation
for each configuration, the bandhead energies and the GM
splitting energies for each band are calculated using Eqgs.
(5) and (6).

The effective moment of inertia parameter for each
band is calculated from the rotational parameters of the
even-even core and of the odd-mass neighbors using the
formula

Fo0=FoetFeo—F e - )

The energies of the rotational levels in each band are then
obtained by adding the J(J + 1)-dependent contribution
to the bandhead energy.

III. RESULTS AND DISCUSSIONS

Our predicted locations of the bandheads for the vari-
ous two-quasiparticle configurations expected in the low
energy excitation spectrum of '®*Ho are shown in Figs. 1
and 2. We have also evaluated the moment of inertia for
each of the bands and have calculated the positions of the
associated rotational levels as well. However, considering
the density of the levels, we do not show these levels in
the figures for clarity and for ease in identification
through comparison with the experimental results. Wher-
ever considered relevant, we compare the calculated and
the experimental values of these moments of inertia in the
following discussion.

We include in Fig. 1 all the possible two-particle con-
figurations arising from the superposition of the orbitals
with the summed neutron and proton single particle ener-
gies (taken from the observed spectra of the 4 —1 isotone
or isotope) up to 650 keV. This set is comprised of 24
two-particle bands, including 12 from Table I, four from
Table II, and eight from Table III. The system of desig-
nating these bands is also presented in the tables. Our
predicted bandhead energies for these 24 intrinsic states
are shown in Fig. 1 in comparison with the 15 postulated
bands based on the beta-decay, neutron-capture, and (d,p)
reaction studies.!~!* Figure 2 is a similar plot for the 16
predicted bandheads (the six bands of the three lowest
GM pairs being common with Fig. 1) arising from the
coupling of the %+[633] neutron orbital to the various
proton orbitals listed in Table II compared to the 12
bands in this category populated through the (t,a) experi-
ments. '

With respect to the experimental studies, we note
the following points. In common with the decays from
the I"=0% ground states of the neighboring even-even
nucleus, the beta transitions populate only the low spin
levels in the doubly odd daughter nucleus. However, in
the present case Q_ is just 481 keV and studies! ~*%13 of

the gamma transitions following 8 decay yield definitive
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FIG. 1. Observed bandhead energies of the two-particle levels
experimentally identified (Refs. 1—13) in the nucleus '**Ho from
the beta decay of '**Dy, and the (n,e™) (n,y), (n.,¥), and (d,p)
reactions compared with our calculated bandhead energies
(shown on the left) for the various two-particle configurations.
The labeling of the configurations is specified in Table I. The
calculated level scheme includes all the possible two-particle ex-
citations arising from the orbitals with summed single-particle
energies [ E(Q,)+E(Q,)] up to 650 keV. The levels not ob-
served so far are shown by dashed lines.

information on the three lowest members of the ground
state K™=0" rotational band and deduce the existence of
only two other levels, a J7=17 level at 426 keV and a
negative parity level with J =0 or 1 at 373 keV, configu-
ration assignments in both cases being undecided. The
(d,p) reaction spectroscopy”® yields information on only
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FIG. 2. Same as Fig. 1, but for the experimental levels identi-
fied in '*Ho through the (t,a) reaction (Ref. 14). The corre-
sponding calculated level schemes include bandhead energies
only for the two-particle excitations involving a coupling of the
%+[633T] neutron orbital to the specified proton orbital. The
labeling for the latter gives [Nn3;AZ], the corresponding
Q=A+Z with + for 1 spin projection and — for | spin projec-
tion and the parity being equal to (— 1)V,
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TABLE 1. Two-quasiparticle states expected in '*Ho from the coupling of various neutron states
with the proton state = [5231], labeled 4, which is the ground state in 'Ho. The column headed E,
lists the neutron excitation energies observed in the isotonic Z — 1 nucleus '*Dy. A4, and 4, are the
calculated matrix elements for the Wigner and the spin-dependent terms in the zero-range residual in-

teraction for the deformation parameter 6=0.28.

Observed

ground
Label Q7[Nn;AZ] E. (keV) KT KI [ Ag] (X10%) | A,| (Xx10% state
Ax  17[6331] 0 7= 0 132 91 166Ho
AY 5 [5214] 108 3t 4t 97 70 180
AX 27[5121] 184 6+ 1t 86 40 1700
AW 37[5231] 534 1+ 6t 168 127 1%Ho
AV 5+ [5101] 570 4+ 3+ 71 48
AU 2 7[5211] 574 5+ 2% 112 66

three intrinsic configurations in addition to the ground
state GM pair. These five bands arise from the coupling
of the - [523] proton to the % '[633], + [521], and
< 7[512] neutron orbitals with 7K assignments given for
the levels up to 470 keV excitation energy. A proton
pickup study,'* which utilizes the '$’Er(t,a) reaction, es-
tablishes eight bands involving four excited proton config-
urations, and suggests the possible existence of another
high-lying (E, =1560 keV) K"=6" band.

