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Excited states of the deformed odd-odd nucleus !"Lu have been investigated by the following experi-
ments: measurement of the "*Lu(n,y)7°Lu reaction with high resolution crystal spectrometers and of
the "*Lu(n,e ~)'7°Lu reaction with a double focusing magnet-spectrometer. In total, 509 gamma transi-
tions could be identified in '"°Lu, and multipolarities were determined for 228 of these transitions. Addi-
tionally, a measurement of y-y coincidences after neutron capture and an investigation of the
SLu(d,p)'7Lu transfer reaction were also performed. Information on the lifetimes of relevant levels
was obtained by the technique of delayed coincidences, and, in one case, by the Doppler shift attenuation
method. With these results, a level scheme was established, comprising 97 energy levels connected by
270 gamma transitions. About 30 Nilsson configurations and corresponding rotational bands were
identified. The comparison with model calculations indicates that the level scheme comprises all excited
states with spins 1 < <8 up to 900 keV. In particular, this scheme contains transitions that connect the
I"™=17" ground state with the 1~ isomer via mediating levels at higher excitation energy. From this cou-
pling, the excitation energy of the isomer was precisely defined to 122.855+0.009 keV. Accordingly, the
neutron separation energy of '"Lu could be revised to 6287.91+0.15 keV. Based on the fact that more
than 90% of the observed intensities could be placed in the level scheme, an isomeric ratio,
0,(i) /0, =0.870%0.025, was deduced for the fractional population of the isomer by thermal neutron

captures.

I. INTRODUCTION

Apart from its general importance for nuclear struc-
ture studies, "%Lu is of great importance for nuclear as-
trophysics. While it was long considered to represent a
galactic chronometer [1-3] because of its long half-life of
40.8 X 10° yr, there is increasing evidence that its half-life
was strongly affected in the hot stellar photon bath
through a thermal coupling between ground state and the
short-lived beta unstable isomer (z,,,=3.68 h) [4-6].
Since direct transitions are strongly forbidden
(AI=6, AK =17), this mechanism is expected to work via
higher lying states of intermediate spins and K quantum
numbers.

Experimentally, such electromagnetic transformations
between ground state and isomer were obtained by pho-
toactivation of Lu samples in intense gamma-ray fields
[7-9]. In these measurements, the isomer could be pro-
duced only with °Co and 2¥Na sources but not with
137Cs. a hint that the mediating levels are at excitation
energies above the 662 keV gamma-ray energy of '*'Cs.
However, quantitative information on the stellar transi-
tion rates could not be inferred from these measurements
as the relevant properties of the mediating levels, i.e., ex-
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citation energies and quantum numbers, remained un-
known.

An improved theoretical approach was presented by
Gardner et al.'® who complemented the experimentally
determined levels in "Lu by postulated states inferred
from systematic trends in neighboring nuclei. With this
“complete” level scheme it was possible to demonstrate
that the temperature dependence of the 6Ly half-life
could be obtained without violating the K-selection rule.
This result underlines the importance of an experimental
extension of the level scheme, which ultimately resolves
the remaining uncertainties.

Another possible mechanism for exciting '"°Lu is by
positron annihilation with a K-shell electron [9,11]; how-
ever, the effect of this mechanism has probably been
overestimated in the stellar plasma and may be important
only at higher temperatures [12].

It is the aim of this work to establish the complete level
scheme of 7°Lu, with the best experimental resolution
and sensitivity, up to excitation energies of ~1 MeV, and
to identify the mediating levels for isomer and ground
state (paper I). On this basis, the influence of tempera-
ture on the nucleosynthesis of 1761 u and its astrophysical
implications are discussed (paper II).
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II. THE LEVEL SCHEME

The level scheme of deformed odd-odd nuclei can be
characterized by two decoupled mechanisms, intrinsic
and collective excitations. The intrinsic excitations are
due to single-particle excitations of the two unpaired nu-
cleons and their residual interaction. The single particle
excitations are described in the Nilsson model'? by the
quantum numbers Q7[Nn,A]. The projections Q,, of
the angular momenta of the unpaired proton and the un-
paired neutron may couple parallel or antiparallel,
K= ]QPiQn |, resulting in two different values of K and
different energy eigenvalues according to the residual in-
teraction of the unpaired nucleons (Gallagher-
Moszkowski splitting [14]).

The level scheme of 7°Lu, therefore, exhibits a number
of rotational bands with energies

E,=%1(1+1)+E0 : (1)

where ® is the moment of inertia. These bands are
characterized by the Nilsson configurations of the un-
paired nucleons as well as by the values of K and parity
7. A peculiarity is to be noted for bands with K =0,
where the energy sequence of Eq. (1) is disturbed by an
energy shift between members of even and odd angular
momenta (Newby shift [15]).

With these classifications the level scheme can only be
approximated, since the coupling between rotation and
intrinsic excitations by Coriolis interaction is not con-
sidered. It is also not always possible to characterize a
rotational band by a single proton-neutron pair with
well-defined Nilsson parameters due to configuration
mixing (K mixing).

Level spins and parities can be determined experimen-
tally via electromagnetic transitions following neutron
capture. The reaction 'Lu(n,,,y) leads to compound
states of I"=3% or 4%, which decay to levels with spin 2
to 5 by E1 and M1 transitions; levels with spin 1 to 6 (or
higher) can then be reached in the following steps. This
means that neutron capture is not selective in populating
a certain class of levels. In this respect, transfer reactions
represent an important complement; for example, the
Lu(d,p) reaction adds an unpaired neutron without
affecting the unpaired proton in '’Lu, thus involving
only levels with the unpaired proton in the ground state
configuration. Correspondingly, levels with the neutron
in the ground state configuration are reached in
"THf(¢,a) reactions. This feature of transfer reactions
allows one to distinguish between intrinsic excitations
and can be very useful in establishing the level scheme.

We note that configuration assignments are—to some
extent—model dependent, whereas level energies, spins,
and parities are rather reliably determined by the mea-
surements. In a few exceptional cases, model predictions
were used to suggest levels that are compatible with the
experimental data. This refers to several 4% and 57 lev-
els as outlined in Secs. VII and VIIL.

A. Previous results

A first comprehensive level scheme was reported by
Minor et al. [16] who investigated the gamma rays and
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conversion electrons from thermal neutron captures by
means of solid-state detectors and combined these data
with results from a (d,p) measurement [17] and the first
(ny,v) study using a crystal spectrometer [18]. This
scheme was extended by Balodis er al. [19] on the basis
of improved data from high resolution (n,,y) and
(ny,,e) measurements. These authors reported five well-
established rotational bands with 31 levels, and eight ad-
ditional levels, which were considered as less well estab-
lished. The I"=7", K =7 ground state of '"Lu was ex-
plained by the parallel coupling of the unpaired proton
(1%, [404]) and the unpaired neutron (17, [514]). The
first excited state corresponds to the antiparallel coupling
of the unpaired nucleons; due to the Newby shift, the
lowest state in this K =0 band has I"=1". Accordingly,
electromagnetic transitions to the ground state are not
observed as they would require multipolarity E6. This
means that the first excited state is an isomer that beta
decays directly to !7°HTf.

All firmly assigned gamma transitions reported by
Balodis et al. [19] belong to cascades feeding the isomer;
only two less well established transitions were suggested
to lead to the ground state. In their work, the level ener-
gies are based on the reference energy of 126.5+4 keV for
the isomeric state [17]. Additional levels were postulated
based on a (¢,a) measurement by Dewberry et al. [20] in-
cluding the assignment of gamma transitions measured
by Balodis et al. [19]; furthermore, the excitation energy
of the isomer could be determined to 123%2 keV. How-
ever, it was not yet possible to establish a level that could
decay to both, the ground state and to the isomer.

The ground-state band was investigated by Coulomb
excitation [21,22]. From these results, Elze et al. [22]
suggested a 5~ band head that decays to the ground
state. Since also in these studies no evidence for transi-
tions to the isomer was found, one was still left with a
level scheme that was split into two independent parts,
one built on the ground state and the other on the isomer,
without any transitions between them.

The existence of two practically independent parts of
the level scheme is the consequence of the K selection
rules [23]; transitions within a rotational band occur with
higher probability compared to transitions between
different bands, since these imply a simultaneous change
in the single particle structure. The probability for an in-
terband transition is the more reduced the greater the
change of the internal wave functions (characterized by
AK)). The corresponding selection rule requires the mul-
tipolarity of the transition at least to equal AK. Though
this rule is not stringent, K-forbidden transitions exhibit a
retardation, which can be estimated by an empirical hin-
drance factor [24]

§=10"28K~LI

Systematic studies confirm this rule on average, but devi-
ations up to 4 orders of magnitude are observed [25].

In !Lu, the energetically lowest Nilsson
configurations of the odd neutron and the odd proton
couple to rotational bands with K =0 and K =7. The
direct transition from the 1~ isomer being already hin-
dered by the high multipolarity, transitions of lower mul-
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tipolarity, which were possible between higher members
of these bands, are now forbidden by the K selection rule.
For example, the E2 transition from the 5~ member of
the K =0 band to the ground state is |AK — L |=5-fold
forbiddlgn, corresponding to an expected hindrance factor
of 107 °°.

All well-established levels in the work of Balodis et al.
[19] have K =0 or 1. Transitions from these levels to the
K =7 ground state are strongly K forbidden or should
have high multipolarity. Since these transitions are ex-
pected to occur with small probability, only the compet-
ing strong transitions to the K =0 isomer could be
identified so far. Levels, which can ultimately feed the
ground state and the isomer should have intermediate K
values; such levels with K =3, 4, or 5 are predicted by
semiempirical calculations [26] only at energies above
~600 keV. Between 630 and 730 keV, four bandheads
with K™=4%, 5%, 37, and 4~ are suggested in the work
of Balodis et al. [19]; however, no firmly established as-
signments could be given for the members of these bands,
and all related gamma transitions lead to the isomer.

Evidence for mediating levels come from a
5Lu(t,a)"°Lu experiment [20], where a K™=6" level at
564 keV could be established, and from a Coulomb exci-
tation measurement [22] suggesting a K"=5" bandhead
at ~870 keV. These levels would allow for a connection
of the two partial level schemes, but the experiment of
Balodis et al. [19] was not sensitive enough for detecting
direct ground-state transitions at energies above ~ 850
keV.

We have reinvestigated the level scheme of 7®Lu with
the gamma spectrometers GAMS [27,28] at the high flux
reactor of the Institut Laue-Langevin (ILL) Grenoble,
which yield excellent resolution up to ~1 MeV. Comple-
mentary information on the conversion electron spec-
trum for multipolarity determination was obtained with
the magnetic spectrometer BILL [29] at the ILL that has
an energy resolution compatible with the gamma spectra.
An additional measurement of y-y coincidences with two
germanium detectors served for the reliable assignment of
the gamma transitions within the level scheme, and infor-
mation on the lifetimes of relevant levels was obtained
from a measurement of delayed coincidences as well as
from the Doppler-broadened line shape in the gamma
spectra.

The measurements in Grenoble were supplemented by
the study of the >Lu(d,p )!"®Lu reaction at the tandem
accelerator of the Technical University Munich; the re-
sults obtained in this experiment were important for
determining the energy of the I"=1" isomer as well as
for the assignment of levels at high excitation energies.

III. EXPERIMENTS

A. (n,y) studies with the GAMS spectrometers

The crystal spectrometers. The bent crystal spectrome-
ters GAMSI1,2,3 are described in detail in Ref. [27]. The
spectrometers are mounted at both ends of a horizontal
beam line that passes the reactor core tangentially. On
one side, the spectrometer GAMSI1 covers the energy
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range E,, <400 keV, and on the other side GAMS2,3 can
be used for energies larger than ~200 keV. The sample
in the central position is exposed to a thermal flux of
~5.5X 10" neutrons/(scm?). Gamma rays from the
sample are diffracted by bent quartz crystals; they are
then detected by Nal scintillators in GAMS2,3 and by a
Ge detector in GAMSI1 [30]. Crystals and detectors are
rotated in small steps by means of interferometers for
defining the gamma-ray energy via Bragg’s law

nhc
E _——
¥ 2d sing
where n is the order of reflection and d =246 pm the lat-
tice constant of quartz.
The standard energy resolution of GAMSI1
2

_Ey2d
E, = whe cosp Ap

is ~3 arc sec [27]. In the present measurement values of
1.8 and 2.2 arc sec above and below 100 keV could be
achieved, respectively. Also for GAMS2,3 the standard
resolution of A@p=0.8arc sec reported by Koch et al.
[27] could be improved in the present measurement,
where Agp was between 0.59 and 0.62 arc sec for GAMS 2
and between 0.61 and 0.64 arc sec for GAMS3. While
GAMSI1 is most sensitive around 150 keV, GAMS2,3 ex-
hibits its maximal sensitivity above 450 keV, and is,
hence, complementary in efficiency. Therefore, the re-
sults obtained with GAMS1 and GAMS2,3 are combined
in the energy range between 150 and 400 keV, while the
regions below 150 keV and above 400 keV are covered by
GAMSI1 or GAMS2,3, respectively.

Measurements on two lutetium isotopes. The reaction
Lu(n,y)'"%Lu was investigated with a 30 mg target of
Lu,0; enriched to 99.8% in Lu. Due to the large
difference in the thermal capture cross sections of '">Lu
and 'SLu (23 and 2100 b), captures on the remaining
0.2% '"SLu caused a significant background of gamma-
ray lines from the '®Lu(n,y)!’Lu reaction. For the
unambiguous discrimination of these 1771 u lines, a second
measurement was performed with a target that was en-
riched in Lu (27.1%). Compared to the intensities
from the "Lu(n,y)!"Lu reaction, the '’"Lu lines should
then be enhanced by a factor 190. Since the 7°Lu burns
out rapidly in the high neutron flux, this factor decreases
with time to ~45 at the end of the measurement. Even
in the first measurement, the burn-out of "®Lu was evi-
dent by a 50% decrease of the !7’Lu lines. For !”’Lu, the
smaller cross section prevents such an effect.

