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Abstract. Conversion coefficients, gamma-gamma and gamma-electron coincidences were measured in the
s-process branching point nucleus '"®Lu. Our goal was to determine the multipolarities of the y-ray tran-
sitions that connect the high and low K states of Y®Lu. This '"®Lu nucleus has a long-lived ground state
(K = 77) of 37.6 Gy, a short-lived isomeric state (K = 07) at 122.8keV with half-life of 3.6h, as well
as a 58 s isomer at 1588keV (K = 14T). The excitation structure of this nucleus contains bands of in-
termediate spins of both positive and negative parities. The intermediate states can under certain stellar
temperatures completely change the equilibrium between the isomer and ground state of "Lu and change
the abundance of this nucleus. We populated 37 previously known levels in this nucleus via the *"®Yb(p, n)
reaction and measured 42 conversion coefficients for 7y-ray transitions including 17 of them for the first

time.

1 Introduction

The formation of heavy elements beyond iron is pre-
dominately via neutron capture processes, the slow (s-
process) [1-3] and the rapid (r-process) [4] capture pro-
cesses. The site of the r-process remains one of the open
challenges in all of physics [5] where the r-process ele-
mental abundances are one of the most crucial ingredi-
ents in determining the embedded nuclear physics and
clues towards a potential site(s) for the r-process. The r-
process abundance distributions are typically determined
through the subtraction of the observed solar abundances
from the s-process nuclei abundances [4] and sometimes
directly from observations of metal poor stars [6]. Criti-
cal to a reliable r-process abundance distribution is the
precise knowledge of the s-process nuclei and their contri-
butions [7]. The s-process runs along the valley of stability
whereas the r-process takes place far from stability with
[-decays towards the line of stability frequently adding to
the elemental abundances of both s- and r-process sub-
sets of nuclei. Nuclei can in principle be of both r- and
s-process origin (e.g. ™Yb and '"THf). Therefore, nu-
clei of pure r- or s-process origin are of great interest for
determining the final abundances. There are some 15 or
so nuclei that show some separation and branching be-
tween the s- and r-process, and the 1"Lu nucleus is one
of them [1]. The '"Lu nucleus was considered an s-only
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nucleus due to the shielding from -decay of the r-process
by its stable isobar 1"Yb as shown in fig. 1 [2]. The !"5Lu
nucleus has a ground state of (J™ = 77, K = 7) with a
half-life of 37.6 Gy [8], and an isomeric state at 122.8keV
(JT =17, K = 0) with a half-life of 3.635hrs [8]. The
configuration of the K™ = 7~ state is thought to be
77/27[404] @ v7/27[512] and the origin of the K™ = 0~
state is the antiparallel coupling of the same configura-
tion [9,10]. There is likely no direct link between the two
states due to the high level of K-forbiddeness. Audouze
and Fowler [11] had postulated that "®Lu could be a
candidate for a long-lived galactic chronometer given its
shielding from the r-process by '"Yb. The ground state
was thought to provide a measure of the age of s-process
generated nuclei in the solar system [12]. However, the
low-lying isomeric state complicates the role of '"®Lu in
stellar environments. In these stellar environments, nuclei
are exposed to high temperatures on the order of 108 K
which can populate levels up to ~ 1MeV [3,13,14]. This
thermal excitation would impact the abundance of '"6Lu
in the s-process. If the low-spin isomer at 122.8 keV is pop-
ulated, the decay on a relatively short time scale would
decrease the abundance, whereas if higher excitation and
spin states are populated then the decay would go to the
long-lived ground state increasing the abundance [9].
There were also a number of studies that showed the
existence of high K isomers of 147 and 121 as well as
a number of other bands of intermediate spin of both
positive and negative parity in this nucleus [9,13,15,16].
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Fig. 1. A representation of the r- and s-process path near
A ~ 176 is shown. The solid black line is the s-process path
and shows the shielding of '"®Lu from the stable *7Yb.

