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Lifetimes of high-spin states in thep i 13/2 band of 173Re
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Lifetime measurements on thei 13/2 band built on the proton configuration 1/21@660# in 173Re have been
carried out by the Doppler-broadened line shape method with the use of the GAMMASPHERE array in an
early-implementation arrangement. Lifetimes of the stretchedE2 transitions from states of spin
41/21– 69/21 in this band were measured, and the transition quadrupole moments calculated from these
lifetimes are consistent~averageQt58.160.5 eb) with a large and near-constant deformation (b2'0.29)
over the frequency range of\v50.29–0.47 MeV. This result attests to the strong deformation-driving effect
of the intruderp i 13/2 orbital when it lies just above the Fermi surface. From thin-target measurements, it was
possible to add three new levels to this band and to determine that the experimental aligned angular momenta
gradually evolve over a large frequency range and level off with a total gain characteristic of alignment by
i 13/2 neutrons. Calculations carried out for diabatic configurations give a satisfactory accounting of the align-
ment gain. However, because of the large interaction between crossing bands, a more meaningful description
of the deformation pattern in this band was achieved through calculations of the spin-adiabatic type. Both
calculations are discussed and compared with the experimental results.@S0556-2813~97!02202-4#

PACS number~s!: 21.10.Tg, 21.10.Re, 23.20.Lv, 27.70.1q
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I. INTRODUCTION

In recent years there have been numerous studies o
light W-Re-Os-Ir-Pt nuclei and most of these investigatio
involving the odd-Z species have led to assignments of ro
tional sequences built on a 1/21@660# proton configuration
~e.g., see Refs.@1–7#!. In most of these nuclei, the gain o
alignment in this band expected from an aligning pair
i 13/2 neutrons occurs very slowly and over a large freque
range. In this region it is only for171Re that there has bee
observed@5# a distinct backbend in thep i 13/2 band, behavior
which is presumed to result from a weak interaction betw
the ground ands bands. Recent studies@8# of 175Re and
177Ir have revealed upbending behavior in thei 13/2 band for
both of these nuclei. In the majority of these nuclei, howev
theh9/2 band is observed and it demonstrates quite clear
backbending behavior due to alignment ofi 13/2 neutrons.

The puzzling behavior in thesep i 13/2 bands has led to
several possible explanations—no one of which can be
vanced unambiguously—to account for the experimental
servations. As a first consideration of this problem, let
examine the positions of thei 13/2 and h9/2 orbitals in this
region. Both are steeply downsloping intruder orbitals a
thus, are predicted@3,9,10# to be capable of driving the
nucleus to larger prolate deformation. However, for most

*Present address: University of Liverpool, Oliver Lodge Labo
tory, Liverpool, L69 3BX, England.
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these light odd-Z nuclei the band head built on th
1/22@541# proton configuration lies near or just below th
Fermi surface, while that built on the 1/21@660# configura-
tion lies somewhat higher above the Fermi surface. Con
quently, the position of theh9/2 orbital gives it part hole, part
particle character, leaving it with very little effectiveness
driving the deformation, while thep i 13/2 orbital is expected
to assert a strong polarization effect~e.g., see Ref.@11#!.

As a consequence of this expected large deformation
thesep i 13/2 bands, it is frequently invoked that the appare
slow alignment gain is an artifact resulting from the use of
improper reference subtraction. This is not an unreason
assertion since with the difficulty in obtaining a good refe
ence it is common to use for thep i 13/2 bands, the same
reference parameters found easily for the less-deform
h9/2 band. Although there are sound arguments for do
this, there are potential problems with such an approach
was illustrated in the recent experiments by Mu¨ller et al. @10#
They carried out lifetime measurements in theph9/2 and
p i 13/2 bands of 179Ir and confirmed that there was signifi
cantly ~and approximately constant! enhanced prolate defor
mation for thei 13/2 band compared with theh9/2 band.

In their studies of171Re, Carlssonet al. @5# have sug-
gested the possibility~as has been postulated@12,13# for the
5/21@402# band in 173Re) that in some cases a coexisten
picture may apply to thei 13/2 bands in this region, where
with increasing rotational frequencies a stretching effect p
duces a significant shape change. One mechanism sugg
@1,14,15# to account for a stretching of the nucleus in theb
-
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55 653LIFETIMES OF HIGH-SPIN STATES IN THEp i 13/2 . . .
direction involves a large-deformation intruder band conta
ing a J50 pair of protons occupying the 1/22@541# orbital.
In this picture, a three-band mixing between thep i 13/2 band,
the J50 band, and an alignedn i 13/2 two-quasiparticle band
is carried out.