Thus the charged particle spectroscopy has so far iden-
tified 14 bands in ®*Ho. As discussed below, our calcula-
tions confirm the dominant configuration experimentally
deduced for most of these bands. We further predict, as
shown in Figs. 1 and 2, the expected locations of 12 other
bands of this category involving either a %_[523] proton
ora %+[633] neutron.

The energy levels in !*Ho have also been stud-
ied> 689111215 through a variety of neutron-capture pro-
cesses. Although the gamma transition energies following
n capture have high precision and resolution, the place-

ment of these transitions to deduce energy levels is not a
straightforward process. Information has been deduced
on the excitation energies and the spin-parity assignments
for a number of levels by combining the analyses of high
and low energy neutron capture spectra, conversion elec-
tron data, ARC analyses, etc. However, grouping of these
levels to deduce band structures and, further, to arrive at
the configurations for the postulated bands from such
studies alone, cannot lead to unambiguous conclusions.
While the most recent study'> does not even attempt J™
assignments, Bollinger and Thomas® had postulated 15
bands in this nucleus, shown on the right in Fig. 1. We
find that several of these bands, which are not indepen-
dently confirmed through particle transfer reaction stud-
ies, may have alternative, more acceptable characteriza-
tion. The negative parity bands, in particular, require
serious reconsideration.

In the following we discuss some of these bands indi-
vidually based on our theoretical calculations and the ob-
served experimental features.

TABLE II. Two-quasiparticle states expected in '®*Ho from the coupling of various proton states
with the neutron state %+[6331 1, labeled Z, which is the ground state in the Z —1 isotone '**Dy. The
excitation energies E, are the experimental values for the 4 —1 isotope '*Ho. Other columns are the

same as in Table 1.

Observed
ground
Label QJ[Nn;AZ] E, (keV) K7 KZ | do| (X10°) | A4,] (x10%) state
AZ 1 7[5231] 0 7= 0™ 132 91 166Ho
BZ 27 4111] 362 5+ 2+ 78 55 164Th
cz 1714111] 429 3t 4t 80 56 168Tm
DZ +7[5411] 680 3- 4~ 62 22
EZ 2 71404.] 715 o+ 7+ 87 58 170 y
FZ 3 714131] 995 1+ 6+ 109 77
GZ 37 14021] 1056 6+ 1+ 55 36
HZ  27[5321] (1400) 6~ 1~ 158 155
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TABLE III. Two-quasiparticle states expected in !*®Ho arising from single particle states with

[EQ,)+EQ
ity bands.
various entries.

»)] up to 750 keV which are not listed in Tables I and II; all are seen to form negative par-
The relevant energies are listed in earlier tables and same notation is also followed for the

Label  QI[Nn;AZ]  QF[NnyAZ] Ef  KI | do| (X10%) | d,| (X10%)
BY +[a,m]p 2752110, - 2= 135 71
BXx 1¥14111], 2751211, 4= 1~ 154 143
CcY® 174114, 5 [5211], 1- 0" 142 79
cx® 1741111, 3751211, 2- 3° 147 130

2The configurations CY and CX appear, respectively, as ground states in the nuclei '°Tm and '*Tm.

A. Ground state K"=7" and K"=0" GM pair

The ground state configuration {+[5231],+5[6331],}
gives rise to the triplet K7=7" and the singlet K§=0"
bands. The Gallagher-Moszkowski'® rule predicts the K
to lie lower in energy than the Kg. However, experimen-
tally the 7~ state has been established'! at 5.98 keV exci-
tation energy, with the O~ state becoming the ground state
in apparent violation of the GM rule. Struble and
Rasmussen’® suggested that a larger configuration mixing
in the O~ state than in the 7~ state, and a rotational zero
point energy could push the former below the expected
parallel spin K7=7~ state. However, the recent (t,a)
studies!* found “no indication of significant configuration
mixing in the 0~ band” based on the observation that, rel-
ative to the K"=7" band, the K"=0" band appears to
contain all the theoretically predicted spectroscopic fac-
tors. It is possible to understand the apparent violation of
the GM rule in this case employing the criteria for its ap-
plicability discussed by Sood and Singh.*! They had con-
cluded that in the case in which the spin-antiparallel
(2£=0) state Kg is the K~ = |Q,—Q,| state, the com-
petition between E,, and E;, decides its placement rela-
tive to the K=K * state. For the K =0 bands, E;,, con-
tains Egy as well as the odd-even shift Ey. The relative
magnitude of these terms for the present case are shown
in Fig. 3. In this case the contributions from E, and Ey
reinforce each other and the two together more than can-
cel out Egy to push the I7K =070 below the K"=7"
bandhead.