Transitions from intermediate spin states would effectively
reduce the K-forbiddenness by connecting states of very
low and very high K. The strength of the transitions con-
necting the intermediate states with the isomeric states
or the ground state would impact the resulting abun-
dance [13]. This is the goal of the present work. Earlier
studies had suggested already that an additional mech-
anism such as, intermediate states that communicate to
both the ground state and the isomer, are necessary to re-
produce the observed "Lu abundance [8,12,17-19]. An
intermediate state in the K™ = 4~ band was first identi-
fied by Klay et al. at 839keV [15] and was later verified
by Lesko et al. [13], with a lifetime of 7 > 10ps [20,21].
The lifetime of this intermediate state is thought to con-
strain the thermal equilibration between the ground and
isomeric state even at lower temperatures in stellar envi-
ronments [22]. As an aside, the identification of an inter-
mediate state nullified the use of 1"°Lu as a chronometer
but still held some applicability of this nucleus as a stellar
thermometer [13-15,20,23]. Recent studies by McGoram
et al. [16] using the "Yb("Li,a3n) reaction established
a high-lying level structure that populated levels up to
1588 keV and spins up to K = 14*. The high-lying level
scheme that was established was then used in a subsequent
study by Dracoulis et al. [9] using the 1"Lu + *Xe in-
elastic reaction. Dracoulis et al. identified five additional
members in the K™ = 4% band, that communicate to
both the ground state and isomeric state. The lowest-
lying intermediate state identified by Dracoulis et al. is
at 709keV [9].

Our goal in this experiment was to populate as many
of the intermediate states as possible in both the K™ = 4~
and K™ = 47 bands to determine the multipolarities of
the v-ray transitions connecting the intermediate states
to the states of high and low K levels by measuring their
conversion coeflicients.

2 Experiment

We measured conversion coefficients of y-rays depopulat-
ing excited levels in "%Lu following the "Yb(p, n)!"Lu
reaction. The experiment was carried out at the Nuclear
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Fig. 2. The experimental setup of this experiment using the
ICEBALL array of Si(Li) detectors, 2 HPGe detectors, and 2
neutron scintillators. ICEBall is shown from a top down per-
spective showing 4 of the 6 Si(Li) detectors, the other two
detectors are at the top and bottom centered over the target.

Fig. 3. The carbon target ladder shown with a target frame,
and collimator. The collimator is made out of tantalum and was
used for beam tuning. All calibration sources were mounted on
the same ladder to insure centering in the ICEBAII array.

Science Laboratory of the University of Notre Dame us-
ing the FN-Tandem accelerator. The proton beam en-
ergy was 7.75MeV with an intensity of 1 electron nA
on average, and bunched with a period of ~ 1us. The
beam energy was chosen to maximize the yield of '"6Lu
while minimizing other reaction channels. The target con-
sisted of a 1.37mg/cm? metallic "5Yb foil enriched to
97% . We measured v-rays, neutrons, and electrons. Fig-
ure 2 illustrates the arrangement of the detectors for this
experiment. Conversion electrons were measured with the
Internal Conversion Electron Ball Array (ICEBall). ICE-
Ball was initially developed by J.X. Saladin and M.P.
Metlay at the University of Pittsburgh [24] and recently
recommissioned at the University of Notre Dame (ND).
ICEBall at ND has undergone multiple upgrades to im-
prove its overall efficiency from 6% to 15% over 47 at
356keV, a more efficient cooling system has been devel-
oped, and all Si(Li) detectors have been repaired. The
experimental setup included two high-purity germanium
(HPGe) detectors (109% relative efficiency, 0.42% abso-
lute efficiency at 356keV) from the GErmanium detec-
tor Online aRray for Gamma ray spectroscopy in Nuclear
Astrophysics (GEORGINA) array, and two NE213 liquid
organic scintillators (hexagonal 12.5 cm thick) for measur-
ing and monitoring the neutron flux. The target as well
as the calibration sources were placed on a ladder system
centered in the ICEBall array. The target frame and ladder
were made of carbon to reduce the beam induced back-
ground with thicknesses of 0.7mm and 1.5mm, respec-
tively. Figure 3 shows the target ladder used in this ex-

1" Oak Ridge National Laboratory, *"®Yb oxide, batch num-
ber: 218801, isotope order number: 47-0023.
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Fig. 4. A single Si(Li) efficiency curve using two calibration
sources '**Ba and 2°"Bi placed at the center of ICEBall.

periment. One of the HPGe detectors was actively shielded
with an early Gammasphere prototype BGO detector [25]
borrowed from the Argonne National Laboratory and the
other was passively shielded with 10 cm thick lead bricks.
The beam dump was made of tantalum and shielded from
the HPGe and Si(Li) detectors with both plastic and lead.

