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We report the measurement of a neutron radiative cross section on a target with a high gamma activity, at
the Los Alamos DANCE detector (Detector for Advanced Neutron Capture Experiments) for the first time.
The (n, γ ) reaction properties of the unstable 173Lu isotope were studied. Two experimental campaigns were
needed to determine the 173Lu(n, γ ) cross section. They were performed at the Los Alamos Neutron Science
Center (LANSCE) spallation neutron source facility. To this end, two targets were produced from an Hf sample
using successively proton irradiation and chemical separations. They were composed of 173Lu, 174Lu, and 175Lu
isotopes. The two measurements were conducted at two-year intervals, taking advantage of the difference of the
isotopic decay lifetimes in order to identify resonances from the 173Lu(n, γ ) and 174Lu(n, γ ) reactions. Just over
one hundred new resonances were observed, the majority of which come from the 173Lu(n, γ ) reaction. Only a
few of them were assigned to the 174Lu(n, γ ) reaction. As regards the 173Lu(n, γ ) reaction, the radiative neutron
capture cross section was determined over the energy range from thermal neutron up to 200 eV. The parameters
of resonances in the resolved resonance region were extracted with the SAMMY code while calculations with
TALYS determined the capture cross section in the unresolved resonances region. At the keV region, we performed
standard TALYS calculations as well as other microscopic investigations by substituting the standard TALYS photon
strength function by another one from QRPA models.
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I. INTRODUCTION

Nuclear reaction models are adjusted on a set of typical
known experimental data and then applied to compute, e.g.,
cross sections for applications ranging from stellar modeling
to the design of nuclear power reactors [1,2]. As their results
are tested against new measurements, their reliability can
be gauged and the models are eventually refined. Neutron-
induced reaction cross sections generally, and neutron capture
cross sections in particular, are of specific interest due to
their strong impact in astrophysics and nuclear reactor studies.
Among the many open reaction channels, radiative neutron
capture is the most difficult to predict due to its large varia-
tions from one isotope to another. Moreover, when the neutron
flux becomes high, several successive capture reactions can
occur, leading to radioactive nuclei for which experimental
data are very sparse, preventing model adjustment. For such
captures on radioactive nuclei, experiment facilities such as
nTOF at CERN and DANCE (Detector for Advanced Neutron
Capture Experiment) at Los Alamos National Laboratory
have been built. The lutetium isotopic chain is amenable
to these types of measurements: 173Lu (t1/2 = 1.37 yr) and
174Lu (t1/2 = 3.31 yr) are relatively long-lived, making them
candidates for target production. Recently, neutron capture
cross sections for both stable isotopes, 175Lu and 176Lu, were
performed at the DANCE facility [3,4], and comparison with
the radiative neutron capture on the unstable 173Lu and 174Lu
should provide useful information to examine the predictive
capability of nuclear reaction models. The difficulty is now

twofold, viz., (i) make a pure unstable nuclei target and
(ii) perform measurements on such radioactive material. To
this end, the 173Lu target production as well as the cross
section measurements were performed at the Los Alamos Na-
tional Laboratory. The production of the 173Lu sample used a
novel method to isolate exclusively Lu isotopes: 173Lu, 175Lu,
and 174Lu. The contribution from the 175Lu(n, γ ) reaction,
well tabulated in the literature [5], was easily identified and
was used as reference. However, two experiments, and so
the fabrication of two targets, were necessary to separate
the 173Lu contribution from the 174Lu one using differences
in lifetime between the two isotopes. The two experiments
were performed in December 2011 and in January 2014 using
the DANCE array at flight path FP14 at the LANSCE-Lujan
Center. In the next section the experimental setup is intro-
duced. Then we present the data analysis before discussing
the results. The parameters of resonances for the resolved
resonance region were calculated with the SAMMY code to
well reproduce our experimental data. TALYS calculations
were performed in order to determine the capture cross section
in the unresolved resonance region. The calculation of the
173Lu(n, γ ) cross section was achieved using the generalized
Lorentzian model for the gamma strength functions and the
Gilbert and Cameron formula for level densities. In this
framework, gamma strength functions are normalized using
the factor obtained with the well-known 175Lu(n, γ ) reaction.
In order to improve the calculation we used a more micro-
scopic approach using the QRPA (quasiparticle random phase
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FIG. 1. Production pathways for the main isotopes in the target.

approximation) formalism for the determination of the gamma
strength functions and microscopic combinatorial model to
get level densities. We will show that this approach allows
reproduction of neutron capture cross section without any
normalization.