B. Positive parity bands

1. K™=1% and K™=6%AX and AW bands

The AX configuration {%[523T]pi%[512T]n} involving
the 184 keV neutron orbital gives rise to the (61,17) pair
of bands, while the AW configuration [%[523?]p
F-2[5231],} involving the 534 keV neutron orbital results
in the (17,67 pair of bands. Experimentally, a K"=6"
bandhead”®!! at 295 keV and two K"=1" bandheads®’
at 426 and 567 keV, respectively, have been proposed.

The first order estimate for the K"=6" A4X bandhead
energy, obtained by adding the ground state Ey and E,
contributions from Fig. 3 to the summed orbital excita-

tion energy, is 279 keV. The inclusion of the relative resi-
dual interaction energy contribution brings the calculated
value still closer to the observed 6% energy, thus confirm-
ing the 295 keV 6™ level as the K"=6" bandhead from
the AX configuration.

The characterization of the two observed K7
bandheads is not so straightforward. The 426 keV 17 lev-
el has been deduced! ~* from the '**Dy beta decay. How-
ever, the populating [3 transition has not been directly ob-
served. Its intensity, deduced from the intensities of the
connected gamma rays, has been quoted within the
1.1-2.8 % range. The higher intensity value yields
logft=4.9 for this transition. This consideration led
Motz et al® to classify this transition as allowed-
unhindered (a.u.) and hence to assign the {%[523]p
—2[523],] configuration AW to the 426 keV level.
Later, Bollinger and Thomas® proposed a K™=1" band
with the 11 bandhead at 567 keV. Examining the avail-
able configurations giving rise to the K"=1" band, aside
from the one already used by Motz et al.® for the 426 keV
17 level, they suggested the AX configuration for the 567
keV 17 level.

GROUND STATE GM - PAIR OF [iHo

(7/2-[523 #] ;4 7/2+ [633 #] o}: K =7 K" = 0-

:1+

E(keV)

100 [ —_—0 100

12 E

50 -~ —150

63 keV

0 i - - - - =% 0
(528 + 0 + 0 - 478) keV N

AMDoEnpo Eg WA, +aWA

FIG. 3. The term-by-term bandhead energy calculation for
the ground state GM pair in '*Ho using the expression given in
the bottom line revealing the factors responsible for the ‘“‘ap-
parent” violation of the GM rule, and for bringing the singlet
state with KJ=0" below the expected ground state with
K7=7".
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The above assignments rest solely on the a.u. classifica-
tion for the 3 transition feeding the 426 keV level based
on the assumed logft=4.9. However, the nuclear data
evaluators!® have since concluded logft=5.2 for this
transition. The selection rules for 8 decay framed by Ala-
ga®? were applied to the deformed even mass nuclei by
Gallagher.>®> Recently, Sood and Ray®* undertook a
comprehensive survey of the a.u. transitions and obtained
logft =4.8+0.2 for the 54 such transitions observed for
the rare earth nuclei. The Nuclear Data Sheets—adopted
value!® of logft=5.2 puts this transition outside the a.u.
class and nullifies the basis for the AW assignment to the
426 keV 17 level.

The Alaga’®? rules were reexamined by Fujita et al.,*
who concluded that the allowed transitions obeying the
selection rule

AN =0, |An;|=|AA|=1,

can have logft values only marginally higher than those
for the a.u. transitions. Under this rule the logftr=5.2
connecting the 426 keV 17 level points to the AX config-
uration assignment for this level. This assignment is fur-
ther supported by the bandhead energy calculations as
well as the consideration of the GM splitting energy as
discussed below.

The earlier assignment AX to the 567 keV 1T bandhead
makes it the GM counterpart of the K"=6" AX band-
head at 295 keV. This leads to the “experimental” Egy
for the AX configuration ~320 keV. A fit to this value
using the matrix elements listed in Table I would require
the unacceptably large value aW ~4 MeV for the interac-
tion parameters in comparison with the least squares fit
value aW =0.87 MeV.2%2! The K"=1% AX assignment
to the 426 keV 17 level is clearly more acceptable on this
basis. The first order estimate for the K"=1" AW band-
head energy is 566 keV, whereas that for the K"=1" 4X
bandhead energy is around 400 keV.