In an effort to explain the slow alignment gain in th
1/21@660# band in such nuclei as175Ir, it has been proposed
@3,16# that in standard total Routhian surface~TRS! calcula-
tions there is the possibility that a strong proton-neut
(pn) interaction may not be accounted for properly. T
suggested@3# remedy is to consider a residualpn interaction
which is large enough to deliver a strong mixing of the on
and three-quasiparticle bands and, hence, account for sm
increases of the aligned angular momentum and the mom
of inertia.

Addressing some of the common problems encountere
the nuclei in this region, Barket al. @17# have carried out
theoretical calculations for the light odd-even Re and Ir i
topes withN596, 98, 100, and 102. They used the mo
fied harmonic oscillator potential to calculate the propert
of the diabatic@18#, i.e., noninteracting,p i 13/2 andph9/2 g
ands bands. For the one-quasiparticlei 13/2 band in most of
the investigated nuclei, they found a significant sha
stretching, followed by a reduction in deformation at t
crossing with thes band. For theh9/2 g and s bands, the
«2 deformation remained nearly constant and similar to t
of the bandhead deformation of thei 13/2 band. The calcula-
tions gave a satisfactory qualitative explanation of the
perimental data available at the time.

The calculations of Barket al. @17# also predicted that a
well-defined backbending or upbending should appear in
p i 13/2 bands of theN5100 isotones, which are expected
have a weak interaction between theg and s bands. In the
N598 isotones, however, the interaction is expected to
larger, an effect which could obscure any upbend associ
with the g-band,s-band crossing in thei 13/2 bands. Indeed
the existing data@1,2# on thei 13/2 band in

173Re showed only
a slow alignment gain over a wide frequency range, with
indication that it has emerged from a region of increas
alignment. At the smaller deformation of theh9/2 band, the
interaction is smaller and an upbend is expected, in ac
dance with the data. Subsequent experiments by Barket al.
@8# have verified that well-defined upbends do appear in
p i 13/2 band of both175Re and177Ir.

Central to a better understanding of the underlying fact
that give rise to the behavior of these odd-proton nuclei d
cussed above is a determination of their dynamic elec
magnetic transition moments which sense the collective
pects of the nuclear wave functions. In this paper we rep
on such measurements in173Re(Z575) carried out by
Doppler-shift techniques. In earlier papers@12,13# we re-
ported on lifetime measurements for states in173Re to mod-
erately high spins by the recoil-distance method, where
sults for thed5/2 band were emphasized. To gain informati
on states to very high spins~and resulting subpicosecon
lifetimes! in the i 13/2 band of 173Re, we recently carried ou
additional measurements on this nucleus by the Dopp
broadened line shape~DBLS! technique through the use o
the GAMMASPHERE array in an early-implementation
mode. These results will form the main theme of this pap
-
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II. EXPERIMENTAL DETAILS

To form 173Re, we utilized the reaction
150Sm(27Al,4n)173Re produced by a beam of 132-Me
27Al from the Lawrence Berkeley National Laboratory 8
inch cyclotron. Two targets were used in the experimen
One consisted of 1 mg/cm2 150Sm evaporated onto a
42 mg/cm2 lead backing for the DBLS measurements. T
second was a 2-mg/cm2 self-supporting150Sm evaporated
foil for spectroscopy measurements. The samarium ta
material was enriched to 99.7% in mass 150.

Gamma-gamma coincidence measurements were ca
out with the GAMMASPHERE array in an ‘‘early-
implementation’’ arrangement. This consisted of five Ge d
tectors, each, at angles of 17.3°, 31.7°, 37.4°, 142
148.3°, and 162.7° and two detectors at 90°, with all det
tors located 25.8 cm from the target. ‘‘On-line’’ gain matc
ing of the Ge detectors was done with a60Co source, while
energy and efficiency calibrations were determined fr
sources of182Ta and152Eu measured in both the singles an
coincidence modes.