Normally, the !"’Lu background lines can be identified
and be eliminated from the true spectrum of the
SLu(n,y)!"SLu reaction by their intensities being time-
dependent and very different in the two measurements.
However, for superpositions of lines from !"Lu and
17Ty, the discrimination is less stringent. For example,
an increase in intensity by an intermediate factor of ~80
in the second measurement could indicate a "’Lu line
that appears weaker due to previous burnout or a 7°Lu
line superimposed by a !7’Lu line. Such cases are includ-
ed in the list of !7%Lu transitions but are marked as possi-
ble !""Lu lines.
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In addition to background lines from "’Lu, the spectra
contain even lines from impurities produced by double
neutron captures on '®Lu in the high-neutron flux.
Their intensities increase with time, and they appear with
higher intensities in the second measurement as well. A
critical example is the 93.184 keV transition in 7*Hf fol-
lowing the beta decay of ®Lu. This transition overlaps
with a !"Lu line as can be verified by comparison with
the measurement of Maier [18], who found a line at al-
most the same energy but with lower intensity. Since the
neutron flux was ten times smaller in that work, resulting
in a 100-fold suppression of double neutron captures, the
intensity reported by Maier [18] was adopted as the true
5Lu(n,y) contribution for further analysis.

Measured spectra. Figure 1 shows a small part of the
gamma-ray spectrum from the >Lu(n,y)7°Lu reaction
measured with GAMSI1 between 30 and 250 keV. Obvi-
ously, even the excellent resolution of the crystal spec-
trometer leaves some doublets unresolved. The best sen-
sitivity is achieved in second order of reflection, since the
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reflectivities in first and second order are approximately
equal but the resolution in second order is twice as good.
Since the reflectivity decreases in higher orders, these
spectra are less sensitive, but still useful because of their
better resolution. In scanning the entire angular range of
the spectrometer, many lines are measured repeatedly in
different orders of reflection; their energies and intensities
are determined from the mean of all results.

The same techniques for data accumulation and
analysis were used for GAMS2,3. Figure 2 presents a re-
gion of particularly high line density measured in second
order. Comparison of these spectra, which were taken
simultaneously and independent of each other, allows for
a more reliable discrimination of weak lines from random
background fluctuations. Regions of high line density
were measured several times and analyzed separately. At
high energies, the resolution of individual lines is limited
by its E i dependence. Given the line density of the 7°Lu
spectra, this means that the useful range of the most sen-
sitive second order of reflection ends at ~1.1 MeV, cor-
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FIG. 1.

Part of thé spectrum measured with GAMSI1 for the '""Lu(n,y)'"°Lu reaction. The rates in the various orders of

reflection (counts per 20 s) are plotted versus the interferometer steps corresponding to the angle of deflection. The gamma-ray ener-
gies are given in keV, and lines from neighboring isotopes are marked by asterisks.
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responding to an energy range in first order from 150 to
550 keV.

The resolution of the GAMS2,3 spectrometers is
demonstrated in Fig. 3 at the example of the multiplet at
425 keV. While the first order of reflection shows a broad
complex structure, the individual components are easily
resolved in third order, where the energy resolution is 70
ev.

In the energy range between 150 and 450 keV, the re-
sults obtained with GAMS1 and GAMS2,3 were com-
bined into a common data set. The energy scale was cali-
brated by the K, x-ray line of lutetium with the energy
E =52.9650 keV given by Bearden [31]. If necessary, re-
normalization to a different reference energy can be per-
formed by multiplying all gamma-ray energies with a
constant factor.
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The experimental intensities were normalized and
corrected for gamma-ray self-absorption. A first normali-
zation to the absolute intensities of Minor [16], however,
led to inconsistencies of the population balance in the
well-established part of the level scheme. Therefore, the
normalization was modified such that the population of
isomer and ground state together did not exceed 100%.
The absorption corrections below 200 keV were chosen to
be consistent with the population balance, i.e., that levels
are not more strongly populated than depopulated. A list
of all gamma transitions is given in Table I.

B. Measurement of the conversion electron spectrum with BILL

Electron spectrometer. A detailed description of the
double focusing magnetic spectrometer BILL is to be

838.624

27500 27600 27700 27800

27300 27400 27500 27600

INTERFEROMETER STEP

FIG. 2. The spectrum in a region of high line density measured with the spectrometers GAMS2,3 in second order of reflection

(counts per 20 s).
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found in Ref. [29]. The spectrometer is installed at the
end of a 14-m-long, vertical beam line at the upper level
of the reactor; it consists of two independent flat elec-
tromagnets, which act as double focusing spectrometers.
The sample with a maximum size of 40 cm? is located in a
neutron flux of ~3.0X 10 neutrons/(scm?). The first
magnet with a deflecting angle of 58° produces a small in-
termediate image that is viewed by the second, high
dispersion magnet, which has a deflection angle of 270°.
The electrons are finally recorded by a position sensitive
32-wire proportional counter in the extended focal plane
of the spectrometer. The electron momentum can then
be derived by the combined information on position and
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FIG. 3. An example for the improved energy resolution in
the spectra of higher order. The multiplet at 425 keV can be
completely resolved in third order. The numbers in brackets
behind the gamma-ray energies denote the assignment of these
transitions in the level scheme.
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magnetic field. The magnetic field was changed in well-
defined steps such that an electron with given momentum
p is detected by subsequent wires. The measured spectra
are recorded for all wires individually and are added later
onto a common sum spectrum by due consideration of
the momentum shift between the wires. In this way, each
point in the sum spectrum corresponds to the sum of 32
single measurements at different times. The momentum
resolution in standard experiments is

AP 41074,
p

if sufficiently thin targets are used.

Samples for the (n,e ) reaction. The sample thickness
is necessarily a compromise between resolution and sensi-
tivity. In order to maintain good conditions over the en-
tire energy range, the measurements were carried out
with two targets: for electron energies below 250 keV, the
target thickness was limited to ~80 ug/cm?, while a
~250 pg/cm? thick target could be used at higher ener-
gies without a noticeable loss in resolution.

The targets were prepared from a 2g pellet of Lu,0;
enriched in !"Lu to 99.8%. This pellet was evaporated
by an electron gun onto aluminum foils 14 X4 cm? in size
and 0.2 and 1 mg/cm? thick for the thin and thick Lu,0,
samples, respectively. In order to avoid contamination
from the copper boat, the enriched pellet was lined un-
derneath with a second pellet of natural Lu,0;. Homo-
geneity and thickness of the 10X 3 cm? large evaporated
layers were measured by Rutherford backscattering with
2 MeV protons[32]. The samples were found to be homo-
geneous within £6%. The final enrichment was some-
what less than 99.8% !"’Lu, since a minor part of the nat-
ural lutetium pellet (97.4% '"’Lu) was evaporated as
well.

Measurements and results. With the thin target, the
energy range between 16 and 250 keV was covered in
momentum steps Ap /p=1.37X10"% A section of that
spectrum is shown in Fig. 4. At low energies, the line
density in the electron spectrum is significantly higher
compared to the gamma spectrum, since there are
K-, L-, and M-conversion lines from all but the weaker
gamma transitions. The three lines from the L subshells
can be well separated for individual transitions. Howev-
er, superpositions of lines from different transitions and
subshells cannot always so unambiguously be dis-
tinguished as for the example of the K and L, lines in
Fig. 4.

At lower energies, the line shape becomes increasingly
asymmetric due to energy losses in the sample. This
effect can be well described by an asymmetric Gaussian
shape superimposed with an exponential on the low ener-
gy side [27,33]. In the second experimental run with the
250 pug/cm? sample, the energy range from 100 to 760
keV was covered twice. The region between 760 and 840
keV was scanned 5 times in order to achieve higher sensi-
tivity. The resulting spectrum of Fig. 5 shows that good
energy resolution could be maintained during this multi-
scan procedure. Energy calibrations were performed for
each run separately by means of the known gamma tran-
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TABLE 1. Energies, intensities, and multipolarities of the measured gamma transitions in '"*Lu. For the gamma energy, absolute
uncertainties are given (in keV), whereas relative uncertainties (in %) are quoted for the intensities. The following abbreviations are
used in columns 4 and 8. 1: gamma transitions strongly affected by a line from a neighboring isotope, normally from '""Lu; Z:
doubtful line, close to the sensitivity limit and statistically not significant; D: transition belonging to an unresolved doublet with rela-
tively large uncertainties. Assigned transitions are marked by a (+) in front of the energy value. M: Gamma data from Ref. [18].

Intensity Intensity
Gamma-ray per Gamma-ray per

energy (keV) 100 n Multipolarity = Comment energy (keV) 100 n Multipolarity =~ Comment

1130.372 0.095 037 12 +868.126 0.117 0.07 16 1

1120.053 0.111 0.21 15 866.374 0.099 0.05 25

1093.980 0.127 0.20 15 1 863.954 0.047 0.10 25 1

1091.935 0.103 0.23 13 861.554 0.021 0.18 10

1055.597 0.099 0.21 14 860.477 0.042 0.09 12

1052.155 0.067 0.34 25 855.212 0.065 0.09 17 1

1048.832 0.064 0.24 20 1 +854.614 0.023  0.33 10 E1l

1043.132 0.154 0.13 16 853.970 0.035 0.15 12

1042.140 0.054 0.23 21 852.797 0.016 0.19 13

1038.688 0.095 0.59 10 1 848.555 0.102  0.13 16 (M1,E2)

1035.181 0.029 037 12 841.902 0.118 0.11 17
+1032.365 0.043 0.24 11 +838.624 0.007 341 10 E2

1028.604 0.109 0.13 16 +834.810 0.007 091 10 E2

1026.443 0.064 0.16 12 1 826.702 0.084  0.08 13 M1

1022.307 0.078 0.14 12 1 825.860 0.026 0.13 18 M1

1019.185 0.081 0.21 11 821.253 0.068 0.11 28 1

1009.641 0.100 0.23 12 1 +818.914 0.109 0.10 17 (M1)

1005.600 0.039 0.23 12 +816.719 0.018 0.31 12 (E2,M1)
+1002.494 0.273 0.07 21 1 814.449 0.038 0.10 20 1
+1000.753 0.073 0.13 14 1 812.324 0.065 0.20 12 1