Thus the bandhead energy calculations, the considera-
tion of the GM splitting energy, and the beta-decay
characteristics all support the AX configuration assign-
ment for the 426 keV 11 level.

The bandhead energy calculations and an examination
of all the possible K™=17 bands in the specified energy
region lead to the AW configuration assignment to the
567 keV 17 level. Unfortunately, the Q value for 3 decay
(482 keV) is too low to populate the 567 keV state which,
according to the present assignments, would have the a.u.
character. We predict the K"=6% bandhead for the AW
configuration to lie around 825 keV.

2. K™=3% and K™=4% AY and CZ bands

The AY configuration {+[5231],F 3[5121],} involving
the coupling of the ground state proton with the 108 keV
neutron orbital, and the CZ configuration {=<[51 1],
T[6331],} involving the coupling of the ground state
neutron with the 429 keV proton orbital give rise to the
two (37,47) GM band pairs.

The 190.9 keV 37 and 372 keV 47 AY bands have been
established in several studies’~%!! and our calculations, as
shown in Fig. 1, are in agreement with this assignment.

For the CZ pair of bands, Bollinger and Thomas® had
suggested the 592 keV based K"=3* band and the 719
keV based K"=47 band. On the other hand, Dewberry
et al.'* identified their 718 keV peak with the K™=37
CZ bandhead and their 884 keV peak with its K"=47
GM counterpart; they left the moderately strong peak at
590 keV unassigned while accepting the I”=3% assign-
ment for this level. On the basis of the total intensity of
the transitions, Bollinger and Thomas’ conclude that the
592 keV 37 level is almost surely a bandhead with the 4%
and 5% rotational levels located at 671 and 769 keV,
respectively. Dewberry et al.'"* constructed the CZ
K™=3" rotational band by assigning the 721, 821, and
945, and 1090 keV levels as the 3%, 4%, 5%, and 6" rota-
tional members of this band yielding the moment of iner-
tia parameter equal to 12.3 keV. If we accept the
Bollinger-Thomas assignment of these levels as compris-
ing the CZ K"™=4" rotational band with spin parity 4™,
5%, 6%, and 7T, an equally good J(J + 1) fit is obtained
with the moment of inertia parameter equal to 10.3 keV.
This latter value for the CZ K™=4% band is comparable
to the corresponding value of 10 keV obtained for the CZ
K™=3" band built on the 592 keV 3" bandhead by Bol-
linger and Thomas.

From the theoretical considerations, the first order esti-
mate for the K"=3% CZ bandhead is obtained as 524
keV by adding the single particle energy (429 keV) from
Table II and the Ey and E_, for the ground state from
Fig. 3. The CZ configuration has been experimentally ob-
served as the ground state in the isotonic nucleus 18T m;
this provides us with a reliable basis for the evaluation of
the interaction parameters as described in Sec. II. Fur-
ther, as seen from Table II, the interaction matrix ele-
ments for the CZ configuration are appreciably smaller
than those for the ground state configuration, thus caus-
ing the CZ triplet K™=3" bandhead to be pushed further
up from its first order estimate to bring the calculated
value into a close agreement with the observed 592 keV
3% level. No acceptable residual interaction parameters
can push the pure CZ 3% bandhead energy to match the
proposed 719 keV 3% assignment by Dewberry et al.'*

A careful reinvestigation of the proton pickup reaction
and a better determination of the rotational levels in the
592 keV based band are suggested to clarify the situation.

3. K™=5% and K™=2"% AU and BZ bands

The BZ configuration {5[411 1]t 2[6331],} involving
the coupling of the ground state neutron with the 362 keV
proton orbital, and the AU configuration {%[523?]P
+2[5211],] involving the coupling of the ground state
proton with the 574 keV neutron orbital, give rise to the
two (51,2%) GM band pairs.