In order to avoid any potential problems from overheati
of the Pb-backed150Sm target used in the DBLS exper
ments, the27Al beam current was limited to about 2 pnA. A
this current, theg-g coincidence rate was 9500/sec and t
g-g-g rate, 2500/sec. Since, at these rates, the system
time was only a few percent, we elected to store events
two- and higher-fold data. As the total reaction cross sect
was fractionated into several channels, it became neces
in the post experiment analyses of the173Re data to build
g-g coincidence matrices from all of these stored even
Thus some degree of selectivity for the desired react
channel was sacrificed at the expense of better statis
quality in the twofold coincidence spectra.

To further improve the quality of the data analyses,
carried out off-line gain matching of the spectra from all
detectors. For the analysis of the Doppler-broadened
shapes, two 5K35K coincidence matrices were constructe
One of these was from a coincidence between ag ray de-
tected in any one of the 15-Ge detectors in the forward th
rings and an event detected in any other detector. The se
matrix was composed similarly of a coincidence betwe
any one of the backward 15 detectors and any other dete
The unsymmetrizedg-g coincidence matrix involving the
‘‘forward’’ 15 detectors contained a total of 8.663108

events, while the ‘‘backward’’ matrix contained a total o
9.003108 events. As will be discussed later, it was possib
to determine lifetimes independently from both the forwa
and backward-shifted line shapes.

For the thin self-supporting150Sm target, it was possible
to increase the27Al beam current to about 3 pnA. The accu
mulation of the data was carried out under essentially
same conditions as for the Pb-backed target. A basic dif
ence in building the 5K35K coincidence matrix was tha
here a coincidence between any two or more detectors~re-
gardless of angle! was considered an acceptable event. T
coincidence matrix from these data contained a total
1.023109g-g events. In the analysis of these coinciden
data, we have only concentrated on the transitions in
i 13/2 band shown in Fig. 1 since it is necessary to know
in-band transition intensities for a determination of the inte
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654 55N. R. JOHNSONet al.
sity of the side feeding from the continuum to each st
considered. The side feeding to each state being measur
a required input parameter in our computer program for
determination of lifetimes from DBLS data.

III. ANALYSES AND RESULTS

The analyses of173Re DBLS data were carried out wit
the aid of the computer programLINESHAPE @19# which was
originally based on a program obtained from Gascon@20,21#
at the Niels Bohr Institute. The program utilizes Monte Ca

FIG. 1. Partial level scheme of173Re showing only the feature
relevant to the current lifetime measurements in thei 13/2 band. This
band was previously assigned@1,2# as that built on the 1/21@660#
proton configuration and the level scheme was developed@2# up
throughI561/2. The three topmost levels shown here are repo
for the first time in the present work. All transition energies a
intensities shown are, likewise, from the current measurements.
excitation energies shown for the levels in thei 13/2 band are based
on the present transition energies and the earlier energy assign
@2# of 1455 keV to a 21/21 state in the 5/21@402# band. The num-
bers in parentheses are relative transition intensities from
present thin-target measurements.
e
d is
e

techniques, as initially applied by Bacelaret al. @22,23#, to
simulate the velocity and directional history of a series
recoiling nuclei. With the Monte Carlo routine it is possib
to trace both the scattering directions and the velocities
the recoiling ions to account primarily for the nuclear sto
ping power where large-angle scattering and large ene
losses occur. The tabulations of Northcliffe and Schilli
@24# with shell corrections were used for the electronic sto
ping powers. For a giveng-ray transition energy, the com
ponents of the velocity distributions seen by each of the
five-detector rings were projected out and stored in ‘‘sha
vs time’’ matrices containing 200 time steps over the ran
during which the nucleus comes to rest in the lead back
Each matrix, with its 200 time steps by 250 channels, p
vides a complete set of line shapes ranging from the fu
shifted (t50) to the ‘‘stopped’’ peaks.

After an examination of the spectra in coincidence w
each transition in thei 13/2 band and with the 430-keV inter
band transition to thed5/2 band~sec Fig. 1!, it was decided
that the best line shape analysis would be derived from
spectrum generated by summing gates on the 430-, 4
477-, and 530-keV transitions. This was the case for both
forward and backward matrices. Based on the statist
quality of theseg-g coincidence data for each five-detect
angle, we elected to carry out the analyses on the sum o
15 forward-angle detectors and on the sum of the 15 ba
ward detectors. In the final Monte Carlo simulations for t
forward-shifted and backward-shifted line shapes, eq
weighting was applied to each ring of detectors.