ICEBall consists of six annular Si(Li) detectors that
are 5mm thick and have an active area of 750 mm? each.
In front of each detector, there is a mini-orange filter which
is comprised of a central tungsten absorber surrounded
with up to six permanent samarium cobalt magnets. The
arrangement of the mini-orange filters has been described
in ref. [26]. For each filter 3 permanent magnets were used
with field strengths of ~ 900 Gauss at the center and on
the surface of the planar magnets. Efficiency and energy
calibrations were done using **Ba and 2°"Bi sources. Each
of these sources were designed to fit on the target ladder
within ICEBall. The target was placed at the center of
ICEBall through the use of the target ladder. ICEBall
has a measured absolute efficiency of 15% at 356 keV and
a resolution of 3-5keV FWHM. An efficiency curve for a
single Si(Li) detector is shown in fig. 4.

Energy and efficiency calibrations were performed for
the HPGe detectors with the same sources as ICEBall,
and were calibrated at the target position. The HPGe de-
tectors from the GEORGINA array had an energy resolu-
tion of 1.86keV FWHM at 356keV for the 33Ba source.
The efficiency calibration is shown in fig. 5. Fach HPGe
detector had an absolute efficiency of ~ 0.42% at 356 keV
for the '33Ba source.

Energy signals were acquired via a Mesytec analog-
to-digital converter (MADC-32) module [27]. The timing
information was recorded using a Caen V775 [28] time-to-
digital converter (TDC) module. In each case, the units
were 32 bits. The MESYTEC MADC32 was run with an
8K resolution using 13 bits while the Caen V775 TDC dig-
itizer was run at 4K resolution utilizing 11 bits. The recon-
structed timing signals allowed for the separation between
the prompt events and the long-lived or random events.
For the neutron detectors a Mesytec MPD-4 module [29]
was used for pulse shape discrimination.
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Fig. 5. A single HPGe detector efficiency curve determined
by using three calibration sources **Ba, '*?Eu, and 2°"Bi.
The '*3Ba and the 2°"Bi sources were placed at the center
of ICEBall target position, while the '?Eu was placed outside
ICEBall and normalized to the other sources.
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Fig. 6. An ungated gamma spectrum with an active BGO
shield. The strongest transitions of 1"°Lu are labeled and the
background peaks that are labeled are from beam induced re-
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Fig. 7. A comparison between the ungated gamma spectrum
versus the actively BGO shielded spectrum for the 526 keV ~-
ray transition. The peak to background ratio was improved by
~ 20% using the BGO. The scaling factor of 1.4 is normalized
from total number of events in the histogram for comparison
only.
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Fig. 8. The '"®Lu electron spectrum from the five Si(Li) de-
tector sums.
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Fig. 9. The v-ray and electron gates of 310keV transition.
Panel (a) shows the electron spectrum in coincidence with the
310keV ~-ray transition (all electron peaks are labeled with
the energy of the 7-ray transition) whereas panel (b) shows
the vy-ray spectrum in coincidence with the electron spectrum.

3 Analysis and results

Figure 6 shows a portion of the singles «-ray spectra. Our
largest source of background was from neutron induced
peaks on aluminum. However, once coincidence gates were
applied, the neutron induced peaks diminished signifi-
cantly. The BGO shield on the one HPGe detector led
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Fig. 10. The ~-ray and electron gates of 225keV transition.
Panel (a) shows the electron spectrum in coincidence with the
225keV 4-ray transition (all electron peaks are labeled with
the energy of the vy-ray transition) whereas panel (b) shows
the v-ray spectrum in coincidence with the electron spectrum.

to an improvement of our peak to background ratio by
~ 20% as shown in fig. 7.

Five of the six Si(Li) detectors within ICEBall were
used and summed together to improve statistics. The
summed Si(Li) singles measurement is shown in fig. 8.
Due to the density of gamma-rays and limits on detector
resolution, only the strongest conversion electrons were
detected from the most intense y-ray transitions.

Gates were set in a ROOT [30] based analysis code on
the strongest ~-ray transitions and coincidence relation-
ships were determined from the gated spectra by gamma-
gamma and gamma-electron coincidences. Gates were ap-
plied to both the gamma and electron spectra.