Motz et al.® had identified a 5% level at 263.787 keV
and a 27 level at 430.1 keV. On the basis of the energy
considerations, the lower-lying (5%,2%) pair should corre-
spond to the excited proton configuration BZ; however,
the deexcitation of the 264 keV 5% and 430 keV 27 levels
into the levels of the K"™=3% and K"=4% (AY) bands
suggests their assignment as the excited neutron configu-
ration AU. Accordingly, Motz et al.® concluded that the
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observed (5%,2%) bands may be admixtures of both these
configurations. Bollinger and Thomas,’ as well as Schil-
ling et al.,'! simply list these (5%,27) states as the excited
neutron configuration AU. Dewberry et al.'* found all
related intense peaks in their (t,a) spectrum with angular
distributions to be in good agreement with / =2 transfers,
indicating the pickup of a %+[411] proton. Our calcula-
tions for the BZ configuration, as shown in Fig. 2, agree
with the results of the (t,a) experiment. The calculated
moment of inertia parameter is 9.0 keV, in comparison
with the experimental values of 9.27 keV for the K"=5"
band and 8.5 keV for the K™=2% band. However, as not-
ed above, the depopulation of these two bands is ex-
clusively to the levels of the AY configuration. If the
(5%,2%) bands had the pure BZ configuration and the
connected (3%,4%) bands had the pure AY configuration,
such decays involving changes of both the neutron and the
proton orbitals would be greatly hindered. The observed
decay patterns can only be understood by band admixtures
which, as discussed for the (57,2%) bands by Dewberry
et al.,'* cannot be presently understood through residual
interaction calculations. We only conclude that the 264
keV 5% and the 420 keV 2% bands have the predominant-
ly excited proton configuration BZ.

The experimental location of the other K"=5% and
K™=27 bands with dominant excited neutron configura-
tion AU remains an open question. We search for the
possible candidates for these levels based on our theoreti-
cal estimates of the bandhead energies for the AU config-
uration and an estimation of the still unassigned levels
with J™=(2%,5%) from the (f,y) results’ within the exci-
tation energy range 550—800 keV. We expect the
K™=5" bandhead to lie around 650+50 keV and the
K™=27" bandhead about 100+20 keV above it. The rela-
tively large range indicated for the predicted locations is
partly due to the uncertainty in the residual interaction
parameters (since this GM pair has not been identified in
any nucleus so far) and partly to allow for the configura-
tion mixing displacements. Looking at Table IV of Ref. 9
and Table VII of Ref. 8, the only unassigned (2,5)" level
from (7,y), and also seen in high energy (n,y) as well as
in (d,p) reactions on the high energy side, is the 768.8 keV
level. Bollinger and Thomas® had tentatively placed it as
the 53 member of the CZ excited proton K”=3% band
beginning at 592 keV. As discussed in the preceding sub-
section, the (t,a) reaction'* identifies the K™=3" band of
this configuration starting at 721 keV with 5%3 located at
945 keV. We suggest the experimentally observed 769
keV (2,5)T level as the most likely K7=2" bandhead for
the AU configuration. Looking for a possible 5% band-
head, we note that Bollinger and Thomas® had tentatively
placed the 655 keV level as the J™K =574 state of their
proposed K™=4"% band for the AV configuration starting
at 558 keV. Our calculations, as discussed below, place
the AV K™=4% bandhead around 730 keV as the GM
counterpart of the observed 814 keV K"=3% band. Fur-
ther, the 558 keV 47 level has since been reassigned as
4+2 by Bosman and Postma'? based on their experiments
on polarized n capture by polarized '*Ho. Accordingly,
we suggest the 655 keV level as the K™=5" bandhead of
the AU configuration. The 655 keV level has been seen in

the (d,p) study and is assigned J7 consistent with (f,y)
analysis.

4. K™=4% and K"=3" AV bands

The AV configuration {%[523T]pi +[51011,} involving
the coupling of the ground state proton with the 570 keV
neutron orbital gives rise to the (4%,3%) GM band pair.
Bollinger and Thomas® had proposed the K"=4% band-
head at 558 keV and the K™=3% bandhead at 814 keV.
The latter assignment agrees with our calculations for the
3%t AV bandhead energy. Our calculated moment of iner-
tia parameter is 9.8 keV, compared with 9.5 keV for the
experimentally suggested band. However, we place the
K™=47% bandhead around 730 keV. The suggested® as-
signment of the 558 keV level as the K™=47 bandhead
would yield an experimental GM splitting energy of 265
keV, which is over 3 times larger than the predicted?'
value of 82 keV for this configuration. An examination
of the available states in the neighborhood of the predict-
ed bandhead energy reveals a state at 721 keV and another
at 736 keV, both assigned J™=(3,4)* from (1,7 ) studies’
and both having been observed in the (d,p) spectrum.?
The 721 keV state has since been identified as the band-
head for the CZ configuration in (t,a) studies.!* We sug-
gest the observed 736 keV (3,4)" state as the K"=4%
bandhead for the AV configuration based on the calculat-
ed bandhead energy and the splitting energy from its 814
keV K™=3% GM counterpart.