As already mentioned, the data from the thin-target
periment have been analyzed in order to extract the rela
intensities of the transitions shown in Fig. 1. Having do
this, we were able to deduce for each level under consid
ation, the side-feeding intensity of transitions from t
g-ray continuum or from undetected discrete transitions. T
line shape analysis program requires the side-feeding in
sities as fixed parameters and, in addition, requires a m
to handle them. We chose a side-feeding model which c
sists of a five-state rotational band with a fixed moment
inertia of 65\2 MeV21 and a transition quadrupole mome
which can be varied during the fitting process.

The lifetime programLINESHAPE @19# carries out ax2

minimization of the fit for~1! Qt , the transition quadrupole
moment for the transition of interest;~2! Qt(SF), the transi-
tion quadrupole moment for a modeled side-feeding tran
tion; ~3! a normalizing factor to normalize the intensity o
the fitted transition at each angle;~4! the intercept and slope
of a linear background; and~5! the intensities of contaminan
peaks near the peak of interest. In our current version of
program the uncertainties in the lifetimes are determined
a statistical method using the subroutineMINOS @25#. In this
procedure, it is assumed that the point in the parameter s
wherex2 takes on its lowest valuexmin

2 determines the mos
likely or best-fit parameter values, and that the region o
which x2 takes on values smaller thanxmin

2 11 corresponds
to the ‘‘one-standard-deviation’’ or confidence interval
68%. The uncertainty for a given parameter was found
varying that parameter in steps above~below! its best value.
At each step, this parameter was fixed andx2 was remini-
mized by varying all the other parameters. The step at wh
the reminimizedx2 equaledxmin

2 11 was used for the positive

d

he

ent

e



r
f

d
d
5
,

e

-

t
f

55 655LIFETIMES OF HIGH-SPIN STATES IN THEp i 13/2 . . .
FIG. 2. Least squares fits fo
line shape distributions of some o
the 173Re g-ray transitions in the
i 13/2 band: the 580.6-keV,
41/21→37/21 transition~top two
frames!; the 630.6-keV,
45/21→41/21 transition ~middle
two frames!; and the 886.7-keV,
65/21→61/21 transition ~botton
two frames!. The left-hand frames
show the data for the 15 backwar
detectors, and the right-han
frames show the data for the 1
forward detectors. In each frame
curve~a! is the fit to the line shape
plus total background and curv
~b! is the line shape fit for the
transition. The peaks labeled~c!
are perturbing contributions from
other g rays in the region of the
line shape of interest. In the bot
tom right frame, the very narrow
peak labeled~d! is assumed to
arise from some unknown artifac
introduced in the construction o
the coincidence matrix.
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~negative! uncertainty for this parameter. This procedure
ten leads to rather asymmetric error limits on some of
lifetimes and transition quadrupole moments.

For illustrative purposes, we show in Fig. 2 the lea
squares fits to the line shape distributions for three of
transitions in the 1/21@660# band of 173Re. These are the
580.6-keV, 41/21→37/21 transition ~top two frames!, the
630.6-keV, 45/21→41/21 transition ~middle two frames!,
and the 886.7-keV, 65/21→61/21 transition ~bottom two
frames!. For each transition, the left-hand frame shows
data for the 15 backward detectors and the right-hand fra
shows the data for the 15 forward detectors. The curves
beled~a! are fits to the line shape plus total background a
those labeled~b! are the line shape fits for the transition. Th
peaks labeled~c! are perturbing contributions from otherg
rays in the region of the line shape of interest. In the bott
frames, the very narrow peak labeled~d! is presumably from
some unknown artifact introduced in the construction of
coincidence matrix.

Once the decay curves had been fitted and the lifetim
and transition probabilities@T(E2)# determined, it was a
-
e

-
e

e
e
a-
d

e

s

simple matter to extract reduced electric quadrupole tra
tion probabilities @B(E2)# and transition quadrupole mo
ments (Qt) by utilizing the equations

T~E2!51.2331013Eg
5B~E2!, ~1!

B~E2;I→I22!5
5

16p
^I 2 0 0uI22 0&2Qt

2, ~2!

whereEg is in MeV, B(E2) is in units of (eb)2, Qt is in
(eb), and the term in brackets is a Clebsch-Gordan coe
cient. In the case of modeled side-feeding rotational
quences, theg-ray energies were determined by the expr
sion

Eg~SF!5
\2~4I22!

2I SF
, ~3!

where, as already pointed out, the moment of inertia for e
side-feeding bandI SF, was assumed to be 65\2 MeV21,
which is close to that observed between low-lying memb
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TABLE I. Summary of results for transition quadrupole moments (Qt) and lifetimes (t) for high-spin states in the 1/21@660# band of
173Re.