An example is shown in fig. 9(a), (b) where a gate is set
on one of the strongest y-ray transitions at 310keV. In the
electron spectrum shown in fig. 9(a), we can clearly see a
very large K peak for the 225 keV ~-ray transition which is
from a direct cascade. The corresponding y-ray transition
is also shown in the gamma coincidence spectrum shown
in fig. 9(b).

In fig. 10(a), a 225 keV 7-ray transition gate shows the
K conversion peak of the 129keV ~v-ray transition which
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Table 1. "Lu conversion electron energies and gamma rays from this work compared to the ones measured by the BILL
spectrometer following the "> Lu(n, ) reaction [15]. The internal conversion coefficients are given by o and the spin and parity
assignments are from [15].

«

Multipolarity

Elever (keV) E, E. . : JT = JT
This Work [15] This Work [15]

184.1 183.0 (3) 119.7 <043 K 0.5 M1+ E2 M1+ E2 88— — T—

235.7 112.14 (13) 101 0.43 (36) L - E2 E2 3— —1—

299.3 66.23 - - 12.5 - M1+ E2 3+ — 2+

103.7 (7) 95.1 <169 L - E2 2 34 — 1+

305.3 69.49 - - 10.8 - (M1) 2— — 3—

181.57 (21) 118.3 < 0.36 K 0.687 M1 M1 2— —1-

338.8 105.74 - - 3.22 - M1 1+ — 2+

144.0 (3) 133.2  0.31(26) L - M1+E2 M1+ E2 1+ — 1+

372.5 139.1 (16) 128.5 <146 K 0.982 E2 E2 4+ — 2+

381.3 186.0 (4) 123.0  0.29 (25) K 0.642 M1 M1 24 — 1+

386.5 81.30 - - 6.86 - M1 1- —2—

153.46 - - 0.114 - F1l 1- — 2—

191.5 (1) 128.2 0.12 (6) K 0.0638 E1 El 1- — 1+

182.3 <0.04 L - El - 1- — 1+

263.09 (13) 199 0.12 (6) K 0.189 M1 M1+ E2 1- —1-

388.8 204.75 - - 0.44 (3) - M1+ E2 9— — 8—

433.0 46.45 - - 6.42 - M1+ E2 2— —1-

197.26 - - 0.164 - M1 2— — 3—

300.66 (10) 2464 011 (5) K 0.160 M1 M1 2 1

2995  0.024 (10) L - M1 - 29— —1—

437.3 201.4 (3) 138.1 0.6 (5) K 0.275 E2 E2 5— — 3—

463.7 227.13 (18)  163.8  0.40 (28) K 0.355 Mi+E2  M1+E2  4— —3—

487.6 187.6 (3) 1243 0.33 (30) K 0.345 B2 B2 5+ — 3+

591.7 219.28 - - 0.208 - E2 6+ — 4+

613.4 224.66 (16)  161.6 0.8 (7) K - (M1) M1 10— — 9—

635.2 147.55 - - 1.24 - M1 4+ — 5+

253.85 - - 0.129 - E2 4+ — 2+

335.2 (3) 271.9 0.14 (7) K - M1 M1+ E2 44 — 3+

324.3 <011 L - M1 - 44 — 3+

637.7 204.74 - - 0.499 - M1 1- —2—

250.6 (6) 186.8  0.38 (25) K 0.284 M1 M1 1— —1—

657.1 284.43 221.1 0.18 (8) K 0.202 M1 M1 5+ — 4+

170.2 (5) 106.9 < 1.09 K - M1, E2 (M1, E2) 5+ — 5+

159.2 <081 L - M1, E2 5+ — o+

658.4 224.67 (20) 161.4 0.38 (24) K 0.369 M1+ E2 M1+ E2 3— — 2—

271.86 - - 0.104 - (E2) 3— 1

422.67 - - 0.0701 - M1 3— — 3—

709.2 221.3 - - 0.402 M1 M1 (74+) — 8+

710.1 272.4 (4) 2092  0.33 (21) K 0.227 M1 M1 6— — 5—

734.0 300.10 (15) 2458 021 (13) K 0.161 M1 (M1) (T+) — 8+

788.2 129.4 (9) 119.1 <1.07 L - M1 M1 4— — 3—

796.6 491.5 (6) 428.2 0.022 (1) K 0.0476 M1 M1 1- — 2—

838.6 115.7 - - 2.49 - (M1) 5— s 4

274.70 - - 0.223 - M1 — = (6)—
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Table 1. Continued.
B (keV) E, . e Multipolarity 7 I
This Work [15] This Work [15]
838.62 - - 0.00567 - E2 5— — 7—
866.4 433.32 - - 0.00865 - £l 2+ — 2—
485.00 - - 0.0492 - M1 24+ — 2+
527.23 (22)  463.9 0.06 (3) K 0.0399 M1 M1 24 — 1+