999.492 0.099 0.15 15 1 796.404 0.045 0.10 14
995.159 0.092 0.12 17 794.499 0.041 0.08 40
991.810 0.054 0.14 12 +792.746 0.054 0.10 15 1
988.526 0.087 0.13 17 787.420 0.019 0.24 15 1
986.608 0.082  0.20 12 +786.808 0.135 0.10 30
980.329 0.197 0.08 17 1 777.568 0.034  0.09 13
977.245 0.061 0.24 13 +765.684 0.009 0.52 10 M1
975.801 0.022  0.38 13 747.937 0.012 0.30 11 (M1,E2)
+972.481 0.035 0.22 20 743.788 0.052  0.10 16
961.971 0.091 0.09 16 739.918 0.026 0.11 14
957.822 0.042 0.15 29 1 +736.422 0.021 0.18 30 (E2)
954.688 0.038 0.15 17 1 735.404 0.034 0.12 35
+938.365 0.057 0.09 19 732.461 0.076 0.10 16
931.195 0.065 0.11 21 1 730936 0.040 043 21
928.351 0.101 0.09 34 1 730.581 0.071 0.14 21
926.681 0.031 0.24 17 +730.264 0.040 0.12 13
925.171 0.047 0.11 13 1 +727.094 0.013 040 16 (E1L,E2)
+921.464 0.013 0.62 10 +724.636 0.053 0.13 13 (E1,E2)
915.588 0.056 0.18 24 +721.968 0.007 0.72 10 M1
913.700 0.074  0.09 26 719.571 0.053  0.13 13 1
909.976 0.054 0.28 16 712.817 0.021 0.15 16 1
+906.783 0.047 0.13 27 1 +709.555 0.006 0.74 11 MI1(+E2) D
903.713 0.070 0.22 12 1 +709.230 0.012 0.27 16 (E2,E1) D
902.718 0.021 0.26 10 705.743 0.033  0.15 12 (M1)
896.068 0.035 0.35 38 D 704.299 0.063 0.09 16 (M1,E2)
895.403 0.160 0.15 25 1D +697.614 0.042 0.12 31 (M1)
893.304 0.098 0.09 19 1 696.023 0.025 0.20 15 (M1,E2)
892.000 0.025 0.21 11 1 692.295 0.022 0.22 16 (M1,E2) D
884.712 0.018 023 12 691.872 0.016 0.28 14 (M1,E2) D
883.183 0.050 0.10 24 691.056 0.018 0.18 21 (M1)
881.500 0.023 0.17 12 688.635 0.010 0.31 21 (M1,E2)
873.299 0.041 0.11 12 1 683.205 0.041 0.09 14
+869.994 0.011 0.84 10 E2 680.961 0.040 0.10 14
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TABLE 1. (Continued).
Intensity Intensity
Gamma-ray per Gamma-ray per
energy (keV) 100 n Multipolarity = Comment energy (keV) 100 n Multipolarity =~ Comment
675.793 0.054 0.18 21 (M1) +524.817 0.013 0.16 11 M1
675.114 0.037 0.17 28 (M1) +520.404 0.037 0.15 12 (M1)
+673.878 0.064 0.16 26 514.702 0.034 0.09 16 1
+672.655 0.101 0.07 17 499.458 0.016 0.10 11 1
+671.992 0.007 048 11 MI(+E2) +497.898 0.011 0.06 15 1
670.012 0.039 0.10 35 (M1,E2) 497.568 0.012 0.06 15
+669.327 0.132 0.05 21 495439 0.026 0.03 22
+667.356 0.021 0.33 10 MI1(+E2) 493.710 0.006 0.21 10 M1
+660.801 0.028 0.29 12 492.591 0.069 0.04 16
+658.384 0.042 0.11 13 +491.365 0.008 0.17 12 M1
+657.334 0.023 0.16 11 (M1,E2) 490.296 0.239 0.02 23 1
653.477 0.031 0.10 13 +487.819 0.023 0.07 15
+652.574 0.036 0.09 14 1 +487.149 0.027 0.05 13
651.492 0.080 0.05 21 +485.006 0.006 0.11 10 M1
650.652 0.041 0.08 15 +480.661 0.013 0.08 11 (M1)
646.174 0.028 0.12 18 +479.756 0.006 0.12 11
+643.115 0.010 0.28 13 MI1(+E2) D 478.161 0.011 0.07 12 (M1)
+642.890 0.014 020 15 (E2) D 477.207 0.011 0.07 12 (M1,E2)
641.660 0.028 0.13 32 +473.276 0.043 0.03 24 1
639.836 0.020 0.07 66 1 472.460 0.074 0.02 40
637.015 0.032 0.13 12 +471.652 0.016 0.04 16
636.281 0.023 0.11 17 470.410 0.017 0.05 17
+633.249 0.008 0.53 11 MI1+E2 470.169 0.026 0.03 23
+631.396 0.013 0.31 10 M1 +468.500 0.012 0.04 25
627.544 0.008 0.21 10 (M1,E2) 467.372 0.024  0.05 20
+624.834 0.022 0.32 11 M1 +466.107 0.017 0.02 24
617.894 0.025 0.11 13 (M1) 465.026 0.065 0.02 21
604.145 0.020 0.10 29 (M1) 464.007 0.018 0.08 21
599.488 0.024 0.13 12 (M1,E2) 463.396 0.022 0.04 22
+597.879 0.028 0.11 12 461.671 0.012 0.05 16
+596.627 0.006 0.40 12 M1 460.967 0.010 0.10 11 (E2)
+595.569 0.039 0.08 14 459.748 0.025 0.03 28 1
594.341 0.032 0.09 13 z 459.094 0.019 0.05 17
587.581 0.023 0.15 11 457.425 0.015 0.10 21 1
586.086 0.029 0.13 12 (M1) 453.471 0.034 0.04 14
582.646 0.037 0.08 14 +452.990 0.011 0.08 13 (M1)
+581.608 0.046  0.08 21 +452.105 0.008 0.07 12
+578.743 0.017 0.25 13 M1 449.853 0.011 0.09 14
+578.198 0.008 0.75 10 M1 447.578 0.011 0.09 12 (M1)
+573.563 0.026 0.08 13 447.111 0.070 0.03 24
567.832 0.035 0.09 13 (M1) 446.074 0.009 0.10 11 1
+566.990 0.015 041 12 (M1,E2) 444.532 0.009 0.06 13
+565.241 0.009 0.28 11 M1 443.486 0.023 0.06 14
+563.944 0.003 2.39 10 MI1(+E2) 440.397 0.017 0.08 12 (M1)
+562.556 0.033 0.09 12 (M1) 439.630 0.003 0.23 10 M1
+561.253 0.034 0.08 16 439.035 0.035 0.03 21
+559.714 0.015 0.17 12 M1 +437.479 0.043 0.04 18
+559.157 0.033 0.09 13 +435.068 0.027 0.06 26
+558.237 0.019 0.21 11 (M1,E2) +433.325 0.003 0.32 12 E1
556.329 0.038 0.08 13 432.773 0.034 0.03 21
+549.389 0.011 0.54 11 M1 430.928 0.008 0.08 13 1
544.540 0.026 0.14 19 1 430.273 0.030 0.03 22 1
539.691 0.025 0.07 14 +429.772 0.005 0.07 13 (M1)
528.648 0.035 0.12 16 429.368 0.005 0.09 17 (M1)
+527.501 0.008 1.00 13 M1 426.392 0.004 0.16 10 1
+527.174 0.020 0.17 15 M1 +425.884 0.003 0.21 11
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TABLE 1. (Continued).
Intensity Intensity
Gamma-ray per Gamma-ray per
energy (keV) 100 n Multipolarity ~ Comment energy (keV) 100 n Multipolarity ~ Comment
425.640 0.008 0.10 11 1 337.456 0.008 0.08 12
+425.333 0.002 0.60 10 (E1,E2) +335.851 0.001 4.65 10 M1+E2
+424.893 0.004 0.14 13 (E2,E1) +335.007 0.006 0.11 11
424.569 0.008 0.09 12 (M1) +332.462 0.012 0.05 13 (M1,E2)
+423.217 0.004 0.09 15 (M1) +330.597 0.002 0.64 10 M1(+E2)
+422.670 0.002 039 10 M1 328.945 0.007 0.10 13 E2
421712 0.036  0.03 31 +328.432 0.005 0.14 10 M1
+421.014 0.069 0.03 18 1 +327.099 0.012 0.05 15
+419.701 0.003  0.34 10 M1 325.086 0.007 0.10 12
419.306 0.018  0.09 27 321.726 0.010 0.08 16
417.346 0.029 0.04 15 320.636 0.005 0.17 10 (M1)
416.184 0.018 0.05 16 317.476 0.020 0.04 20 1
412.727 0.033  0.03 28 1 +317.099 0.016 0.05 17
+410.892 0.005 0.12 11 M1 +316.630 0.006 0.10 11
+410.381 0.005 0.12 10 M1 315.585 0.009 0.06 13
+408.946 0.012 0.06 16 312.365 0.039  0.04 22
405.532 0.030 0.05 12 311.251 0.018 0.06 13
403.758 0.012  0.06 16 310.890 0.003  0.39 10 M1
402.816 0.002 0.26 10 (M1) 310.785 0.018  0.13 42 1
+402.109 0.015 0.04 18 1 +310.188 0.002 5.36 10 M1
+399.555 0.087 0.02 28 1 +309.421 0.008 0.09 12
+398.942 0.018 0.04 16 +309.142 0.003 0.29 10 (M1)
+397.653 0.013 0.04 19 1 +306.069 0.006 0.06 12 (M1,E2)
395.801 0.034 0.04 17 +303.793 0.006 0.04 18 1
395.165 0.024 0.05 13 +303.058 0.039  0.04 22 (M1,E3)
394.141 0.008 0.08 19 M1 +301.749 0.002 0.15 10 M1
392.635 0.010 0.16 12 M1 +301.284 0.002 049 11 M1
+392.413 0.005 030 10 M1 299.888 0.004 0.09 13 M1
+391.909 0.022 0.06 16 1 +299.449 0.001  0.39 11 M1
390.754 0.022 0.06 16 1 299.147 0.016  0.04 21 (M1)
+388.901 0.019 0.06 12 (E2) +296.397 0.005 0.07 12 (M1,E2)
388.044 0.013 0.07 12 292.537 0.003 0.15 10 M1
+384.726 0.009 0.08 13 (M1,E2) 292.000 0.039 0.03 24 (M1,E2) VA
383.461 0.019 0.07 12 (M1,E2) +287.364 0.004 0.10 11 M1,E2
+382.030 0.006 0.13 11 (M1,E2) +286.555 0.049  0.02 39 z
+381.156 0.029 0.05 13 (M1?) +285.948 0.006 0.04 15
377.017 0.009 0.07 11 (M1) 285.685 0.004 0.11 42 M1
375.936 0.016 0.08 13 +285.571 0.004 0.11 11
368.540 0.011 0.11 11 (M1) +284.641 0.001 294 10 M1
366.185 0.016 0.06 16 (E2) +284.418 0.003 0.28 10 M1
364.303 0.015 0.09 12 +277.683 0.001 0.88 10 M1
+362.789 0.004 0.26 11 (M1,E2) 276.425 0.030  0.03 28 (M1) z
361.800 0.010 0.06 12 +274.702 0.002 0.44 10 M1
+361.485 0.005 0.13 10 +272.729 0.003 0.33 10 M1
+359.985 0.004 0.82 10 MI1+E2 +271.863 0.004 057 10 (E2) D
+359.083 0.003 028 10 (E1,E2) +271.772 0.006 0.25 13 D
+357.539 0.010 0.07 12 (M1) +270.869 0.003 0.13 11 M1
+355.682 0.002 0.41 10 MI1+E2 +270.756 0.004 0.11 12
+353.158 0.007 0.06 12 (M1) 270.454 0.019  0.03 28 1
+350.364 0.002 042 10 M1 +270.035 0.005 0.07 13 (M1)
+346.618 0.005 0.16 10 (M1) +269.125 0.013  0.04 20 (M1)
+346.093 0.011 0.06 16 (M1) 268.482 0.005 0.08 12
+344.493 0.007 0.08 11 (M1) 265.184 0.006  0.09 11 M1
+342.923 0.011 0.07 13 265.008 0.020 0.05 21 4
+342.163 0.036 0.04 20 264.735 0.003 0.32 10 M1
+338.556 0.003 043 10 M1 +263.733 0.002 3.48 10 M1+45(10)%E2
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TABLE 1. (Continued).
Intensity Intensity
Gamma-ray per Gamma-ray per
energy (keV) 100 n Multipolarity = Comment energy (keV) 100 n Multipolarity = Comment
262.670 0.003 0.77 10 MI1+E2 +196.400 0.011 0.03 26 1
+259.154 0.011 0.08 13 (M1,E2) 1 +194.656 0.012  0.03 28 1
+258.744 0.008 0.07 12 M1 +194.258 0.006 0.04 34 M1
+258.511 0.045 0.03 24 zZ +192.212 0.001 7.07 10 El
257.369 0.023 0.03 24 z 190.057 0.018 0.06 15 1
256.638 0.016 0.04 18 1 189.963 0.016 0.03 19 z
256.295 0.013 0.03 62 1 +188.287 0.001 1.92 10 E2
+254.824 0.004 0.15 10 M1 188.240 0.003 0.20 13
+253.858 0.007 0.10 12 E2 +186.986 0.001 0.81 10 M1
253.356 0.047 0.03 20 (E2) z 186.897 0.008 0.08 16 z
+252.524 0.017 0.06 26 +185.331 0.001 0.51 10 MI1+20(15)%E2
252.256 0.003 0.22 10 M1 1 +185.080 0.003 0.12 20 (M1)
+251.195 0.002 0.72 10 M1 +184.980 0.002 0.28 10 M1
+247.660 0.005 0.08 11 M1 +184.130 0.001 0.46 10 M1+57(9)%E2
+246.994 0.012 0.05 34 +182.981 0.002 0.18 10 M1
+246.305 0.005 0.09 11 +182.422 0.001 1.68 10 M1
245290 0.015 0.05 21 (E2) 182.073 0.006 0.04 26
+244.219 0.018 0.03 37 181.960 0.020 0.02 28
243.742 0.041 0.01 53 1Z 181.862 0.013  0.03 23
+242.929 0.025 002 32 12 +181.489 0.004 0.12 12 (E1,E2)
242.362 0.005 0.09 19 +181.316 0.006 0.06 21 (E2)
+240.760 0.002 0.32 10 (E1,E2) 177.889 0.007 0.04 28
+239.958 0.029 0.05 47 (E2,E1) +175.395 0.002 0.15 10 M1
+239.910 0.052 0.02 46 175.057 0.012  0.03 20 z
+239.383 0.011 0.05 13 1 174.867 0.011 0.04 18
+238.671 0.001 0.86 10 E1l 172.785 0.015 0.07 21
+236.075 0.002 027 11 M1,E2 +171.976 0.002 0.17 10
+234.977 0.004 0.08 12 (M1) 171.230 0.019 0.02 35 1
234.752 0.003 0.10 11 M1 +169.671 0.002 029 10 M1
+233.741 0.001 1.64 10 M1 +169.574 0.005 0.08 36
+228.544 0.018 0.03 19 +169.500 0.004 0.10 12 (M1,E2)
+227.997 0.001 225 10 MI1+8(3)%E2 +167.876 0.004 0.16 11 (M1) 1
+225.403 0.001 7.02 10 M1+7(4)%E2 166.973 0.016 0.03 31 z
+222.106 0.002 0.52 10 M1 +166.671 0.021 0.02 45 z
+221.386 0.004 0.12 11 M1 +164.120 0.007 0.04 27
+219.282 0.002 1.01 10 E2 +162.713 0.004 0.08 11
+218.040 0.003 0.16 10 +161.277 0.004 0.06 16 (M1)
217.922 0.012 0.03 30 +160.589 0.002 0.09 11 (M1,E2)
+217.002 0.001 142 10 M1 +158.496 0.005 0.06 23
+216.015 0.009 0.06 15 +158.403 0.006 0.04 37 1
+214.349 0.003 0.55 10 El +156.362 0.003 0.11 14 (E2,M1)
+214.132 0.001 0.86 10 M1 +153.557 0.002 0.27 10 M1
212.529 0.004 0.10 16 M1 +153.466 0.001 2.69 10 E1
+210.550 0.003 0.10 11 E2 152.295 0.029 0.04 27 VA
208.928 0.007 0.04 16 +150.815 0.004 0.10 16
+206.994 0.013 0.06 19 zZ +150.763 0.002 0.17 12 M1
+205.531 0.006 0.07 13 +148.676 0.010 0.04 26
+204.746 0.003 0.15 11 M1 +148.241 0.001 023 11 M1
+203.413 0.002 0.22 10 +147.553 0.002 0.76 12 M1
+201.742 0.005 0.10 11 M1 +147.518 0.003 0.22 29
+201.567 0.001 2.80 10 E2 +145.170 0.007 0.05 23
+199.926 0.001 0.21 10 +145.117 0.007 0.05 23 1
199.424 0.010 0.10 13 1 +144.486 0.002 047 11 M1+11(4)%E2
199.037 0.005 0.12 21 E2 +142.146 0.009 0.05 46 1
+197.547 0.010 0.04 24 (M1) 141.983 0.006 0.03 22
+197.265 0.001 0.88 10 M1 140.497 0.002 0.14 12
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TABLE 1. (Continued).
Intensity Intensity

Gamma-ray per Gamma-ray per

energy (keV) 100 n Multipolarity = Comment energy (keV) 100 n Multipolarity Comment
+139.383 0.001 1.64 12 E2 111.860 0.003 0.06 16 (M1,E2)
+137.712 0.006 0.04 29 +109.541 0.006 0.05 20 M1

137.215 0.020 0.04 33 4 109.398 0.006 0.06 21 z
+136.887 0.007 0.04 21 +105.738 0.002 0.17 17 M1

136.742 0.010 0.04 19 1 +104.985 0.002 0.43 11 E2
+134.679 0.019 0.05 25 VA +99.163 0.001 0.57 12 M1+3.3(15)%E2

133.937 0.009 0.03 34 4 93.748 0.009 0.09 19 Z
+133.683 0.002 0.35 10 E1 +93.449 0.001 0.38 11 M1
+133.252 0.009 0.03 23 93.193 0.009 0.19 51 (M1,E2) M
+132.815 0.002 0.10 13 1 91.665 0.004 0.06 24 1
+132.364 0.009 0.04 41 91.018 0.009 0.09 28 VA
+131.987 0.030 0.04 36 Z +90.867 0.001 0.57 10 MI1(+E2)

130.322 0.007 0.03 31 90.614 0.008 0.08 22 Z
+129.773 0.001 0.82 10 M1 89.619 0.012 0.07 27 z

127.065 0.009 0.03 33 1 88.862 0.003 0.14 15 1

125.550 0.007 0.07 39 (E2) +81.996 0.004 0.08 28 VA
+125.350 0.017 0.05 21 z +81.301 0.004 0.06 33 M1