I i→I f Eg Qt
a Qt

b Qt
c t Qt(SF)

a, d Qt(SF)
b, d Qt(SF)

e t(SF)

~keV! (eb) (eb) (eb) ~ps! (eb) (eb) (eb) ~ps!

~Forward- ~Backward- Avg. Avg. ~Forward- ~Backward- Avg. Avg.

shifted data! shifted data! shifted data! shifted data!

41/21→37/21 580.6 8.7420.58
10.72 8.3920.23

10.26 8.5620.58
10.72 0.4720.06

10.08 6.2520.47
10.47 7.8420.10

10.23
7.0420.56

10.56f 0.6920.09
10.09

45/21→41/21 630.6 8.2020.25
10.27 8.0420.15

10.79 8.1220.15
10.79 0.3420.01

10.07 6.2320.20
10.18 6.1920.29

10.31
6.2020.47

10.50f 0.5820.09
10.09

49/21→45/21 681.0 7.4720.06
10.05 7.5820.10

10.20
7.5220.30

10.60f 0.2720.02
10.04 8.2920.05

10.07 8.7520.07
10.08

8.5220.60
10.68f 0.2120.03

10.03

53/21→49/21 732.0 8.5420.72
10.89 7.8120.36

10.32 8.1820.72
10.89 0.1620.03

10.03 6.2820.10
10.32 7.2520.09

10.27
6.7620.17

10.54f 0.2320.01
10.04

57/21→53/21 783.4 7.7120.22
10.26 8.2820.93

10.11 8.0020.93
10.11 0.1220.03

10.01 9.0820.24
10.27

6.2120.22
10.22g 7.6420.54

10.61f 0.1320.02
10.02

61/21→57/21 835.3 7.8420.33
10.67 8.0020.31

10.51 7.9220.33
10.67 0.08820.007

10.015 4.0220.03
10.05

11.920.81
10.81g 7.9620.38

10.64f 0.08720.008
10.014

65/21→61/21 886.7 7.6720.49
10.78 8.5120.74

11.31 8.0920.74
11.31 0.06220.011

10.020 7.4220.35
10.65

6.2220.66
10.66g 6.8220.35

10.65 0.08820.009
10.017

69/21→65/21 939.4 8.1420.94
11.33 8.0221.01

11.32 8.0821.01
11.32 0.04720.011

10.015 6.9820.36
10.38 5.8620.19

10.21
6.2720.48

10.50f 0.07820.012
10.012

aArithmetic average of several fits to the experimental data for the forward-shifted line shapes. The error shown is the largest value
MINOS fit used in obtaining the averageQt value.
bArithmetic average of several fits to the experimental data for the backward-shifted line shapes. The error shown is the largest v
anyMINOS fit used in obtaining the averageQt value.
cArithmetic average of theQt values shown in columns 3 and 4. The error limit is the larger of that in columns 3 and 4, with the exc
noted in footnote f.
dQt ~SF! is the effective quadrupole transition moment for a modeled side-feeding cascade consisting of five rotational states
moment of inertia of 65 MeV21\2.
eArithmetic average of the values shown in columns 7 and 8. The error limit is the larger of that in columns 7 and 8, with the exceptio
in footnote f.
fThe minimum acceptable final error limit has been set subjectively at 8%. The largestMINOS error limit from any fit used in obtaining this
averageQt value has been adjusted upward to conform to this criterion.
gGaussian error fit—unable to obtain a satisfactoryMINOS fit.
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of the i 13/2 band and was held constant in the fitting proce
Varying this value by as much as 5% in the model cau
negligible changes in theE2 transition rates between mem
bers of thei 13/2 band.

In earlier spectroscopy studies of173Re, transitions in the
i 13/2 band were assigned@2# up through a spin of 61/21.
However, from our thin-target data we find three new tra
sitions in this band, extending the levels up toI573/2. From
the DBLS results, we have determined lifetimes and the
sociatedQt values of two of these new levels labeled wi
I565/2 and 69/2 (Eg5886.7 and 939.4 keV, respectively!,
along with the next six lower levels, down toI541/21.