5. Other positive parity bands

In addition to the 14 positive parity bands discussed in
the preceding subsections, six other such bands are expect-
ed in the spectrum of '%*Ho formed by the coupling of the
ground state neutron with the excited proton orbitals; see
Table II. The (0%,7%) GM band pair from the EZ con-
figuration {%[404l]p1%[6337]n} has been observed'*
with the 0" bandhead placed at 803.36 keV and the 7%
bandhead at 914.8 keV. The configuration appears as the
ground state in the isotonic nucleus '"°Lu. Our bandhead
energy calculations agree with this assignment. Our cal-
culated E(7*—07), including the calculated Egy, Ey,
and the zero point rotational energy, is about 180 keV; it
is larger than the observed 77-0% separation energy'® of
114 keV, but the difference is not as large as deduced by
Dewberry et al.'* The (1*,67) GM band pair from the
FZ configuration {—;-[413l]p1 116331],] has been ob-
served with the K"=1% bandhead placed at 1150 keV
and the K"=61 bandhead at 1282 keV. Our calculations
again support these assignments, although, as shown in
Fig. 2, the predicted bandhead energies are somewhat
lower than the experimental values. We further predict
the (6%,17) bandheads for the GZ configuration
{5[4021],7 7[6331],} around 1300 keV separated from
each other by 50+ 30 keV.

C. Negative parity bands
1. Bands involving the ground state neutron

In addition to the ground state GM pair (77,07) dis-
cussed earlier, negative parity bands are expected from the
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coupling of the ground state %+[633] neutron to two oth-
er proton states, i.e., the 3 [541] proton (E, =680 keV)
yielding the (37,47) GM pair for the DZ configuration,
and the 5 [532] proton (estimated E, ~1400 keV) yield-
ing the (67,17) GM pair for the HZ configuration.
While neither of the former bands has been identified, the
recent (t,a) study'* proposed a tentative K"=6" band
starting at 1560 keV with levels up to j”K =976 suggest-
ed on the basis of the rotational energy spacings. Our cal-
culations place (see Fig. 2) the K"=6" bandhead from
the HZ configuration around 1400 keV. The K"=1"
bandhead is expected to lie >200 keV higher and would
be very hard to identify considering the density of levels
around that excitation energy.!®

We calculate the bandhead energy for the K”=3" level
of the DZ configuration as 830+40 keV, with the
K"=4" bandhead lying about 70+£20 keV above it. The
(@,y) spectrum’ lists nine negative parity states with
J7=2—5 within this energy range, but in the absence of
any other evidence, it is not possible to assign specific
I"K values to the individual states.

2. Band involving excited configurations

Eight other negative parity bands involving both neu-
tron and proton excited configurations within the energy
range E,+E, up to 750 keV are listed in Table III. Our
calculated bandhead energies for these eight bands are
shown in Fig. 1. The experimental situation with respect
to these excited negative parity bands is very uncertain.
Particle transfer reactions obviously cannot provide any
definitive results for the bands built on both the neutron
and proton excited states. Radioactive decay studies indi-
cate the presence of only one negative parity state (other
than the three rotational states of the ground state
K™=07 band) located at 373 keV with a spin value of 0
or 1. Average resonance neutron capture spectra generally
indicate the parity of the states within the spin range 2—S5,
but further limitation of J7 to either (2,5)~ or (3,4)~ has
been possible in only a few cases. Based on their ARC
data, Bollinger and Thomas® proposed, with some reserva-
tions, the existence of three bands corresponding to the
configurations under discussion. However, due to an
oversight, the quantum numbers K in two cases were de-
duced incorrectly by them. Their bands G and K (see
their Fig. 19 and Table V) arise from the coupling
{27[4111], ¥+ 7[5211],}, which results in the bands
with K"=17 and 27; they erroneously listed the resulting
bands as K"=2" and K"=3" and sought to find rota-
tional levels fitting these bandheads. We have reanalyzed
their data and the results are discussed in the following
paragraphs.