124.062 0.001 032 11 M1 +77.623 0.004 0.10 25 VA
+120.499 0.001 0.32 10 MI1(+E2) +73.140 0.001 1.05 10 M1+2.5(10)%E2
+119.678 0.001 0.39 11 M1 +71.840 0.001 0.69 15 M1

118.725 0.002 0.21 10 (E2) +71.516 0.001 26.0 10 E1+0.22(2)%M2
+118.295 0.006 0.04 23 (E2) +69.498 0.002 0.18 24 (M1)
+118.190 0.021 0.01 82 zZ +66.238 0.001 1.84 12 M1+1.7(5)%E2
+116.763 0.004 0.06 20 (M1) Z +65.353 0.005 0.11 35 (M1+E2) z
+116.206 0.001 0.18 11 M1 +64.970 0.004 0.13 31 M1
+115.722 0.003 0.09 15 (M1) +64.474 0.001 0.34 13 M1+2.3(5)%E2
+115.144 0.002 0.62 11 MI1(+E2) +64.369 0.006 0.09 44 (M1+E2) zZ
+114.593 0.008 0.04 27 1 +58.597 0.001 0.14 17 MI(+E2)
+114.070 0.002 0.11 12 M1 +51.896 0.001 0.19 17 MI1+1.83)%E2

113.945 0.012 0.07 25 yA +46.458 0.001 1.69 26 M1+0.55(15)%E?2
+112.922 0.001 5.85 16 E2 +38.745 0.001 247 27 M1+1.6(1)%E2

112.157 0.008 0.03 38 VA

-

N

[
1
1

108 COUNTS PER CHANNEL
]
1

WL

300 400 S00 600
137.42

CHANNEL
ENERGY (keV)

FIG. 4. Part of the conversion electron spectrum taken with
the 80 pg/cm? sample (counts per 20 s). The indicated L lines
are due to the E2 transition with E,, =139.383 keV, whereas the
K line belongs to an E 1 transition with 192.212 keV. The K and
L, lines are separated by 140 eV.

sitions and electron binding energies.
The best momentum resolution

AP _3 85104
p

was obtained in the high energy region; at lower energies,
the resolution was increasingly affected by absorption
losses in the sample, so that the results obtained with the
thicker sample could be considered only above 170 keV.

C. Combination of (n,7) and (n,e ™ ) measurements

The results for the gamma-ray energies and intensities
of the observed gamma transitions in '"®Lu are summa-
rized in Table I together with the multipolarities derived
from the conversion electron spectra. A more detailed
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FIG. 5. The conversion electron spectrum at high energies
(counts per 125 s).

table including electron energies and intensities as well as
the experimental and theoretical conversion coefficients is
given in Ref. [34]. Transitions that could be assigned in
the level scheme are marked by a (+) in front of the ener-
gy in column 1. The intensities are quoted in number of
transitions per 100 captures, and are normalized such
that the population of isomer and ground state accounts
for ~100%. Since not all transitions to either one of
these states are necessarily assigned in the level scheme,
this normalization may slightly overestimate the true in-
tensities. On the other hand, our I , values are already
smaller than those given in Ref. [16]. The uncertainties
in I, are determined by the statistical uncertainty and by
a constant systematic uncertainty of 10% that were add-
ed in quadrature.

The intensities of electron lines were normalized with
respect to the gamma intensities such that known mul-
tipolarities were correctly reproduced. To this end,
theoretical conversion coefficients were calculated with
the code CATAR [35]. Multipolarities were determined by
comparison of the experimental conversion coefficients

N. KLAY et al. 4

with the calculated values. Reliable multipolarities could
be assigned to those transitions for which electrons from
different subshells could be detected. In cases where
transitions are superimposed by background lines from
1771 u, conversion electron intensities may be systemati-
cally too high, since the enrichment of the sample was
smaller in the electron measurements. If for such transi-
tions only conversion electrons from the K shell were
available, multipolarities could not be determined.

The abbreviations in the last column are explained in
the caption of Table I; a more detailed table with energies
and intensities of background lines from neighboring iso-
topes may be found in Ref. [34].

D. The (y-v) coincidence measurement

This measurement was carried out at the end of the
H22 thermal neutron guide at the ILL high flux reactor.
Though the ﬁux at this position is limited to ~ 108
neutrons/(sec cm?), there is the advantage of a large solid
angle between sample and detector and of a low gamma-
ray background. A sample of ~100 mg Lu,0; (99.94%
5Lu) inside the neutron guide was viewed by two Ge
detectors at a 15 cm distance.

In establishing the level scheme, gamma-ray cascades
consisting of a high energy and a low energy transition
are particularly useful. Accordingly, two different detec-
tors were used: a planar Ge detector for the energy range
below 100 keV, and a larger Ge(Li) detector with good
efficiency at higher energies, but with a lower limit of
~70 keV. The total measuring time was 50 hr at a coin-
cidence rate of 400 to 450 s~ !. For each coincidence, the
two gamma-ray signals were stored together with their
time difference. From these data it was later possible to
generate the coincidence spectra by means of appropriate
digital energy windows. Such a coincidence spectrum is
shown in Fig. 6 for the 225.403 keV line after subtraction
of background from accidental coincidences and Comp-
ton scattered gamma rays. The window was set in the
Ge(Li) detector, and energies are given for a number of

a=I,/I, lines.
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EUJ _ -
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FIG. 6. Coincidence spectrum for the 225.403 keV transition. Energies are indicated for some of the transitions.
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4 NUCLEAR STRUCTURE OF Lu ANDITS ... . L ...

The most relevant results of the coincidence measure-
ment are compiled in Table II, which lists the coincident
transitions to all gamma rays that have been selected by
energy windows. The classification of the coincidences
has been adopted from Minor et al. [16] (see caption of
Table II). A complementary table for the energy win-
dows defined by the planar detector is given in Ref. 34.

E. Lifetime measurements

Previous lifetime measurements in the Lu(n,7)7°Lu
reaction [36] have led to the identification of 3 ns isomers
in 7®Lu. The present experiment was carried out at the
end position of a neutron guide at the ILL high flux reac-
tor. Compared to the previous study, much better statis-
tics could be achieved with an improved setup consisting
of a BaF, scintillator and a 20% HPGe detector for
recording delayed y-y coincidences from the
SLu(n,y)'"%Lu reaction. The overall time resolution
was ~4 ns.

The measured time distributions were analyzed by
means of the generalized centroid-shift method, another
improvement with respect to Ref. [36]. Thereby, win-
dows are set on full-energy peaks as well as on Compton
background positions. The net time distributions of the
full-energy peaks are ascertained by interpolation be-
tween two distributions obtained with windows on neigh-
boring Compton background positions, respectively. The
centroids (first moments) of the full-energy peaks are
plotted versus gamma-ray energy as a centroid diagram,
where the centroids of prompt transitions form the zero-
time line. Deviations from that line indicate delayed
transitions, the deviation being a direct measure of the
(effective) mean lifetime 7. Possible delayed feeding from
higher lying isomers has to be considered properly. A de-
tailed discussion of this procedure can be found elsewhere
(Ref. [37] and citations therein).

In Fig. 7, part of the centroid diagram of the present
experiment is displayed. In the following, some of the
level energies that are discussed in the subsequent sec-
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tions are used in advance to derive the respective life-
times. The centroids of the 251.2 keV and the 350.4 keV
transitions, which clearly appear above the zero-time
line, are deexiting the 4™ level at 985.6 keV [Fig. 8(1)], in-
dicating a half life of

t1,,(985.6 keV)=1.2+0.3 ns .

Similarly, the centroid shifts of the 660.8 keV and
727.1 keV transitions depopulating the 3~ level at 960.2
keV [Fig. 8(j)] yield a half life of

t1,,(960.2 keV)=0.740.2 ns .

Furthermore, the half life of the 5% level at 657.1 keV
[Fig. 8(i)] can be estimated to

t1,,(657.1 keV)<0.5 ns

using the centroid shift of the 284.6 keV transition and by
considering delayed feeding from higher lying isomers.
For the astrophysical aspects (see paper II), the half lives
of the levels at 838.6 and 921.5 keV [Figs. 8(f) and (e)] are
particularly important. From the centroid positions of
the corresponding ground state transitions, upper limits

t,,,(838.6 keV)<0.3 ns
and
t1/2(921.5 keV)<0.2 ns

can be set.

Another relevant level in this context is the 4~ band-
head at 722.9 keV [Fig. 8(f)], which can influence the time
constant for equilibration of ground state and isomer in
the stellar plasma provided that its half-life is in the ns
range. A determination of this lifetime is complicated,
since the 722.9 keV level decays mainly by a highly con-
verted transition to the 3~ level at 658.4 keV. The
effective half-life of the latter was determined to 6.3+0.5
ns [36]. From the delayed gamma-ray spectrum (Fig. 1 in
Ref. [36]) one concludes, however, that the lifetime of the
722.9 keV level must be considerably shorter; otherwise,
the 218.0 keV transition from the 722.9 keV level should
exhibit a similar delay, comparable to that of the 153.6
and 271.9 keV transitions from the 658.4 keV level. Nev-
ertheless, the present data do not exclude a lifetime of 1
to 2 ns for the 722.9 keV state. The net time distribution
of the strong 225.4 keV transition from the 658.4 keV
level (that has been measured in this work with at least 10
times better resolution than in Ref. [36]) exhibits a com-
plex character with a slightly higher half-life of
t1,2,ex=7.2 ns and possible indications of delayed feed-
ing. If the intensities of the relevant transitions are taken
into account, this effective half-life can be fitted by a 6.5
ns half-life of the 658.4 keV state and a half-life of

t1,=2ns

for the 722.9 keV level. This result appears plausible
since all transitions depopulating this level are forbidden
in first order (i.e., without configuration mixing, see fol-
lowing sections).

For the 658.4 keV state we obtain
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1,,,(658.4 keV)=6.5" 07 ns .

The larger uncertainty for the lower limit is due to possi-
ble delayed feeding from other higher-lying isomers. For
the sake of completeness, we note that a half-life of
7.81+0.5 ns for the level at 635.2 keV was obtained, in
good agreement with the previous measurement
(8.0+1.0 ns) [36].

F. The '"Lu(d,p )'"°Lu experiment

For the unambiguous assignment of gamma transitions
between levels related to the ground state and to the iso-

N. KLAY et al.

4“4

mer, it is mandatory to define the isomer energy as pre-
cise as possible. To this end, the results from the experi-
ments at Grenoble are supplemented with data from a
(d,p) measurement at the TU Munich.

The (d,p) transfer reaction was carried out at the Tan-
dem accelerator of the University and the Technical Uni-
versity of Munich. A !""Lu target was bombarded by
deuterons of 20.118 MeV. The protons in the exit chan-
nel were analyzed under 45° with a Q3D spectrograph
[38] and recorded with a multiwire detector [39] with 576
wires and a wire distance of 0.5 mm. Three energy re-
gions were covered in different runs, and the resulting
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FIG. 8. The level scheme of !"°Lu.
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proton spectra were calibrated by means of the known
level energies (see Sec. VIA). In this measurement, a
resolution of 3 to 4 keV in proton energy was obtained.

IV. CONSTRUCTION OF THE LEVEL SCHEME

A. The input data

The following input information has been used in es-
tablishing the level scheme.

(i) In total, 509 gamma transitions could be identified
in the present measurements of the (n,y) and (n,e ™) re-
actions on ’Lu, including transition energies, intensities,

I ... 2817

and in many cases also the multipolarities. The energy
precision achieved in these data is particularly important
for an efficient application of the Ritz combination prin-
ciple to the numerous transitions of the present study,
and for reducing accidental assignments. A further
reduction of accidental assignments is achieved by means
of the transition multipolarities. The data from the (y-y)
coincidence measurement are useful for confirming or ex-
cluding assignments that are based on individual transi-
tions. The information from the high resolution
5Lu(d,p)'"®Lu measurement was of key importance for
the exact determination of the isomer energy, and hence
for establishing the connection between the partial level
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schemes that refer to the ground state and isomer, respec-
tively.

(ii) Data from the literature that have been used to
complement the present work include the results from
the """Hf(¢,a)!"SLu experiment of Dewberry et al. [20] as
well as from Coulomb excitation studies [21,22].
Relevant information was also adopted from an investiga-

N. KLAY et al.
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tion of primary gamma transitions following capture of
epithermal neutrons [26]. The results from these average
resonance capture (ARC) studies allowed the assignment
of various levels in a well-defined spin and parity window,
i.e., for levels with 27 <I"=<5" in the energy range
below 1100 keV. Though the resolution of this measure-
ment was not sufficient to separate closely spaced levels,
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these cases could be decided via the secondary transitions
observed in the present measurements.

B. Principles

The level scheme was established in three steps.

(i) As in previous studies, two separate level schemes
were constructed by means of the Ritz combination prin-
ciple, which are built on the ground state and on the iso-
mer, respectively. In both schemes, an excellent pre-
cision of 1 to 10 eV is achieved for the level energies, but
the absolute energies of the second scheme remain uncer-
tain due to the ~2 keV uncertainty of the isomer energy.

(ii) That energy could be defined with considerably im-
proved accuracy from the spectrum of the (d,p) mea-

NUCLEAR STRUCTURE OF "SLu ANDITS ... . L ...
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surement, which was calibrated with the well-established
GAMS data. In a second step, the isomer energy was
fixed to high precision by several mediating transitions
between the two schemes that were ultimately identified
in the GAMS spectra.

(iii) The unified level scheme was checked for con-
sistency with all other data. In this step, the scheme was
further improved and extended.

For the construction and interpretation of the level
scheme, the data from the ARC measurement of Hoff et
al. [26] and from the (z,a) study of Dewberry et al. [20]
are repeatedly cited. For easier comparison, these data
are compiled in Table III together with the present (d,p)
results and all the levels discussed in this work. The
ARC data were renormalized from the previously postu-
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lated isomer-energy of 126.500 keV [19] to the present re-
sult of 122.855 keV (Sec. V B). The corresponding reduc-
tion of the level energies of Hoff et al. [26] by 3.6 keV re-
sults in a remaining average systematic difference of 0.3
keV compared to the present level energies. This
difference, which is comparable to the statistical uncer-
tainties quoted by Hoff et al. [26], was corrected for as
well so that the energies in Table III are 3.9 keV lower
than given in Ref. [26]. In comparing the present level
energies with those of Balodis et al. [19], a similar shift
of AE=—3.645 keV must be considered due to the re-
vised energy of the isomeric state.