883.5 419.70 - - 0.0714 - M1 -
578.3 (3) 513.9 0.015 (14) K  0.0315 M1 M1 3— —2—
973.7 336.6 (15)  275.3 0.15 (9) K 0.126 M1 M1 5+ — 4+
985.5 250.6 (4) 187.3 0.18 (12) K 0.284 M1 M1 44 — 3+
349.9 (6) 286.6 <029 K 0.115 (M1) M1 44+ — 4+
328.04 (19) 270 02(1) K 0.137 M1 M1 4+ — 5+
318 0.07 (6) L - M1 - 44 — 5+
1015.3 564.2 (3) 500.9 < 0.05 K 0.0334 M1 M1 44+ — 3+
642.89 - - 0.0102 - (E2) 44 — 4+
1019.9 2843 (3)  221.0  0.58 (44) K - M1, M2 - (1—,2+,4+,5—) — 3+
1029.6 524.82 - - 0.0404 - M1 (2—) — 3—
596.63 - - 0.0291 - M1 (2-) — 2—
643 581 - - - -
633 <14 K/L - M1+ E2  MI1(+E2) (2-) —1-
1032.4 197.54 - - 0.551 - (M1) 6— — (5-)
309.5 (2) 246.1 0.038 (29) - E2 - 6— — 4—
1118.8 262.1 (3) 1988  0.10 (7) K - M1 - 12— — 11—
1164.1 3212 (8) 2586 <034 K - M2 - (1+4,5+4) — 3—
1277.8 439.3 (4) 376.0 0.04 (2) K - M1 - (4—,6—) — 5—
1301.4 566.1 (5) 5028  0.013 (12) K - M1 - (2+,44) — 3+

is indistinguishable in the raw electron spectrum, but is
clearly seen in the gated electron spectrum. The same
225keV ~v-ray transition was gated on the corresponding
gamma spectrum for gamma-gamma coincidences and is
shown in fig. 10(b). All of these transitions were verified
in the corresponding level schemes shown in fig. 11(a).

Another gamma ray transition was placed on the
263 keV ~-ray transition and in the electron spectrum we
are able to measure both the 643K and 643L conversion
electrons as shown in fig. 12(a). In the corresponding gated
gamma-gamma spectrum shown in fig. 12(b), the 643 keV
line is too weak to yield a conversion coefficient using the
ratio of electrons over gammas. However, since both the
K and L electrons are much stronger, we are able to still
measure a conversion coefficient using the ratio of K/L.
Each of the ~-ray transitions were verified in the corre-
sponding level schemes shown in fig. 11(b).

A gate on the 335 keV 7-ray transition and the electron
spectrum is shown in fig. 13(a). The gamma-gamma coin-
cidences are shown in fig. 13(b). Each of the v-ray tran-
sitions were verified in the corresponding level schemes
shown in fig. 11(c).

A total of 42 conversion coefficients were measured
where 17 of them have been measured for the first time
in this work. The results are shown in table 1 along with
previous measurements. If the gamma-ray energy was de-
termined for the first time by this work, we indicated the
error in the energy. Both electron and gamma-ray energies
carried errors due to statistics.

The conversion coefficients from this work were com-
pared to previous results from Klay et al. [15]. The
level structure used was established through the work of
Klay et al. (1"*Lu(n,v)) [15] and additional (n,v) ex-
periments [31,32], Dracoulis et al. (1"°Lu + 13¢Xe inelas-
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Fig. 11. (a) Level scheme for the gamma gate at 225keV showing the coincidence gammas. (b) Level scheme for the gamma
gate at 263keV showing the coincidence gammas. (¢) Level scheme for the gamma gate at 335keV showing the coincidence

gammas. Created with SciDraw [33].