II. EXPERIMENTAL CONSIDERATIONS

A. LANSCE facility and DANCE array

The 173Lu radiative neutron capture cross section measure-
ment was performed at the LANSCE (Los Alamos Neutron
Science Center) facility [6]. An 800 MeV proton beam from
the LANSCE linac accelerator is compressed into the proton
storage ring (PSR) to a 250 ns pulse before impinging on a
tungsten target with a 20 Hz repetition rate to produce fast
neutrons [7]. The resulting neutrons are cooled down in a
water moderator and collimated into flight path 14 (FP14)
at the Manuel Lujan Jr. Neutron Scattering Center with an
energy range from subthermal neutron up to 100 keV. The
DANCE detector array is located at 20.25 m from the upper-
tier water moderator.

This detector is an almost 4π γ -ray calorimeter made
of 160 fast timing BaF2 scintillation crystals surrounding a
sample and designed for acquiring capture reactions data on
small quantities of radioactive isotopes. The � = 3.95π large
solid angle coverage of the detector and the high efficiency
of BaF2 crystals enable detection of a γ cascade with an
efficiency above 95% [8–12].

The maximal number of counts the DANCE detector can
accept is expected to be around 3 × 107 γ /(s 4π ) [13]. In or-
der to optimize the signal-to-background ratio, we simulated
the mass of each target consistently with the goals of both
experiments, i.e., an accurate measurement of the maximal
number of resonances during the first experiment and the
identification of the first resonances in the second one. We
estimated the detector response with respect to the various ex-
perimental conditions (target masses and shielding thickness)
using GEANT4 to reproduce the DANCE detector responses
[10,14,15]. GEANT4 simulations was fed by calculated γ rays

from the CEA/DAM EVITA Monte Carlo code based on the
Hauser-Feshbach formalism, and were able to reproduce a γ -
cascade event from any nucleus involved in a capture reaction
[4]. Level scheme and neutron transmission coefficients used
as inputs by EVITA are computed with TALYS [1]. For the first
experiment we used a thick target to maximize the (n, γ )
reactions. The latter was surrounded by Pb shielding in order
to attenuate a large number of low energy γ rays coming
from the 173Lu decay and hence to decrease its high counting
rate to 3 × 107 γ /(s 4π ). The second experiment required a
lower counting rate. Therefore a much smaller target was
used in order to run without shielding, avoiding the significant
associated deterioration of the detectors response.

B. Sample fabrication

Both samples were produced in the same way from a
single stock solution. The stock solution was extracted from
an irradiated Hf sample. This 49.12 g Hf sample was first
irradiated in the Los Alamos Isotope Production Facility (IPF)
by 93 MeV energy proton beam from the LANSCE linear
accelerator over a period of 14 days. During this irradiation,
the dominant reaction is the (p, xn) reaction. It produced Ta
isotopes (173,174,175,176Ta) that decay into Hf then Lu isotopes.
The (p, xα) reactions, with a smaller contribution, fed directly
the production of Lu isotopes (173,174,175Lu) (cf. Fig. 1). The
sample was placed in a hot cell to cool for several months
afterwardsm assuring that all shorter-lived isotopes had de-
cayed away. The lutetium isotopes, mainly produced by the
β -decay of the tantalum isotopes, were next extracted from
the Hf sample by a first chemistry separation in a mother
solution. This mother solution was then slit in two in order
to produce two targets for both experiments. The daughter
solutions were purified from lutetium β-decay products (Yb
isotopes) and molecular plated onto a 2.5 μm thick high
purity titanium foil by electrodeposition just after [16,17]
separation, in 2011 for the first target and in 2013 for the
second one, just before undertaking the measurements. The
target masses were determined from simulations to optimize
the signal-to-background ratio.
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TABLE I. Composition of targets in 2011 and 2013.

Isotope Half Life Target produced in 2011 Target produced in 2013

Activity (mCi) Activity (Bq) Mass (μg) Activity (mCi) Activity (Bq) Mass (μg)

173Lu 1.37 years 79.01 2.92 × 109 52.39 1.32 4.9 × 107 3.84
174Lu 3.3 years 1.9 0.07 × 109 3.06 0.02 6.7 × 105 0.31
175Lu 166.05 5.85
Total Lu 80.91 2.99 × 109 221.5 1.34 4.97 × 107 10.0

The characterization of both targets was performed by
optical emission spectroscopic analysis to determine the total
lutetium mass and the 173,174Lu activities were measured using
the 272 and the 1241 keV γ rays respectively. Specific masses
of the main isotopes for both targets are reported Table I.