The revised energy scale can be used to derive an im-

(i)

N. KLAY et al.
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proved value for the neutron separation energy S, of
1761 y:

S,=E¥™+E,—E, ,
where E ‘;,’im is the energy of a primary gamma-transition
to a level E,; the neutron energy for the ARC measure-
ments with the scandium filter is E,=2+0.5 keV [40].

The ten strongest lines observed in the ARC measure-
ments [26] then yield an average value

S, =6287.91+0.15 keV .

The uncertainty is conservatively estimated to corre-
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spond to one third of the neutron energy spread. This re-
sult is significantly smaller than the value of 6289.5 keV
given by Browne [41].

The entire level scheme of ®Lu is presented in Figs.
8(a) to (m), ordered in rotational bands with the
configuration assignments as discussed below. The level
energies (in keV) are given with their respective statistical
uncertainties. Assigned gamma transitions are indicated
by vertical arrows; the transition energies (in keV) are fol-

(k)

lowed in brackets by the gamma intensities and—if
determined—by the conversion electron intensities. The
latter were calculated via the theoretical conversion
coefficients obtained from the experimental multipolari-
ties. Multiply assigned transitions are marked by ().
Transitions indicated by dashed lines are either charac-
terized by poor statistics or are contaminated by lines
from neighboring nuclei; uncertain levels are also shown
as dashed lines.
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C. Uncertainties of the level energies

In the level scheme presented in Figs. 8(a) to (m), ener-
gies are given with statistical uncertainties, since this is
the relevant aspect in connection with the Ritz combina-
tion principle. If absolute uncertainties are of interest,
there are two additional contributions that need to be
considered.

(i) The isomer energy carries a statistical uncertainty of
6 eV. This uncertainty is larger than the internal pre-
cision of the partial level scheme built on the isomer and
needs to be added to the quoted uncertainties.

(ii) A more significant uncertainty arises from the cali-
bration of the GAMS data to the energy of the K a, x-ray
line of lutetium, E, =52.9650 keV [31]. Since the energy
scale can be renormalized by multiplication of all ener-
gies with a constant factor, the estimated 3 eV uncertain-
ty of the x-ray line translates into a systematic uncertain-
ty for all gamma transitions and level energies of

AE _

5.7X10773 .

While this effect contributes only 7 eV to the uncertainty
of the isomer energy, it amounts to 45 eV at energies
around 800 keV, and hence exceeds several times the sta-
tistical uncertainties. These systematic uncertainties are
considered in the results presented in Table III.

V. CONFIRMATION OF KNOWN LEVELS

A. Rotational bands and levels from previous (7, ¥ ) studies

The well-established part of the level scheme of Balodis
et al. [19] contains five rotational bands with
K™=07, 1%, 17, 17, and 1~. These will be discussed

with respect to their experimental confirmation and to
some changes in their assignment. A detailed presenta-
tion of the energy sequence in these bands and the result-
ing rotational parameters may be found in Ref. [19].
From the less well established bands [16,19] only those
with K™=37, and 4~ are discussed, since these are im-
portant for the coupling of isomer and ground state. The
4% and 5% levels [19] are dealt with in the context of the
extension of the level scheme.

The K™=0" band; p%+[404]-n7_[514]. All mem-
bers of this band from 7"=0" to 7~ were confirmed [Fig.
8(a)]. The weakly established 114 keV transition from the
0~ bandhead to the 17 level could be confirmed by the
measured multipolarity M1. The 1~ to 5~ members of
this band were already well established by coincidences,
multipolarities and energy combinations. The decay of
the 67 member could be confirmed by the unambiguous
assignment of the 272 keV transition, which has now also
the correct multipolarity M1. The 7 member is
confirmed by the multipolarity of the 287 keV transition.

The K"=1" band at 194.372 keV; pi [514]-
nZ~[514]. For this band, the previously known members
I"™=1" to 6* were confirmed [Fig. 8(b)]. The suggested
77 member is based on the well-established energy sys-
tematics [19] and on the combination of two weak transi-
tions. The change in the Nilsson configuration will later
be justified in connection with the transition systematics
in other bands.

The K"=1" band at 338.857 keV; plT[404]-
n§+[624]. This band is characterized by the absence of
intraband transitions. The strongest transitions from all
levels occur to the neighboring band with K"=1" [Fig.
8(b)]. The 1% to 57 members of Balodis et al. [19] were
confirmed via the transitions to the K"=1" band, but
two suggested weak intraband transitions could not be
detected. The 6" level of Balodis et al. [19] was tenta-
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tively based on a combination of an interband and an in-
traband transition, but the interband transition could be
rejected by the measured multipolarity of E1 or E2. In-
stead, another combination is suggested with the assign-
ment of the 77 member being based on the energy sys-
tematics [19] and on a weak M1 transition to the 6™ level
in the neighboring band. However, contrary to the 11 to
5% members, the 6 and 77 levels have to be considered
as less well established.

For the first time, transitions to the K =0 band could
be assigned with the 37— 37 transition being confirmed
by the measured multipolarity E1. The occurrence of
such E1 transitions to the KX =0 band supports the tenta-
tive assignment of a 938 keV transition from the 7" level
to the 7~ ground state, since the Nilsson configurations
of the K =0 and K =7 band are identical. On the other
hand, such a 77 —7 transition violates the K selection
rule, so that this assignment seems to be very uncertain.

The T=1" band at 386.584 keV;
p%+[402]-n7_[514]. The members with I"=1" to 6~
were established by Balodis et al. [19] and the Nilsson
configuration was assigned by Dewberry et al. [20] on
the basis of the population in the (¢,a) reaction. All lev-
els were clearly confirmed with the improved energy sys-
tematics and with the coincidence data [Fig. 8(c)].

The K"™=1" band at 637.789 keV; pl*[404]-
n3~[512]. Also for this band, the levels were established
by Balodis et al. [19], and the Nilsson configuration was
assigned by Dewberry et al. [20]. The members from
I™=2" to 4~ could be clearly confirmed [Fig. 8(d)], but
none of the reported weak intraband transitions was
found in this work. The rather uncertain 5~ level can
now be based on the M1 multipolarity of the 392 keV
transition.

The M1 transitions depopulating the 1~ bandhead are
very likely unresolved doublets. The 251 keV line ap-
pears in coincidence with the 153, 192, and 263 keV tran-
sitions, which all depopulate the 1™ level at 386 keV, and
is hence identified as a 1~ — 1~ transition. However, due
to the also observed coincidence with the lines at 99 and
214 keV, part of its intensity must originate from a
47 3% transition, which will be discussed below. The
additional and also well-established assignment for the
204 keV transition is part of the ground state band [21].
Therefore, the 1~ bandhead is less depopulated than sug-
gested by the measured intensities of these two lines. A
weak population of this bandhead is certainly plausible
due to the absence of measured intraband transitions, and
since no significant primary gamma transitions are to be
expected in view of the spin difference to the 3% and 4%
of the compound states.

The Nilsson configurations of the K™=17 bands. The
Nilsson configurations of the 1" bands have been ex-
changed compared to those of Balodis et al. [19] [Fig.
8(b)], according to the transition systematics of the 1~
bands, the configurations of which had been revised by
Dewberry et al. [20]. In the 1- ©band with
p31[402]-n} " [514], there is a strong branching to the
1" band at 194.37 keV. The E1 transitions to this band
are observed even in competition with the collective in-
traband transitions [Fig. 8(c)]. However, such high tran-
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sition probabilities can only be expected if only one of the
particle states is changed. Therefore, a

p3T[5141-n17[514]

configuration for this 17 band is more likely, interpreting
the observed gamma lines as odd p%+[402]—->7“[514]
transitions. The transition systematics of the 1~ band is
then consistent with the results for the neighbor isotope
7Lu [18], where odd proton states are the only single
particle excitations.. From the rotational band built on
the 37[402] state, M1 transitions to the 2*[404] ground
state as well as competing transitions to the 27 [514]
state are observed in that nucleus.

In the neighboring isotopes, 2 [514]—17[404] tran-
sitions are strongly hindered, and a correspondingly large
half-life of 35 ns was found for the 71.5 keV decay line of
the 1" bandhead at 194.37 keV [36]. The hindrance of
that E1 transition is confirmed by the 0.22(4)%M?2 ad-
mixture observed in this work. An M2 transition be-
tween the configurations [514] and [404] is allowed by the
selection rules of Alaga, but not the E'1 transition in spite
of its much higher single particle transition rate. M2 ad-
mixtures to the odd proton [514]—[404] E1 transitions
were found in '°Lu and '""Lu as well.

For the K™=1" band built on the 338.86 keV state,
the modified assignments lead to the Nilsson
configuration

pLT[404]-n27[624] .

Already, Balodis et al. [19] noticed strong mixing be-
tween the configurations of the two 17 bands. The as-
signed Nilsson configurations represent the main part of
the wave functions, but for a correct treatment the ad-
mixture from the neighboring band needs to be con-
sidered as well. This is in qualitative agreement with the
weak population of both rotational bands in (d,p)
transfer reactions, but the intensities are too small for a
statement on transition mixing ratios.

The K"™=3" band at 658.445 keV; pl*t[404]-
ni~[510]. The 3~ bandhead was confirmed in the
present study by a combination of nine transitions [Fig.
8(e)] with consistent spins and parities. The 4~ member
is verified by a clear coincidence between the 93.4 and
225.4 keV lines, but the assignment of all higher energy
transitions to this level by Balodis et al. [19] had to be
abandoned in view of the present energy precision.

The tentative assignment of the 5~ member [19] could
not be confirmed. Instead of the 118 keV transition, a
line at 116.206 keV is now assigned as the intraband tran-
sition to the 4 level, which exhibits also the correct mul-
tipolarity M1 and is in perfect agreement with the energy
systematics of the 3™ and 4~ level spacing. According to
Eq. (1), this band is characterized by a rotational parame-
ter

A= —11.65(3) keV
20 )
Further, the new assignment is supported by the coin-
cidence spectrum of the 225.4 keV line (the strongest
transition depopulating the bandhead), where a weak sig-
nal of the 116.2 keV line was detected. The suggested 6



44 NUCLEAR STRUCTURE OF "*Lu ANDITS ... . L ...

state is based on the combination of two weak gamma
transitions in the expected energy region.

The K"=4" bandhead ar 722.921 keV; pl*[41]]
+nl~[514]. This level was proposed by Balodis et al.
[19], and later confirmed by Dewberry et al. [20] as the
bandhead of the above Nilsson configuration via an in-
tense 723 keV line in the (¢,a) spectrum. Figure 8(f)
presents the now confirmed transitions. The strongest
decay feeds the 3~ bandhead at 658.45 keV, but there is
at least one K-forbidden transition to the K =0 band.

The K"=4" bandhead at 788.219 keV; pl*t[404]
+n57[510]. This level was postulated by Struble and
Sheline [17] at ~791 keV on the basis of their (d,p) data.
The assignment of two gamma transitions to that level
[16] could not be confirmed by Balodis et al. Ref. [19].
The present data [Fig. 8(e)] show clearly that the 129.773
keV line is associated with the 4~ bandhead, in agree-
ment with Minor et al. [16]; this assignment is supported
by a coincidence with the 225.4 keV line and by multipo-
larity M1. A second depopulating transition in the
scheme of Minor et al. [16] can be excluded, however.

A more detailed discussion of these 4~ bandheads will
be given in Sec. VIB in connection with the mediating
transitions between ground state and isomer.

B. Known levels coupled to the ground state

The ground state band p-;-+[404]+n7_[514]. Apart
from the ground state, only a tentative assignment of the
87 level at 185 keV was known from previous (#,y ) stud-
ies [16,19]. Since their spins differ significantly from the
3" and 47 compound spins, none of the members in this
band is expected to be strongly populated in (n,y) reac-
tions.

However, the ground state band can be selectively pop-
ulated by Coulomb excitation; in this way, it is possible to
identify the corresponding gamma transitions even with
limited energy resolution. The levels at 184.123(12),
388.83(2), and 613.43 (8) keV could be assigned as the
87, 97, and 10 members of the ground state band [21].
In this work, transitions from the 8~ and 9~ levels could
be identified as well, in good agreement with Ref. [21]
[Fig. 8(a)].

The K"™=6" bandhead at 563.94 keV; p%+[402]
+n7"[514]. The bandhead was established by Dewber-
ry et al. [20] from a strong line in the (¢,a) spectrum in
combination with the known gamma transition after neu-
tron capture [19]; it is confirmed by the present multipo-
larity M1(+E2) of the 563.9 keV transition and by the
population via transitions from several 5~ levels [Fig.
8(g)].

The K™=5" band at 870.00 keV. Besides the ground
state band, Elze et al. [22] found by Coulomb excitation
a new rotational band built on a level at ~870 keV.
Since collective states are selectively populated by
Coulomb excitation, this band was interpreted as the y
vibration with K7=5" associated with the ground state
configuration. In agreement with these data, a 5~ band-
head can be assigned, which decays to the ground state
by an E?2 transition and by a weak transition to the 6~
bandhead at 563.9 keV [Fig. 8(g)]. We note that there is
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an ambiguity with respect to the ARC data in this energy
range. The two 57 states at 868.1 and 870.0 keV corre-
spond to the energy and intensity of the ARC line at
868.9 keV. However, the 47 state at 871.3 keV, which is
discussed in Sec. VII, is not accounted for by the ARC
results. The 6 member of this band was placed near
1002 keV [22]; it is weakly populated by neutron capture
and can be assigned at 1000.84 keV. However, this as-
signment is less well established, since the ground state
transition is obscured by a !7"Lu line.

VI. COUPLING OF GROUND STATE AND ISOMER

The energy levels discussed so far represent the basis
for the identification of levels, which can decay to both
the ground state and the isomer. For the unambiguous
assignment of the corresponding gamma transitions it is
mandatory to define the isomer energy as precisely as
possible. This value has already been used for the ener-
gies given in Table I, but will be discussed in detail in this
section. To this end, the results from the experiments at
Grenoble are supplemented with data from the (d,p)
measurement.