tic reaction) [9], McGoram et al. (*"Yb("Li, a3n)) [16],
Lesko et al. (1"Yb(p,n)) [13], and Dewberry et al.
(Y"THf(¢, ) [34]. BRICC [35] was used to compare the
measured conversion coefficients to the theoretical con-
version coefficients. Using BRICC and the current level
assignments, multipolarities were assigned for all mea-
sured conversion coefficients. For the conversion electrons
that were difficult to measure (e.g. low statistics) an up-

per bound was determined. If there was no spin assign-
ment previously, only the multipolarity of the transition
was determined. The large electron background and low
electron efficiency at < 100keV (shown in fig. 4) conver-
sion coefficients could be established with sufficiently high
statistics. A large number, 28 conversion coefficients, were
consistent with the previous measurements and spin as-
signments. The 973.7keV level spin verified the proposed
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Fig. 12. The ~-ray and electron gates of 263 keV transition.
Panel (a) shows the electron spectrum in coincidence with the
263 keV ~-ray transition (all electron peaks are labeled with
the energy of the 7-ray transition) whereas panel (b) shows
the v-ray spectrum in coincidence with the electron spectrum.

5T spin assignment. However, with three conversion co-
efficient measurements, there is a disagreement with the
previous spin assignments by Klay et al. [15]. Here we mea-
sure conversion coefficients and can assign a multipolarity
for the transition. For example, the 1019.9keV level seen
by [15], our conversion coefficient shows evidence that the
transition should either be M1 or M2. The conversion co-
efficient for the 1032.4keV level indicates a 6~ instead of
the proposed (57 ). Three levels have no previous spin as-
signments, however conversion coefficients were measured
for these levels. The 1164.1 level spin from the conversion
coefficient indicates a spin of 17 or 5T. In addition the spin
of the 1277.8 level indicates either a 4~ or 6~ spin assign-
ment from the conversion coefficient. The 1301.4 level spin
from the conversion coefficient indicates either a 2+ or 4T
spin assignment.

In this work, 35 new multipolarity assignments were
made, however, no new intermediate states were found
beyond those already established by Dracoulis et al. [9].
Due to the low intensity of the intermediate state such as
the 839 keV level with a < 10% branching [13] we did not
see them. Despite the fact that no new intermediate states
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Fig. 13. The ~-ray and electron gates of 335keV transition.
Panel (a) shows the electron spectrum in coincidence with the
335keV ~-ray transition (all electron peaks are labeled with
the energy of the vy-ray transition) whereas panel (b) shows
the v-ray spectrum in coincidence with the electron spectrum.

were identified, transitions that depopulate the interme-
diate states were verified and conversion coeflicients were
measured in order to extract their multipolarities. One
such state is the level at 635 keV which is connected to the
709keV state [9]. The initial determination of the multi-
polarity of that transition was M1+ E2 [15], however the
new multipolarity is constrained to M1 through the mea-
surement of our conversion coefficients. In the K™ = 47
band, 3 transitions from the K™ = 4% were identified
and the corresponding conversion coefficients verified the
spin assignments and the partial level scheme is shown
in fig. 14 with the boxed transitions indicating our mea-
sured conversion coefficients. In the K™ = 4~ band from
the identification of Klay et al., 2 transitions were identi-
fied and from the corresponding conversion coefficients the
spin assignments were verified. The partial level scheme of
K = 4~ band is shown in fig. 15 with the boxed transi-
tions indicating our measured conversion coefficients. The
spin assignments that were verified in both the K = 47
and K = 4~ band help complete the nuclear structure
relevant to the intermediate states that are important for
the production of '"®Lu in stellar environments.
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Created with SciDraw [33].

4 Conclusions

Conversion coefficients were measured for states in '"*Lu
via a 17%Yb(p,n) reaction at 7.75MeV at the NSL of
the University of Notre Dame. A total of 42 conver-
sion coeflicients were measured through gamma-gamma
and gamma-electron coincidences using ICEBall and
two HPGe detectors (109% relative efficiency) from the
GEORGINA array. A total of 17 conversion coefficients
were measured for the first time in this work, we have
additionally made 35 multipolarity assignments. No new
intermediate states were observed however, the transition
multipolarities of the intermediate states populating and
depopulating both K = 47 and K = 4~ states were mea-
sured. The intermediate states are the ones that can affect
the final abundance of *"®Lu. The implications are broad
with potential impact as far reaching as the r-process
abundance distributions.

This work was supported by the National Science Foundation
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