A summary of the results from the current measureme
is presented in Table I. Numerous fits were carried out
both the forward- and backward-shifted data where we e
ployed variations in the fitting parameters and the numb
of levels grouped in a given fit. Average values ofQt were
then taken for each transition in the two sets~forward and
backward shifted! of data. Columns 3 and 4 of Table I sho
these average values derived from the forward- a
backward-shifted line shapes, respectively. For each tra
tion, the error limit shown is the largest value obtained w
the MINOS procedure in any fit used in the averaging.
column 5 we show for each transition the ‘‘accepted’’Qt
value, which is just the arithmetic average of the values
columns 3 and 4. The error on the accepted value is
larger of the twoMINOS values used in the averaging exce
for the cases noted in the table. Similarly, the correspond
.
d

-

s-

ts
n
-
rs

d
si-

n
e
t
g

average values ofQt(SF), the effective quadrupole transitio
moments for the modeled side-feeding rotational casca
are shown in columns@7–9#. Although done in a subjective
manner~but based on our past experiences with such da!,
we set 8% as the minimum acceptable error limit for t
larger of the positive or the negativeMINOS error on the final
average in-band and side-feeding quadrupole transition
ments. The cases where error limits were increased to
value are so noted in Table I. The lifetimes corresponding
the acceptedQt values are listed in column 6, and the ass
ciated effective side-feeding lifetimes,t t(SF), are listed in
column 10.

IV. DISCUSSION

The final average values of the transition quadrupole m
ments (Qt) for transitions in thei 13/2 band of 173Re ~from
column 5 of Table I! are shown as solid circles in Fig. 3
Within the error limits, it is possible to fit all of theE2
transitions from states withI541/2–69/2~corresponding to
a frequency range of\v50.29–0.47 MeV) by a constan
value ofQt58.160.5 eb, which corresponds tob2'0.29.
Because of the longer lifetimes of lower states in the band
was not possible to obtain information on them in the
DBLS experiments. However, we do have lifetime inform
tion on the 29/21→25/21, 422.9-keV transition from our
earlier recoil-distance measurements@12,26#. TheQt value
extracted for this transition in those data is 8.261.3 eb, and
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it is shown as an open circle in Fig. 3. Therefore, we are
with a picture that is compatible with a rather large and ne
constant deformation in thei 13/2 band, but which, because o
the large error limits, could be accommodated by a relativ
small stretching at lower frequencies (\v,0.29 MeV).

As a first step in exploring the conclusions that may
drawn from the data in Fig. 3, we consider the matter
alignment gain in thei 13/2 bands of 173Re and some of its
neighbors. In order to extract an aligned angular momen
which can be interpreted in a meaningful way, a refere
configuration with well-understood properties must be c
sen. For most cases in the vicinity of173Re, this has been a
rather difficult task. Except for171Re, which shows a back
bend in thep i 13/2 band@5#, and for 175Re and177Ir, which
show upbends in this band@8#, it has not been possible from
experimental data to assign reliable alignment gains
band-crossing frequencies to the presumed alignmen
i 13/2 neutrons in these nuclei.

In the Introduction we alluded to the general proble
faced with the gradual gain in angular momentum in
rotational bands built on the 1/2@660# configuration in this
region, as compared to theh9/2 rotational bands. The possibl
explanations for this behavior include a large and cons
deformation, a gradually increasing deformation, and an
traordinarily large interaction between theg and s bands.
From the work of Barket al. @17#, one concludes tha
for most of these nuclei, use of thei 13/2 one-quasiparticle
band itself as a reference should probably be avoided
better reference is usually provided by theh9/2 one-
quasiparticle bands which are believed to have a nearly c
stant deformation and ag-band,s-band interaction that is
well understood@17#. Furthermore, deformations calculate
@17# for diabatic configurations in nuclei in this region a
such that the same reference is expected to be relevant
the bandhead of the one-quasiparticlei 13/2 band and for the
s bands built on both thei 13/2 andh9/2 configurations. This
means that the alignment extracted for these bands sh

FIG. 3. Transition quadrupole moments (Qt) for thep i 13/2 band
in 173Re. The solid circles are from the present DBLS measu
ments. As explained in the text, the error limits shown are in e
case the largestMINOS error from any fit used in obtaining the fina
averageQt value plotted here. The open circle, for the spin-29
state, is from earlier recoil-distance measurements@26#. The solid
curve representsQt values calculated from the wave functions of
spin-adiabatic configuration.
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directly reflect the contribution from the excited quasipar
cles. It is only for the higher-spin members of thei 13/2 one-
quasiparticle band that a significant contribution originati
from a difference in deformation should be expected.