A. The isomer energy from the !"*Lu(d,p )!"Lu experiment

The (d,p) spectrum at low energies: the position of the
isomer. At low excitation energies, the 7~ ground state
band as well as the bands with K™=0", 1%, and 1™ are
weakly populated in the (d,p) reaction. Figure 9
presents the corresponding spectrum that was calibrated
via 5 well-established lines [34]. By this calibration, the
distance of two levels is well defined, whereas the offset
remains as a free parameter. The distance between the
8~ member of the ground state band and the isomer can
be determined to AE=61.0+£0.5 keV. On the other
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FIG. 9. The ""Lu(d,p)"Lu spectrum in the region of low
energy levels (energies are in keV).
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hand, the energy of the 8~ state is known from the
Coulomb excitation studies [21] that was confirmed by
this work to be E=184.1 keV. This yields the isomer en-
ergy to

E =123.1£0.5 keV .

The (d,p) spectrum at higher excitation. The strongest
lines in the spectrum of Fig. 10 are due to members of the
rotational bands with the configuration p—;+[404],
ni7[510] and K"=3" and 4™ [16,17]. Of these, the lev-
els at 658.45, 751.89, 868.10, and 788.22 keV with

=37, 47, 57, and 47, respectively, are all well estab-
lished. However, it was impossible to achieve a con-
sistent energy calibration for all four levels, the line at
868.10 keV being significantly discrepant. A comparison
of the measured intensity with the intensity pattern of
Struble and Sheline [17] for the K"=3" band yields an
excess in the observed intensity. Therefore, this line is
likely an unresolved doublet with a second contribution
from the admixture of the pl*[404]+n37[512]
configuration to the K”=5" y vibration at 870 keV;
hence, it was not considered for the energy calibration.
The energy scale based on the first three lines is in good
agreement with the scale obtained for the low energy
spectrum of the first run. It allows one to define the level
energies of two states at 1030 and 1100 keV, which can
be identified by means of the (n,y ) data as the 27 and 3~
members of a new rotational band; in view of their
relevance for the energy scale, these levels are described
in detail below.

The K"=2" band at 1029.695 keV; pl*[404]-
n37[512]. The bandhead is well defined by 7 gamma
transitions [Fig. 8(d)] with I"=2" according to the mea-
sured multipolarities. The 1030 keV line in the (d,p)
spectrum can be associated with this level; the Nilsson
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FIG. 10. The "Lu(d,p)""*Lu spectrum for levels at higher
energies.
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configuration is suggested by its intense population in the
transfer reaction, which leaves the ground state
configuration of the odd proton unchanged. The
n37[512] state was also found to be significantly popu-
lated in the '*Yb(d,p)!">Yb reaction [42].

The 37 member of this band is expected to lie 70 keV
higher in excitation due to the theoretically estimated ro-
tational parameter [26]. In this energy range, the ARC
data [26] contain a level at 1100.6 (3) keV with I"=3" or
47, and a level at this energy is also observed in the (d,p)
reaction. By the combination principle, these data yield a
level at 1100.41 keV, which is depopulated by three tran-
sitions. Its additional confirmation as the 3~ member re-
sults from the M1 character of the 667.4 keV line.

The intraband transition to the 2~ bandhead is expect-
ed at an energy of 70.71 keV. Its intensity can be es-
timated from the depopulation of the bandhead to
(I,+1,)/100n =1. This corresponds to a gamma inten-
sity of I, /100n =0.09 because of the large conversion
coefficients for low energy transitions, and is just below
the sensitivity limit of the crystal spectrometer in this en-
ergy range. Since the bandhead is more strongly depopu-
lated by interband transitions than the 3~ member, there
may be an undetected transition between these levels with
an intensity (1, +1,)/100n ~0.5.

Calibration of the (d,p) spectrum at high energies.
With the two K7=2" levels, the (d,p) spectrum could be
calibrated without any extrapolation to higher energies.
The energies in all three runs are consistent within uncer-
tainties. Line energies measured in two runs were aver-
aged, and the final values are given in Table III with un-
certainties that include a systematic uncertainty of 0.2
keV resulting from the calibration.

B. Assignment of mediating transitions

The K"=4" band at 788.219 keV; p%+[404]
+n37[510]. Minor et al. [16] assigned a very intense
line in the (d,p) spectrum of Struble and Sheline [17] as
the 57 member of this 4~ band. The energy of that level
is defined by the present (d,p) data as 921.7%0.2 keV,
and the assignment to the 4~ band is confirmed by the in-
tensity systematics and by the rotational parameter. The
bandhead corresponds to the most intense line in the
spectrum, so that the 5 state is also expected to be
strongly populated [17]. There are only two suitable lines
in the (d,p) spectrum, at 921 and 869 keV. However, the
869 keV line assigned by Struble and Sheline [17] via in-
tensity arguments can now be excluded, since it would re-
quire a rotational parameter 4 =8.1 keV, too different
from the well-defined 4 =11.6 keV for the K"=3" band
of the same Nilsson configuration with antiparallel spin
coupling. Such a large difference is not likely for two
bands with the same two-particle configuration. The as-
signment of the 921 keV line yields 4 =13.3 keV, closer
to the value for the 3~ band.

So far, no transitions were assigned to that 921 keV
level. The search for the M1 intraband transition to the
4~ bandhead yields no suitable gamma line with
1,/100n >0.1, even if the energy window is increased to
a few keV. However, two weak transitions to the 4~
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bandhead and to the 47 member of the K =3 band could
be found by means of the combination principle [Fig.
8(e)]. The preference for the interband transition may be
explained by strong Coriolis mixing (AK =1) [16].

On the other hand, the intensities of the two transi-
tions are too small to account for the population of that
level, which can be estimated from the population of
neighboring I"=5" levels to I, /100n ~1. The only ex-
planation for the corresponding depopulation seems to be
gamma transitions to the level system coupled with the
ground state.

A combination of a direct transition to the 7~ ground
state and a transition to the 6~ bandhead at 563.9 keV
can indeed be found, defining a level energy of 921.47
keV. If this energy is adopted for the 5~ state under dis-
cussion, the energy of the isomer is then fixed by a corre-
sponding chain of gamma transitions to

E =122.85910.009 keV ,

in good agreement with the 123.1+0.5 keV from the
(d,p) data. The branching to the ground state is strong
enough to account for a total depopulation of
1,/100n=0.9 of the 5™ state.

The K™=4" band at 722.921 keV; plt[411]+
nl=[514]. The isomer energy can be confirmed by a
second chain of gamma transitions. It connects isomer
and ground state through a level at 838.65 keV that ex-
hibits almost the same decay properties as the 921.47 keV
level: a strong E2 transition to the ground state and a
M1 transition to the 563.9 keV bandhead with K"=6"
[Fig. 8(f)]. This assignment is confirmed by the clear
coincidence between the transitions with 563.9 and 274.7
keV. Spin and parity of the 838.6 keV level are deter-
mined by the observed multipolarities to I"=5".

A weak (M) transition to the 4~ bandhead at 722.9
keV can be assigned to this 57 level. With the well-
established gamma cascade from this bandhead to the
isomer, one obtains an isomer energy E =122.851+0009
keV, perfectly consistent with the enchainment via the
921 keV level.

That the 838.6 keV state is indeed the 5~ member of
the 47 band at 722.9 keV is further supported by the
(t,a) spectrum of Dewberry et al. [20], where the 4~
bandhead corresponds to the strongest line. Therefore,
the 57 member also should be significantly populated in
the (¢,a) reaction. Dewberry et al. [20] assumed that
level at 864 keV and suggested corresponding gamma
transitions from Balodis et al. [19]; however, these gam-
ma assignments are now disproved by this work.

The present assignment of the 838.6 keV level as the
57 member of the above 4~ band is consistent with both
the (¢,a) measurement and the ARC data. A strong
peak in the (#,a) spectrum at 840 keV can be interpreted
as an unresolved doublet, consisting of a contribution
from the 3~ bandhead at 843 keV and another one from
the 57 level. Dewberry et al. [20] considered only the
37 part, but their resolution of 14 keV was not sufficient
to recognize a second line only 5 keV apart. The un-
weighted average of the lines is at 841.1 keV, in fair
agreement with their energy of 840+2 keV. This picture
is supported by the ARC measurement, where a doublet
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at 842.9 keV is reported [26] consisting of a 3~ or 4™ and
ofa2” or 57 level

In summary, two independent chains of gamma transi-
tions were identified, which are related to both the
ground state and to the isomer and which fit in a very
consistent way to all existing data. The isomer energies
deduced from the two chains agree well within their
respective uncertainties of 9 eV, yielding a final average
of

E =122.855+0.006 keV .

In this work, the energies of all levels related to the iso-
mer refer to this value.

VII. ADDITIONAL LEVELS COUPLED TO THE ISOMER

The T=3" band at 843.422 keV; plt[411]-
nl~[514]. This bandhead is strongly populated in the
(t,a) reaction. Dewberry et al. [20] identified lines at
84012, 94542, and 1075+5 keV with the 37, 47, and
57 members of this band and assigned gamma transitions
from Balodis et al. [19] to this scheme. All assignments
of these gamma transitions were found to be inconsistent
with the present data. Instead, new combinations were
derived that are compatible with the energies from the
(t,a) reaction [Fig. 8(f)].

The 3~ bandhead at 843.422 keV is established by four
M1 transitions. The strongest, with Er=120'499 keV,
leads to the 4~ bandhead at 722.921 keV with the same
Nilsson configuration, which then decays to the 3~ band-
head at 658.445 keV by a highly converted 64.474 keV
transition. Since this low energy transition is difficult to
detect in the coincidence spectra, the decay can be
confirmed by the observed coincidence between the 120.5
keV line and the 225.4 keV transition from the decay of
the lower 3~ bandhead.

The 4™ member is expected at 94512 keV according to
the (¢,a) spectrum. The ARC data [26] include a level at
944.91+0.3 keV that is compatible with an assignment
I™=4". Even within a relatively large energy window,
the corresponding 101.5(3) keV intraband transition to
the bandhead could not be identified. Instead, the
222.106 keV M1 transition was found to the 4~ band-
head at 722.921 keV, which leaves the Nilsson
configuration unchanged. This is further confirmed by a
coincidence with the 225.4 keV line. In addition to the
222.1 keV line, two weak transitions to bandheads with
K7™=3" and 6 were found as well. The resulting level
energy of 945.027 keV is in perfect agreement with Refs.
[20] and [26].

The 57 member is placed at 1068.992(5) keV by the
combination of four weak transitions. This energy is in
agreement with the (#,a) measurement [20], and a 5~
level is also consistent with the ARC data [26], which
predict a doublet centered at 1068.1 keV. Though the 5~
level appears to be established, its assignment to this 3™
band seems questionable, since the decay systematics do
not resemble those of 3~ and 4~ members.

The K™=2" band at 866.364 keV. The energy of this
bandhead is determined by a combination of nine transi-



2830

tions [Fig. 8(h)]. Spin and parity can be limited to 17 or
2% due to the strongest transitions populating K"=1%
bands. Since there are also transitions to 1~ bands with,
in particular, one to a 3~ member, the 2+ assignment is
unambiguously confirmed.

There are two possible Nilsson configurations for a 2™
band in this energy range [26]: p2[514]-n37[512] or
p§+[402]-n—§—+[624]. The strongest M1 transitions lead
to the K”=17 band, for which the wave function is dom-
inated by the configuration p1*[404]-n2*[624]. Since
the transition to the other 17 bandhead exhibits only half
the intensity—though it were favored by the higher ener-
gy difference—the situation is certainly better described
by the second configuration

p37[402]-n37[624] .

A transition to the pl¥[404]-n37[624] configuration
leaves the particle state of the odd neutron unchanged.
The weaker transitions to the other 11 band may be ex-
plained by configuration mixing of the two bands. The
dominating E1 decay mode feeds almost exclusively the
17 band with the configuration p%+[402]—n7“[514]; this
supports the above configuration of the 2* band, since
these transitions leave the odd proton state unchanged.

The 37 member of the 21 band is established at
930.761(10) keV by 11 gamma transitions [Fig. 8(h)].
These transitions feed the (I+1) members of those
bands, where the members with spin I are populated by
the decay of the bandhead. From the well defined mul-
tipolarities one obtains I"=2" or 3% for the 930.765 keV
level. The weak E2 character of the 736.42 keV transi-
tion to the 17 level and the observed transition to a 4~
level indicate I"=3". The ARC data suggesta2® or 5"
level at this energy [26], but the intensity of primary gam-
ma transitions following neutron capture at 24 keV also
permits a 37 assignment, so that there is no contradiction
between the ARC data and the above assignment. The
intraband transition to the 2% bandhead proceeds mainly
via K-conversion electrons of ~1 keV and falls below the
sensitivity limit of the gamma spectrometer.

The intensity systematics of the interband transitions
from the 2% band is such that the strongest transitions
from a level with spin I lead to the ( — 1) member of the
pL7[404]-n27[624] band, and the second strongest to
the spin I member of the p3 [514]-n17[514] band.
With the rotational parameter 4 =10.7 keV from the
distance of the 27 and 3™ levels, one would expect the 4™
member to lie at ~ 1016 keV. This energy can be deter-
mined to 1015.37 keV by the combination of two transi-
tions, which correspond well to the described intensity
pattern. The corresponding level at 1017.9 keV from the
ARC data [26] is probably an unresolved doublet consist-
ing of the 1015.37 keV band member and a 4% or 5% level
at 1019.93 keV which is given in Fig. 8(1).

K™=3%, 4% levels with py [541],n17[514]. For this
configuration, only the K "=4% bandhead was known
from Balodis et al. [19]; it could be established by a com-
bination of transitions to the 17 bands [Fig. 8(i)]. The
two strongest transitions were confirmed by the coin-
cidence chains
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(i) [147.6 keV-188.3 keV],
and

[147.6 keV-115.1 keV-139.4 keV],

(ii) [335.8 keV-66.2 keV-38.7 keV-71.5 keV],
and

[335.8 keV-104.9 keV-71.5 keV] .

The level spin and parity 7 "=4" are defined by the M1
character of the two lines.

For this level, a rather long half-life of 7.8+0.5 ns was
found (Sec. IIIE), thus confirming the previous assign-
ment as a bandhead [36]. According to model calcula-
tions [26], the only possible configuration for a 4% band-
head in this energy range is p1~ [541]+n] [514]. This
is confirmed by the observation that the neutron
configuration is preserved for the strongest transitions.