The lowest negative parity excitation in '®°Ho is popu-
lated in the '*Dy beta decay; it depopulates’*® through
the 290.6 keV M1 transition to the 82.4 keV 1~ level of
the ground state band. The 3-decay characteristics for the
373 keV level restrict its possible J” values to 0~ or 1™
Motz et al.® accordingly suggested either the parallel spin
(K™=17) or antiparallel spin (K"=0") CY configura-
tion to this level. Bollinger and Thomas’ tried incon-

clusively to fit the 373 keV state as the bandhead of a
K7=07 band; they also suggested a K"=2~ band with
the 272 bandhead at 416 keV as the spin-parallel member
of the GM pair of the BY configuration. As noted in the
preceding paragraph, the correct spin-parallel band for
this configuration has K"=1" instead of 2~. Later,
Schilling et al.!' constructed a K™=1" band with the 373
keV 171 and the 416 keV 271 members of this band,
which they assigned to the CY configuration.

The other negative parity bands proposed by Bollinger
and Thomas’ are a K™=3" band starting at 563 keV as
the spin-antiparallel member of the BY GM pair and a
K7™=2" band starting at 638 keV assigned to the CX con-
figuration. We note that the correct spin-antiparallel
member of the BY configuration is K"=2" instead of
37. It so happens that the J7 deduced for the 563 keV
state (see Table VI of Ref. 9) is (2,3)7, and it can be very
well be accepted as the K"=2" bandhead.

Thus we have the experimental indication of three ex-
cited negative parity bands—a K"=1" band starting at
373 keV,!"! and two K"=2" bands, one starting at 563
keV and the other at 638 keV.® The experiments on '**Ho
do not presently provide any basis for a preferred configu-
ration assignment to any of these bands; however, four of
these bands involving %Jr[411]p have been identified in
three Tm isotopes and the lower two involving -;—+[41 1],
have been seen in !"Tm. Our calculated spectra, as
shown in Fig. 1, use interaction parameters derived from a
fit to the observed energy levels in Tm isotopes. From
our Table III and the corresponding results in Fig. 1, we
conclude the following. The matrix elements of the resi-
dual interaction for these four configurations (eight
bands) and the ground state bands, as well as the interac-
tion parameters derived from the ground state parameters
of the respective nuclei, wherever applicable, are very
similar; as such, to a first approximation these negative
parity bands are expected to be placed sequentially ac-
cording to the summed single particle energies and in ac-
cordance with the GM rule. Thus the lower excited nega-
tive parity band is the K"=1" band; the K"=0" band,
being a spin singlet, will lie above its counterpart spin-
triplet K™=1" band. Accordingly, for the observed 373
keV (0,1)~ state, the K"=1" assignment of Schilling
et al'! is the acceptable choice. Based on the summed
single particle energies, 1~ (BY) is expected to be lower
by 67 keV than the 1~ (CY) level. However, the interac-
tion energy contribution cancels about 30 keV of this
difference. Further, the K"=1" and K"=0" CY bands
are expected to have significant Coriolis admixture; this is
in evidence in the (17,07) pair in the '°Tm spectrum?® as
the odd-even staggering observed for the K"=1" ground
band levels. This admixture pushes the observed K"=1"
(CY) bandhead below its unperturbed position. A 10%
admixture brings the calculated bandhead energy of the
17 (CY) band into agreement with the observed 373 keV
level. Thus, presently it is not possible to choose between
the unperturbed BY and the admixed CY configurations
for the 373 keV 1~ bandhead.

For the two experimentally suggested K"=2" bands
with bandheads at 563 and 638 keV, respectively, we have
two candidates, namely the spin-antiparallel K7=2"
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member of the BY configuration and the spin-parallel
K™=2" member of the CX configuration. Our calcula-
tions suggest the CX as the main configuration for the
563 keV 2~ band and the BY as the main configuration
for the 638 keV 2~ band. The K"=3" member of the
CX configuration is predicted to lie about 200 keV above
its 27 GM counterpart, as shown in Fig. 1. The observed
(7,y) spectrum shows a number of negative parity states
in this energy range; however, in the absence of any other
pointer, it is not possible to make a specific identification
presently.

IV. SUMMARY AND CONCLUSIONS

We have calculated the complete two-particle low ener-
gy excitation spectrum of the doubly odd nucleus lggHogg
built from the single particle orbitals with the summed
neutron and proton energies up to 750 keV and also from
the coupling of the ground state neutron to all the known
proton orbitals with excitation energies up to 1500 keV.
The bandhead energies for the 34 bands expected for these
coupled configurations have been calculated based on a
quantitative evaluation of the zero range residual
neutron-proton interaction energy contribution with the
interaction parameters evaluated from the atomic mass
data and the ground state GM splitting energies of specif-
ic configurations from the nuclei of the region. Thus the
input for our calculations includes no experimental infor-
mation from this nucleus except the ground state data.
The moment of inertia parameters and the GM splitting
energies are calculated for each of the two-particle config-
urations of interest. Our results are compared with the
available experimental information to check the location
and the configuration assignments in the case of 21 bands
postulated from beta-decay, neutron capture, (d,p), and
(t,a) studies. Based on this comparison, the following
conclusions have been reached.