The analysis performed in Ref.@17# showed that a com-
mon reference~viz., I 0530\2 MeV21 and I 1577\4

Mev23) could be used for several Ir and Re isotopes n
N5100 and that, with only modest variations from nucle
to nucleus, theh9/2 s bands have an aligned angular mome
tum of about 9\. To this total alignment, the odd proton
assumed to contribute about 3\ and the aligned pair of neu
trons about 6\. Further, they@17# observed that thei 13/2 s
bands have aligned angular momenta of about 13\, shared
nearly equally between the odd proton and the aligned
of i 13/2 neutrons.

In light of the above discussion, let us now examine pl
of aligned angular momentum vs. rotational frequency
thep i 13/2 andph9/2 bands in

173Re. These are shown in Fig
4. After we@27# incorporated two additional levels at the to
of theh9/2 band based on current measurements, it was fo
that the alignment in this band is described only modera
well by the common reference parameters used in Ref.@17#
for this region. However, we find that a better fit is given
I 0531.6\2 Mev21 and I 1579.4\4 Mev23 as used in
curve ~c! of Fig. 4 where a total alignment of 8.5\ is
achieved. About 2.5\ of this alignment can be attributed t
the odd proton and about 6\ to the aligned pair ofi 13/2
neutrons. When those same reference parameters are us
the i 13/2 band, the results in curve~b! are obtained. The prob
lem here is that while about 6.2\ of alignment is reasonable
for the oddi 13/2proton, the indicated gain of about 4.9\ from
alignment of a pair ofi 13/2 neutrons is less than expecte
Curve~a! is a plot of thei 13/2 band with the use of referenc

-
h

FIG. 4. Experimental alignments for thep i 13/2 andph9/2 bands
in 173Re. Curve~a! is considered a good fit to the experimental da
for the i 13/2 band where the moments of inertia reference parame
I 0532.2\2 MeV21 and I 1565.6\4 MeV23 were used in the
reference subtraction. Curve~b! is the fit obtained for thei 13/2 band
with the parameters I 0531.6\2 MeV21 and
I 1579.4\4 MeV23, which are the values determined from a
for theh9/2 band shown in curve~c!.
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parametersI 0532.2\2 MeV21 and I 1565.6\4 MeV23.
This seems a more plausible description of this band as,
about 6.1\ of alignment is carried by the odd proton and
additional 6\ is gained in the alignment ofi 13/2 neutrons.
When compared with the reference parameters for theh9/2
band, this increase inI 0 and reduction inI 1 are not con-
clusive evidence of, but are consistent with, an increa
deformation and increased rigidity, respectively, in thei 13/2
band. Note that the three new transitions we have assigne
the top of thei 13/2 band have enabled us to determine th
the initial phase of alignment has completed
\v;0.45 MeV since the region of the expected strong
teraction between the crossing bands appears to have d
peared at frequencies higher than this.

Overall, the experimental alignments determined for
h9/2 andi 13/2 bands of

173Re in the present measurements a
reasonably well accounted for~at least qualitatively! by the
deformations from the diabatic calculations@17#. However,
the actual deformations that come out of the diabatic tre
ment for the i 13/2 band of 173Re do not fit well with our
experimental results. The calculations@17# showed a large
shape stretching up to the crossing with thes band, followed
by a significant reduction in deformation above the cross
frequency. An examination of theQt values in Fig. 3 shows
that this is hardly the case. We note, however, that in
case of 179Ir such a reduction inQt values is observed in
experimental data@10# for states with spins of 45/2 and 49/
where thes band mixes into the yrast band.

The interaction between thei 13/2 g ands bands in173Re
depends strongly on the deformation of the nucleus; viz.,
interaction strength increases with increasing deformat
At deformations corresponding to those determined in
current measurements for the upper part of theg band, the
interaction is calculated to be about 350 keV. Consequen
the above discussed treatment of diabatic bands with no
teraction cannot provide a fully satisfactory description
the i 13/2 band. A calculation of the type carried out in Re
@18# where spin-adiabatic configurations were employed
probably a better alternative, as in this approach a str
interaction between theg ands bands is retained, contrary t
the situation for a pure diabatic treatment. In the sp
adiabatic treatment it is only the weakly interacting ban
that are replaced by sharply crossing diabatic bands. Th
fore, we have performed spin-adiabatic calculations
173Re, following exactly the prescriptions given in Ref.@18#.
In the spin-adiabatic calculations we observe a sh