A clear coincidence of a strong M 1 transition with the
335.8 keV line from the decay of the 4™ level suggests a
level at 734.369(2) keV with I™=3%, 4%, or 5*; this is
confirmed by the ARC data [26], which yield a 3© or 4™
level at 733.6(3) keV. The energy difference is less than
2.5 times the statistical uncertainty and, therefore, is not
significant. Model calculations of the Gallagher-
Moszkowski splitting [43] between the bandheads of the
configuration p1 ~[541],n17[514] yield the 3* bandhead
with an energy ~82 keV higher than the 4 bandhead,
compatible with the difference between the 734.369 keV
level and the 41 bandhead. Since the 99.2 keV transition
to the 4™ level is the strongest decay channel, the 734.369
keV state can be identified as the 37 bandhead.

The long half-life of the 4 level and the decay of the
3" bandhead indicates a strong hindrance for transitions
from these bands to the 11 bands. Therefore, strong in-
traband transitions are to be expected between the vari-
ous members of these bands. In particular, the /=K +1
members should only decay by an M1 transition to the
bandhead, so that these transitions cannot be found with
the Ritz combination principle alone. Since no other low
energy transitions than the 99.2 keV line were observed
in coincidence with the 335 keV line, these intraband
transitions fall below the sensitivity limit of the coin-
cidence measurement; this result appears plausible if
these transitions are highly converted. Therefore, the
first members of these bands can only be suggested but
not firmly established by combining the present measure-
ments with model calculations.

The rotational parameter was calculated to 4=6.8
keV [26]. The comparison of these calculations with ex-
perimental data for °Lu by Hoff et al. [26] showed a
mean deviation of only ~1 keV. Hence, an energy of
~54.4 keV is expected for the first 47 —37" intraband
transition of the 3% band. The measured gamma spec-
trum shows two highly converted M1 transitions close to
that energy, which could not be attributed elsewhere in
the level scheme via the combination principle. Their rel-
atively high intensities (I, +1,) indicate transitions be-
tween levels of intermediate spin, because only these are
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sufficiently populated.

Hence, the 4" member of the 3" band can be suggest-
ed at 786.266 keV with the assignment of the 51.896 keV
transition being the 47 —3% transition. This is support-
ed by the fact that it is the only placement for the 4T lev-
el consistent with the ARC measurement [26]. In the
relevant energy range, the ARC data do not contain a 4™
level, but a I"=2", 5~ doublet contribution to the 4~
level at 788.2 keV. Such a 27 or 5~ level was not found
in the present work. Since the intensity is particularly
enhanced in the 24 keV neutron captures, one may sug-
gest alternatively a second level of positive parity. The
sum of the reduced intensities from a 4~ and a 4™ singlet
is in good agreement with the experimental intensities of
the 788.2 keV level.

From this suggestion for the 4* level one obtains a ro-
tational parameter of A4.,=6.49 keV, which yields an
energy of ~64.9 keV for the 57 —41 transition in this
band. The assignment of a measured M1 transition with
64.970 keV yields the 5% level at 851.236 keV. This ten-
tative scheme is supported by a weak transition to the 4™
bandhead and by the population from a 4% level at
1015.37 keV.

The 57 member of the 4% band can be suggested by
means of an M1 transition with 58.597 keV, which is the
only measured line that corresponds to the expected ener-
gy difference and that is not yet assigned elsewhere in the
level scheme. The resulting energy of the 5t member
would be 693.804 keV. This energy corresponds to a
doublet contribution in the ARC data [26] near 687.8
keV, which was interpreted as the superposition of a 2™
state and a 3" or 4% state. The spectrum taken with 24
keV neutrons, which is sensitive to positive parity levels,
shows two lines with E,;=5619.4t1.5 keV and
E,,=5626.111.0 keV. The excitation energy of the
compound nucleus Ez can be determined in that case
from the energy of the I"=3", K =0 level and the corre-
sponding gamma transition:

Ey=E,+E, =6311.910.3 keV .

The two contributions of the resolved doublet in the
E, =24 keV spectrum yield then the level energies

E1=EB—EY1=692.5i1.5 keV
and
E2=EB—E1,2=685.9j:1.0 keV .

Of these, E, is in good agreement with the proposed 5%
level, while E, is the known energy of the 2~ level. The
reduced intensities of the primary gamma transitions in-
dicate a (5%, 27) doublet as well [34].

The configuration p2~[514]+nl~[510]. The 5" band-
head at 657.142 keV has already been suggested by
Balodis et al. [19]; it is clearly confirmed by the present
coincidence data for the 284.6 keV M 1 transition, though
some of the previously assigned gamma transitions do not
agree with the improved energy systematics [Fig. 8(i)].
From this M1 transition to the 47 member of a 1™ band
follows: I"=3", 4™, or 57, and the two weaker transi-
tions to the 5 and 67 members of the same 1 band
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reduce these possibilities to I"=5". This assignment is
supported by the absence of a stronger transition to a 3™
level.

Hoff et al. [26] report a doublet at 658.1 keV in the
ARC data, consistent with the assignment of a 3~ and a
5% level. Since the 37 level at 658.445 keV is well estab-
lished, the 5% level is confirmed by the ARC data as well.

According to model calculations [26], the low energy
bandhead corresponds to the two-particle configuration
p%7[514]+n17[510]. This assignment is supported by
the fact that the observed M1 transitions to the 11 band
change the configuration of the odd neutron only, while
the proton configuration remains unaffected. All other
transitions to lower levels would change both
configurations, resulting in a reduced transition probabil-
ity. However, the observed transitions to the 17 band
should also be strongly hindered by the K-selection rule.
This led Balodis et al. [19] to propose the assignment of a
22 keV K-allowed transition to the 4* bandhead based on
the measurement of Minor et al. [16]. The energy
difference between the 5t and 4% levels can be exactly
defined by the present data to AE=21.935(3) keV,
significantly smaller than the 22.11(2) keV given in Ref.
[16]. Since the energies in the two data sets are generally
in good agreement, the energy difference cannot be due to
a systematic effect; therefore, this assignment was not
adopted. In our crystal spectrometer measurements, a 22
keV transition is below the detection limit.

The K7"=4" bandhead of the configuration
P27 [514]-n17[510] is expected at a higher energy than
the 5% bandhead discussed above [20]. A well-
established level at 871.275 keV can be identified with
this 4% bandhead [Fig. 8(i)]. The strongest transition
with 214.1 keV directly populates the 57 bandhead at
657.1 keV. It shows up in coincidence with the 284.6
keV decay line of the 5 level as well as with the strong-
est transitions in the further cascade.

The 871.275 keV level is also confirmed by two transi-
tions to the 3% and 4 bandheads discussed above. The
measured multipolarities imply I"=4% or 5%, but the
low energy transition to the 3" bandhead indicates a
preference for the 4™ assignment, since the M1 transition
rate is expected to be higher than that for E2 according
to the behavior of similar transitions. Since the 214.1
keV transition to the 57 bandhead is the strongest decay
channel, it is plausible to identify this level with the 4*
bandhead of the same two particle configuration. In
turn, its decay systematics confirms the 657 keV level as a
5% bandhead; if this level were just the 57 member of the
17 band with similar energy and decay systematics,
strong transitions from the 47 level at 871 keV to other
band members would have been expected as well.

The 3~ bandhead at 957.894 keV. This level is fixed by
six M1 transitions [Fig. 8()]; the well-established mul-
tipolarities yield I"=3" or 47, and the less well-
established M1 character of the 270.035 keV transition to
a 2" level suggests I"=3". The ARC measurement [26]
predicts a multiplet of negative parity levels at a mean en-
ergy of 958.5(3) keV, consistent with a triplet of I"=3"
or 4~ levels. The two other lines in the triplet corre-
spond to the 3~ bandhead at 960.193 keV discussed
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below and to a 4 level at 957.75 keV that was assigned
to a 0~ band. The mean energy of the three levels is
958.6 keV, in perfect agreement with the ARC data.

The strongest transitions from the 957.894 keV 37 lev-
el lead to the K"=37,4" bandheads with the structure
p1*[404]+nLT[510]. The 37 level can be assigned as a
bandhead because of the low intensities of transitions to
bands of low K. Nilsson configurations, which satisfy the
condition that only an odd particle state is changed in the
strongest transitions, are

pL1[404]-n17[521] or p3T[402]+nLT[510].

The weaker transitions can all be explained by
configuration mixing in the respective final states and
yield no additional information with respect to the two
possible assignments.

The 4~ member of that rotational band was found at
1067.424 keV. It decays to the bandhead as well as to
those bands, which are populated by transitions from the
37 level. The ARC measurement [26] reports a 3~ or 4™~
level at 1068.1(3) keV with a possible 27, 5~ doublet
contribution. If the 57 level at 1068.977 keV is account-
ed for, the spin and parity assignment of the 4~ level is
consistent with the ARC data.

The 3~ bandhead at 960.193 keV. This level is estab-
lished by six gamma transitions [Fig. 8(j)]. The strongest
decay channel contains two E1 transitions to the 1t
band, which is built on the 194.37 keV level. From the
measured multipolarities one obtains I"=2" or 37, but
the absence of a transition to a 17 level and the observed
low energy transition to a 4~ bandhead suggests I"=3"".
The assignment as a bandhead is justified by the relatively
long half-life of 0.7 ns (Sec. III E).

However, no safe assignment can be given for the pre-
dicted bandheads [26]. A possible configuration would be

pLT[404]-n17[521],

which was also considered as a possibility for the 3~
band at 957.89 keV. The strongest gamma transitions
would then correspond to a change of the configuration
for the odd neutron from 17[521] to %+[624] that re-
quires a mixing of the p1*[404]-n2*[624] configuration
to the 11 band. A second configuration

p+T[660]-n1[514]

can be suggested due to the Nilsson diagram for protons
[44]. The excitation energy of the p%+[660] state should
be higher than that of the p;~[541] orbital and is, there-
fore, expected above ~750 keV. This odd-proton
configuration was not considered in the model calcula-
tions of Hoff et al. [26], since there are no experimental
data in neighboring odd-even nuclei. For this second as-
signment, the E1 transitions correspond to a change of
the odd proton from pL*[660] to pZ"[404].

The 0~ band p2~[514]-n3"[624]. This band is estab-
lished by its I"™=27, 37,47 ,and 5~ members. All these
levels are confirmed by combinations of secondary gam-
ma transitions and are consistent with the ARC data
(Table III). It should be noted that the 27 level is inter-
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preted as part of the ARC doublet, which—together with
the second state at 834.8 keV—yields the correct sum in-
tensity and mean energy. These levels are interpreted as
a rotational band because of their consistent decay sys-
tematics [Fig. 8(k)]: each member with spin I decays to
the corresponding (I+1) and (I—1) members of the
K =0 band with the ground state configuration.

This could be interpreted as a y vibration built on the
K =0 band or as a two particle excitation of low K. The
first possibility can be excluded due to the low observed
rotational parameter. The comparison with model calcu-
lations shows that the 0~ band

p%_[514]-n%+[624]

is the only two particle configuration with low K in this
energy range. Such a band is expected to exhibit a New-
by shift of the even spin members relative to the odd spin
members. A separate treatment of even and odd spin
members results in rotational parameters of 4 =8.95 and
8.84 keV, respectively. Hence, the 17 and 0 members
can be predicted to occur at E;=795.1 keV and at
E,=778.7 keV. Searching for levels with the same decay
pattern as observed for the higher spin members leads to
a 17 level at 796.641 keV, very close to the expected
value. This level is well established by the decay sys-
tematics and by the measured multipolarities. For the 0~
member, only an M1 transition to the 1~ level at 122.855
keV is to be expected; the tentative assignment of a weak
(M1,E2) transition yields an energy of 780.185 keV, also
close to the predicted energy.

The energy sequence of this band can better be de-
scribed by the expression [19]

E;=AI(I+1)+BI*(I+1)*.
For members with odd spin I =1, 3,5 one obtains
Ay 0qa=28.607 keV and B; ,43=0.00547 keV ,

and the corresponding values for members with even spin
1=0,2,4 are

Af cven=8.629 keV and By e, =0.0125 keV .

Since the 0~ level was included, the parameters for the
even members are less well established; but from the
small differences one may conclude, in turn, that the 0~
level was correctly assigned. The result of 4 =8.6 keV is
in good agreement with the calculated value of 9.1 keV
[26].

From the level sequence one obtains a Newby shift of
Ey=—0.39 keV. This shift is much smaller than the
theoretical estimate of E, = —30 keV [43]. A discrepan-
cy in the opposite direction is observed for the

=07, p1*[404]-n}[514] band, where the observed
Newby shift is much larger than theoretically predicted.

The 4 bandhead at 985.569 keV. This level is fixed
by three M1 transitions to bandheads with K™=3%, 47,
and 57, so that spin and parity I"=4" are unambiguous-
ly defined [Fig. 8(1)]. The assignment of the strongest M1
transitions is confirmed by the coincidences

350.4 keV-335.8 keV
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and
251.2 keV-99.2 keV-335.8 keV .

The 251.2 keV line has to be interpreted as an unresolved
doublet since the coincidence data as well as the energy
combinations are also compatible with an additional as-
signment as a 1~ (637 keV)—1" (386 keV) transition.
The intensity of the 4™ —3" transition is, therefore,
smaller than the measured intensity of the doublet. The
decay systematics indicates a bandhead with K"=47;
the possible not yet assigned configurations from the
model calculations of Hoff et al. [26] are

pLT[4111-n27[624]
or
p3T[514)-n17[521] .

For each of these assignments, the strongest observed
transitions imply that both configurations are changed.
This is compatible with the relatively long half-life of 1.2
ns (Sec. IIL E). Since the transition to the 5* bandhead is
weaker than the transition to the 47 bandhead, it is likely
that both particle configurations are changed in the first
transition as well. This results in the assignment of the
configuration

piT[411]-n27[624]

for the 4 bandhead at 985.569 keV. It is confirmed by a
weak transition to the 3~ band at 843 keV, which has the
same odd proton configuration.

Other levels in Figs. 8(e) to (m). A number of addition-
al levels coupled to the isomer can be inferred by the Ritz
principle in combination with the coincidence data and
the ARC results. These levels are suggested by the
present data, but cannot be firmly established or be as-
signed to a particular configuration. For example, the 2"
level at 792 keV is defined by a number of transitions
[Fig. 8(h)]. However, it is not clear whether it is a band-
head or the member of a 0" band. Another important
level is the 1032.4 keV state [Fig. 8(1)]. Apart from the
transitions to the isomer it exhibits a significant branch-
ing to the ground state. The existence of this mediating
level, which may be considered as a 5~ bandhead, is sup-
ported by a strong line in the ARC spectrum, which can
now be interpreted as a doublet (Table IV).