(a) Our results are in agreement with the assignments of
the following nine bands involving the ground state neu-
tron or proton deduced in the particle transfer reaction
studies.®!* The ground state (77,07) bands with the
K7™=7" appearing as an excited band in apparent viola-
tion of the GM rule; the first excited neutron bands
(3*,47) starting at 190 and 372 keV, respectively; the 294
keV K"™=6" spin-parallel member of the second excited
neutron band pair; the (0%,7%) bands starting at 801 and
915 keV, respectively involving the -;—+[404] excited pro-
ton orbital; and the (11,6%) bands with bandheads at
1150 and 1272 keV, respectively, involving the -Z—+[413]
excited proton.

(b) We agree with the K™= 17 assignments for both the
bands starting at 426 and 567 keV, respectively. Howev-
er, we interchange the configuration assignments suggest-
ed earlier. Based on the revision of the SB-decay logft
value by the Nuclear Data Sheets evaluator'® and our cal-
culations for the bandhead energies along with the GM
splitting energy estimates®' (in agreement with our calcu-
lations), we suggest the 426 keV 1% level as the
{5[512],— %[523],} spin-antiparallel K"=1" bandhead

forming a GM pair with the 294 keV K"=6" band. The
567 keV 17 level is identified as the {3[523],— 7[523],]
K™=1% bandhead with its K"=67 GM counterpart
bandhead predicted to lie around 825 keV.

(c) Although our calculations support the identification
by Bollinger and Thomas® of the 592 keV K"=3" and
719 keV K™=47 bandheads for the second excited proton
bands, the assignment of Dewberry et al.!* placing these
(3%,47) bandheads at 719 and 891 keV, respectively, can-
not be completely ruled out. Careful reinvestigation of
the proton-pickup reaction and the 592 keV based band
are suggested.

(d) Whereas Bollinger and Thomas® and Schilling
et al.!! had simply labeled the 264 keV K"=5" band and
430 keV K"=2" band as the {5[523],+5[521],} bands,
we agree with the conclusions of Motz et al® and
Dewberry et al.'* that these (5%,2%) bands have admixed
structures with {%[411]pi 11633],} as the dominant con-
figuration. We further suggest the 655 keV level as the
K7™=5"% bandhead and the 769 keV level as the K"=2"
bandhead with the dominant {[523]%[521]} configura-
tion; both these states have been seen in (d,p) spectra and
evidence the given J7 character from (f,y) data.

(e) In partial revision of the assignments for the
(4%,3%) bands involving the +[510] excited neutron, we
suggest the K"=47 bandhead at 736 keV and the
K7™=3" bandhead at 814 keV. While we accept the latter
Bollinger-Thomas® assignment, their 558 keV 4% level as
this bandhead is found to be unacceptable. The suggested
736 keV (47) state has been seen in the (d,p) spectra and
is compatible with the assigned spin from the (f,y)
analysis.

(f) No definitive assignments have been experimentally
made for any negative parity bands except the (77,07)
ground state pair. Two out of the three bands proposed
by Bollinger and Thomas® had the wrongly assigned K
values due to an error in the configuration couplings. The
K7=1" band built on the 373 keV 1~ state proposed by
Schilling et al.!! is acceptable, but the configuration as-
signed to it remains ambiguous. Two K"=1" bands
from the coupling of the 5 [521], orbital to the
%+[41 1], and %+[41 1], orbitals, respectively, are predict-
ed to lie very close to each other. The identification of the
other 1~ bandhead, the rotational states associated with
each of the two bands (to look for the odd-even staggering
expected in the latter coupling due to the Coriolis admix-
ture with its K"=0" counterpart), and the K"=0" band
(predicted to lie about 150 keV above its K"=1" GM
counterpart) represent important experimental challenges
for further clarification of the situation. We have tenta-
tively suggested dominant configurations for the two pro-
posed K™=27 bands with bandheads at 563 and 638 keV.
We further predict a rather low lying (~500 keV)
K™=4" band and two K"=3" bands and another
K™=4" band in the 800 keV to 1 MeV energy range.
Out of these, a (37,47) GM pair shown in Fig. 2 should
be accessible through proton transfer reactions. The situ-
ation with respect to the negative parity bands, on the
whole, remains far from satisfactory and needs specific
experimental attention.

9
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