stretching for the lower part of thei 13/2 g band, in close
agreement to what was calculated@17# for the diabatic
i 13/2 g band. However, in the band-crossing region~spins
roughly between 20 and 30!, the spin-adiabatic calculation
are tracing the yrast line, which at large deformations
pushed down considerably due to the very large interac
between theg ands bands. At smaller deformations, repr
sentative of the diabatici 13/2 s band (b2'0.25), the
g-band,s-band interaction is much smaller and, in fact,
removed in the calculations~cf. Fig. 3 in Ref.@18#!, resulting
in no suppression at all of the yrast line~cf. Fig. 2 in Ref.
@18#!. This changes the energy balance between large de
mation (b2'0.30) and small deformation (b2'0.25) in fa-
vor of the larger deformations. Although the energy surfa
re
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are soft in the band-crossing region, the energy minimum
the yrasti 13/2 band remains at a large deformation througho
the band-interaction region and even above spin 30.~The
same effect has been observed in TRS calculations in w
band interactions are not removed.!

Allowing for the uncertainties pointed out above, a dire
comparison between the experimental data and the theo
cal Qt values, calculated from the wave functions of t
spin-adiabatic configuration, is made in Fig. 3~solid curve!.
The agreement is good for spins above 20\. A proper treat-
ment of the theoretical interaction between the ground
s bands~which is not a straightforward matter! is, however,
expected to reduce theQt values for the highest points t
values which probably would fall below the error bars. B
low spin 20 only one experimental point is known@26#,
namely, for spin 29/2. This point lies high above the calc
lated value, but the error bar is large and overlaps the th
retical curve. The theoreticalQt values are, therefore, hardl
inconsistent with the experimental data, but the data
equally consistent with a large and constantQt value. The
same is true for the data for179Ir @10#. In order to finally
determine whether the deformation of thei 13/2 g band is
constant or increasing with spin, high-quality recoil-distan
data are required.

In conclusion, we shall summarize several importa
points relative to the current measurements on173Re and to
the general features of thei 13/2 bands in neighboring nuclei

~1! The current measurements indicate that a large
near-constant deformation (b2'0.29) characterizes thei 13/2
band of 173Re over the frequency range of 0.29–0.47 Me

~2! TheQt values found here for thei 13/2 band of 173Re
are considerably larger than those for theh9/2 band@27#. This
feature is consistent with the pattern for this region of nuc
where theh9/2 orbital lies below the Fermi surface while th
i 13/2 orbital lies above, but near, the Fermi surface.

~3! When compared with the current experiment, the
sults of both the diabatic and the spin-adiabatic calculati
for the i 13/2 band show points of agreement. However, the
are also enough disagreements with experiment in these
culations to leave us without a fully consistent explanation
the behavior of thei 13/2 band. The diabatic calculations giv
a reasonable accounting of the gain in aligned angular
mentum, but they do not take into consideration the stro
interaction between the ground ands bands. Further, in the
diabatic approach the experimentally aligned angular m
mentum demands a reduced deformation in thes band, con-
trary to what is seen. The spin-adiabatic calculations, ho
ever, show quite good agreement with the experimentalQt
values for thes band, but predict for theg band a reduced
deformation which is barely overlapping with the error ba
for the single experimentally measured value@26# at
I529/2. Unfortunately, this leaves us unable to make a
finitive statement of whether the ground band has a cons
or a gradually increasing deformation.

~4! No distinct upbending is observed in173Re, in contrast
to theN5100 isotones175Re and177Ir, but this was hardly
expected, due to the largeg-band, s-band interaction at
N598. On the other hand, the alignment saturates for
highest spins, which are supposedly belonging to thes band,
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at a value similar to those observed in theN5100 isotones
as predicted in Ref.@17#.

~5! We are unable to determine if a large proton-neut
interaction is a contributor to the pattern of slow alignme
gain in the i 13/2 band of 173Re. However, the upbends i
175Re and 177Ir and the backbending in171Re rule out the
possibility that a largep-n interaction can be the gener
explanation for the behavior of thesei 13/2 bands.

~6! There is considerable need for additional lifetime me
surements oni 13/2 bands of nuclei in this region. In particu
lar, high-quality recoil-distance measurements on memb
of the i 13/2 g band of 173Re are needed, and both reco
distance and DBLS measurements are important for177Ir and
175Re, which show upbending in theiri 13/2 bands.
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