VIII. ADDITIONAL LEVELS COUPLED
TO THE GROUND STATE

A. The K"=8" bands

The configuration pl*[404]+n3*[624]. Previously,
the 8% bandhead of this configuration was placed at 404
keV [19], but was not considered as firmly established.
With the present data, this bandhead can now be unambi-
guously placed at 424.891 keV. The level decays by two
gamma transitions to the ground state band, which both
satisfy the energy combination principle and exhibit the
correct multipolarity [Fig. 8(m)]. Furthermore, the
240.76 keV transition to the 8 level is observed in coin-
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cidence with the 184.1 keV decay line of that level. The
(d,p) spectrum contains a weak line at 425.2(3) keV that
can be attributed to the 8% bandhead, since it does not
correspond to any of the known levels related to the iso-
mer. The fact that it is populated in (d,p) but not in
(t,a) implies a p1*[404] structure of the bandhead,
confirming the above assignment.

The 9% and 10" members of this band can also be in-
ferred from the (d,p) data, but there are no correspond-
ing gamma transitions, since these levels are too weakly
populated in neutron capture. Up to ~850 keV, only
three lines could not be identified with levels from the
(n,y) data; if two of these are assigned as the 9% member
at 615.2(2) keV and the 10" member at 826.4(2) of the 87
band, their distances imply a rotational parameter
A=10.57(1). This value is close to that for the 17 band
(A4=10.96 keV) of the same Nilsson configuration but
with antiparallel spin coupling of the unpaired particles.

The configuration p3~[514]+nl~ [514]. The 8" and
9% members of this band were attributed to the 486(3)
keV and 683(3) keV lines in the (#,a) spectrum [20].
With the present (n,y) data only a tentative assignment
can be given for the decay of the 8" bandhead [Fig.
8(m)]. The 683 keV level can also be attributed to a weak
line at 681.5(3) keV in the (d,p) spectrum. The popula-
tion in both transfer reactions may be explained by
configuration mixing with the other 8% band, similar to
the situation found for the 17 bands. The (¢,a) spectrum
contains an unassigned line at 889(10) keV that corre-
sponds to a weak line at 895.1(7) keV in the (d,p) spec-
trum. If these lines are attributed to the 107 member,
the more precise energies from the (d,p) reaction yield
A=10.7(1) keV, consistent with the entire energy se-
quence; hence, this 895 keV level can indeed be con-
sidered as a member of this band [Fig. 8(m)].

B. The K "=7" bandheads

Three bandheads with K™=7% are predicted for the
energy range 750 < E < 1000 keV with the configurations

pit[402]+niT[624],
p3T[514]+n37[512],
p1t[404]+n1"[633] .

All these levels could be identified on the basis of the
present results.

The level at 734.033 keV. This level can be assigned as
a 71 bandhead by the coincidence between the 240.8 keV
decay line of the 87 bandhead and a 309.1 keV line; it is
also consistent with the multipolarity and intensity of the
309.1 keV transition. The suggested Nilsson
configuration is

p3t[402]+n3"[624],

which explains the transition to the 8" bandhead as a
change p3*[402]—pl*[404], similar to the 1~ band at
386 keV. Transitions to the ground state band would re-
quire a change of the configurations for both odd parti-
cles and are, therefore, hindered.
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TABLE IV. (Continued).
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2
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3
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7
5
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o
—
-

130

—31

4% (1020)
304
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5+

“[514]
ni[521]

2
2
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The level at 854.67 keV. This level is derived from two
transitions to the 7~ ground state and to the 81 band-
head. Spin and parity of the 854.67 keV level are I"=7"
or 8" according to the multipolarities of these transi-
tions. For the assignment of this level as a bandhead,

=77 remains as the only possible two-particle state in
this energy range. Both transitions occur to levels with
the odd proton configuration %+[404], so that this
configuration is also to be expected for the 7+ bandhead;
the decay changes only the odd neutron configuration, re-
stricting the possible configurations for the 7% bandhead
to

p%+[404]+n;+[633) .

The level at 709.23 keV. The 7% bandhead with the
configuration

Py [514]+n37[512]

is placed at 709.23 keV by the combination of two transi-
tions. The 221.4 keV M1 transition to the 8 bandhead
at 487 keV indicates an odd proton configuration
P37 [514] for that level. The 709 keV transition is part of
a doublet that could not be completely resolved neither in
the gamma nor in the conversion electron spectra.
Therefore, the multipolarity of the transition could not be
determined reliably in spite of its high intensity; a fit of
the electron spectrum indicates an E2 transition, but an
E1 character could also be possible if most of the intensi-
ty is due to the stronger M1 part of the doublet. In view
of this uncertainty and of the weakly established gamma
transition to the 8" bandhead, the 709.23 keV level can-
not be firmly assigned at present.

C. The K"™=6" and 5~ bandheads

The K™=6" band p$*[402]+nl1"[514]. The well-
established 6~ bandhead at 563.9 keV was discussed in
Sec. VB. The 77 member was suggested by Dewberry et
al. [20] at 757(4) keV on the basis of the (¢,a) spectrum.
Their assignment of a 194.2 keV gamma line as the tran-
sition to the bandhead could, however, not be confirmed.
Instead, this line was assigned to the 3~ level at 957.89
keV [Fig. 8()].

Lesko et al. [45] found in a recent coincidence mea-
surement that the 6 bandhead is fed by a 161.28 keV
transition. The M1 character of that line, and the fact
that there are no other transitions from the correspond-
ing 725.2 keV level, support its assignment as the 7
member [Fig. 8(g)]. In the (¢,a) measurement [20], the
resolution of ~ 14 keV was not sufficient to distinguish
this level from the strongly populated 4~ bandhead at
722.9 keV. The new assignment yields a rotational pa-
rameter 4 =11.52 keV, in good agreement with that for
the 17 band with the same Nilsson configuration
(A=11.76 keV). This value implies the 8~ member to
lie at 909.5 keV; possibly, a 909 keV line in the (¢,a)
spectrum corresponds to that state.

The K™=6" band pl*[404]+n3~[512]. The com-
bination of three gamma transitions defines a level at
765.68 keV [Fig. 8(g)]. The two M1 transitions to the 7~
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ground state and to the 6~ bandhead at 563.9 keV yield
I™6" or 77. A 7 bandhead is not expected at this en-
ergy, and the 7~ member of the 6~ band at 563 keV can
be assigned otherwise; therefore, this level is assigned as
the 6~ bandhead of the above configuration. The transi-
tion to the neighboring 6~ bandhead is consistent with
the decay systematics of the 1~ band of the same
configuration, which also exhibits strong transitions to
the neighboring 1~ band.

The (d,p) spectrum contains a line at 764.8t1.1 keV.
Though part of its intensity is definitely due to the 763.6
keV members of the K=1" band, it is plausible to inter-
pret this line as a doublet dominated by the 6 bandhead,
since the populations of all other members of the 1~ band
are significantly weaker. The 7° member of that band
can be placed at 941.076 keV by the combination of a
941.5 keV line in the (d,p) spectrum with a suitable M1
transition to the bandhead. The resulting rotational pa-
rameter 4 =12.5 keV is found to agree well with that for
the 1 band of the same configuration.

The K"™=5" band p%+[404]+n3_[512]. The level at
834.809 keV is established by an E2 transition to the
ground state and by an M 1 transition to the 6~ bandhead
at 563.9 keV [Fig. 8(g)]; these multipolarities imply
I™=5".

A corresponding line of intermediate intensity and
with the correct energy is observed in the (d,p) spec-
trum, and can be attributed to that level, indicating the
ground state configuration for the odd proton. This
means that a 5~ bandhead is characterized by the above
Nilsson configuration. The comparison with the
74Yb(d,p)'>Yb reaction [42] shows that the ni [512]
configuration is populated with average intensity. There-
fore, this state should yield significant lines in the
5Lu(d,p)"%Lu reaction as well.

The 6~ member was assigned at 972.519 keV, but is
less well established. By itself, the suggested energy com-
bination is not significant enough due to the relatively
large uncertainties in gamma-ray energy, but the assign-
ment is supported by the observation of a 971.6(7) keV
line in the (d,p) spectrum. The rotational parameter of
A=11.5 keV would also be in good agreement with the
theoretically expected value of 11.8 keV.

IX. INTENSITY BALANCE AND ISOMERIC RATIO

The population of assigned levels. In total, 270 mea-
sured gamma transitions could be placed in the present
level scheme. Almost all of the remaining 239 gamma
lines have either small intensities or are contaminated by
transitions in !”’Lu and are, therefore, questionable. The
important contribution of the conversion electron intensi-
ties was calculated for all transitions with known mul-
tipolarities. The total intensity of the measured elec-
tromagnetic transitions is then

> (1,/100n +1,/100n)=349 .

meas

Since the intensity of all assigned transitions is

> (I,+1,)/100n =318,

assig

N. KLAY et al. 44

more than 91% of the measured intensity is represented
by the present level scheme.

Apart from energy systematics, the information from
transition intensities is another important means for the
experimental configuration of the proposed levels. In
particular, the population of a correctly assigned level
should never exceed its depopulation; this is verified for
the respective experimental uncertainties in the popula-
tion balance, which is given in Ref. [34].

The partial capture cross sections to ground state and
isomer. These partial cross sections can be derived from
the relative intensities of all electromagnetic transitions
to either the ground state or to the isomer. Since 91% of
the measured intensities could be assigned in the extend-
ed level scheme, this cross section ratio can be estimated
via the population balance.

From the assigned transitions one obtains a fractional
population of 11% for the ground state and of 89% for
the isomer. The residual population from unknown levels
at high energies can be estimated via the intensity balance
[34]. Even levels with intermediate spin, which can be
populated by primary gamma transitions, exhibit residual
populations I, /100n <5, whereas this value is below 1 or
near O for levels with spins that are very different from
the compound spins, e.g., for the 8~ member of the
ground state band or the 0~ bandhead. A conservative
estimate can, therefore, be obtained by assuming a residu-
al population of I, /100n =5 for the 7~ ground state and
the 17 isomer.

An upper limit for the partial cross section to the
ground state results then from the extreme assumption
that the residual population of the isomer can be neglect-
ed and that I, /100n =5 for the ground state. Accord-
ingly, the lower bound follows from the assumption that
only the isomer is additionally fed from high energy lev-
els. With the respective modifications of the intensity
normalization one obtains for the isomeric ratio

0.848 <R =0,(i) /0, <0.895 ,

where 0 ,(i) and oo are the partial and total capture sec-
tion of 175Lu.

The present measurements were performed in a perfect
thermal spectrum and can, therefore, be compared to
previous data. We note a significant discrepancy with
respect to the thermal isomeric ratio of R =0.70x0.04
quoted by Mughabghab [46], whereas the result of a re-
cent measurement at higher energies (R =0.89%0.04
around 25 keV, Ref. [47]) is in good agreement with the
present value.

X. COMPARISON TO MODEL CALCULATIONS

The experimentally extended level scheme can be com-
pared with the theoretical estimates of Hoff et al. [26],
who used a semiempirical model for estimating the band-
head energies and rotational parameters for each rota-
tional band. These calculations are based on (i) estimated
excitation energies of the two odd particle configurations
as deduced from the experimental data of neighboring
nuclei, and (ii) theoretically determined values for the
Gallagher-Moszkowski splitting and for the Newby terms
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of K =0 bands [43] for consideration of the residual in-
teraction between odd proton and odd neutron.

In general, the experimental excitation energies of odd
particle states differ in neighboring odd-even nuclei.
Therefore, Hoff et al. [26] used the respective mean
values of two different neighbors, and adopted the devia-
tion from the mean as an estimate for the uncertainties of
their calculated bandhead energies. The effect of the cal-
culated terms for the residual interaction are not con-
sidered in these uncertainties, AE .,

The present experimental results are listed in Table IV
together with the calculated bandhead energies of Ref.
[26]. Within this model, the differences between experi-
mental and calculated values may be due either to the
respective uncertainties of single-particle energies or to
problems with the residual interaction. To make this
point clear, the Gallagher-Moszkowski splittings (Egy)
are compared in Table IV as well. Deviations of the ex-
perimental bandhead energies beyond the range given by
Hoff et al. [26] can normally be attributed to strong
differences in Egy.

For some bands, configuration mixing can be another
reason for differences in the bandhead energies. One such
example is the K"=4" bandhead at 723 keV, which com-
bines the configurations pi*[411]+nl17[514] and
p17[404],nL7[510]. The latter admixture is experimen-
tally justified by the population of this level in the (d,p)
reaction. In this case, a relatively large difference in the
bandhead energy of 191 keV is observed.

The mean deviation for all 29 known bandheads
amounts to ~70 keV, a satisfactory confirmation of the
model calculations. The agreement between experiment
and theory is even better for the rotational parameters.
Parallel and antiparallel couplings of the odd particles
are not distinguished by the model calculations, but the
experimental results for the two couplings of a given
Nilsson configuration exhibit only small differences. The
mean deviation of all known rotational parameters from
their calculated counterparts is 0.6 keV.
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An important question for the astrophysical interpreta-
tion of the present data is how many of the theoretically
expected levels were successfully identified. Comparison
of experimental and calculated bandheads in Table IV
shows that all theoretically predicted bandheads with
spin 1 =] <8 are experimentally confirmed; hence, one
may conclude that the experimental level scheme in this
spin range is now complete up to 950 keV.

At still higher energies, the level scheme starts to be-
come incomplete. In this energy range, the model calcu-
lations are also incomplete, because there is not much ex-
perimental information from neighboring nuclei. In ad-
dition to single-particle excitations, collective phenomena
such as core vibrations start to play a role around 1 MeV.
This means that a vibrational state can be built on each
two-particle configuration. The excitation energy is then
approximately given by the sum of the two-particle and
the vibrational energy. The lowest y vibration being
known at 870 keV implies that such states start, in any
case, beyond ~900 keV.

In summary, it can be stated that in the spin range
1<I<8 all expected energy levels in "®Lu have been
identified up to at least 900 keV. This holds in particular
for all low energy levels that connect the ground state
with the isomer. The mediating level with the lowest en-
ergy was identified as the I",K =57, 4 state at 838.64
keV. The implications of these results for the stellar ori-
gin of 7®Lu and its astrophysical consequences will be
discussed in the following paper.
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