A target mass of 52.39 μg of 173Lu surrounded by a 9 mm
thick Pb liner was first used in the 2011 experiment, which
aimed at measuring the total capture cross section of the
target. As for the identification of the first resonances in the
2013 experiment, a target with a smaller mass (3.84 μg) and
without any need for shielding was enough.

C. DANCE acquisition

The DANCE data acquisition (DAC) system is based
on waveform digitization. Each BaF2 photomultiplier output
waveform is processed online by an Acqiris DC265 digitizer
with 8-bit analog-to-digital conversion (ADC) resolution at
a sampling rate of 500 MHz before extracting the main
parameters, which are then stored in 8-bit format on a disk
(background baseline and fast and slow components of the
light detector output).

The DAC, configured in so-called continuous mode,
recorded data during two independent 250 μs wide time win-
dows [18,19]. During the experiment, one 250 μs wide win-
dow was dedicated to the keV energy region and presample
data.1 The second 250 μs wide window varied to scan the
region from sub-eV to keV neutron energy.

Digitized signals were then read out by the FARE (Fast
Reader) C++ code to reconstruct for each event the following
critical values used during the data analysis, namely the time
signal of each detector relative to the pulse signal, the total
γ -ray cascade energy Esum, the Mγ γ multiplicity of each
event, and Eγ , the γ -ray energy of each crystal [15,20].

III. DATA ANALYSIS

A. Calibration

The neutron flux φLi was monitored by Si detector viewing
a 6LiF foil located 2.5 m downstream the target position. The
flux φ at the target position was calculated from the equation
φLi = α × φ by measuring the well-known 4.9 eV resonance
of the 197Au(n, γ ) reaction to get the α factor. This factor

1These data were recorded before the (n, γ ) reactions included the
γ flash of the accelerator. They were useful to evaluate a part of the
target background and to give a t0 time useful to deduce the neutron
energy. They are called presample data.

includes the difference of the position between the beam
monitor and the target as well as the unmeasured absolute
6Li-Si efficiency. The neutron beam energy was determined
by the time-of-flight technique.

A standard energy calibration with dedicated γ sources
was no longer possible due to the high activity rate target. The
calibration was therefore performed using two γ rays coming
from the 173Lu and 174Lu isotope decays; see Table II and
Fig. 2. In order to take into account the energy deviation over
time of the detectors, we performed several energy calibration
procedures during the experiments.

B. Background reduction

The most important background came from the decay of
173Lu. This decay is expected to produce a low multicplicity
(Mγ < 3) and low Esum value (Esum < 4 MeV), and it was
eliminated by selections on Esum and Mγ ; see Table III. Thus,
only the DANCE data for which the energy Esum is between
4 and 7 MeV and the multiplicity Mγ < 3 is between 3 end
8 are considered in the analysis. These cut selections have
a significant impact on the signal-to-background ratio; see
Fig. 3. Radiodecay background suppression of >105 was
achieved with these cuts.

C. Detection efficiency

The γ -cascade detection efficiencies of 174Lu and 176Lu
compound nuclei were obtained by comparison between
the measured values and simulated data from the DANCE-
GEANT4 code. By adding efficiencies from Mγ = 3 and
higher, we found a γ -cascade detection efficiency of 4.15%
for the 176Lu compound nucleus and of 7.24% for 174Lu; see
Fig. 4. Such a variation cames from their different Q values.
At this stage, the contribution of the 175Lu compound nucleus
to the γ cascades, expected to be low, was neglected.

IV. RESULTS AND DISCUSSION

The computation of the (n, γ ) cross section on 173Lu
relies on the total capture yield that we extracted from our

TABLE II. Lutetium isotope, energy, intensity and decay mode
of γ rays used for the energy calibration.

Isotope Eγ (keV) Iγ Decay mode

173Lu 636.1 ± 3 1.45 ± 5 e
174Lu 1241.9 ± 6 5.14 ± 10 e + β+
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FIG. 2. 636 and 1241 keV γ rays used for energy calibration
from the energy spectrum of the BaF2 crystal no. 8.

measurements. Besides 173Lu, the cross section also contained
contributions from (n, γ ) on 174Lu and 175Lu. Therefore, we
first had to disentangle each contribution. Then, the resolved
resonance region was analyzed with the SAMMY code while
we performed various calculations to tackle the unresolved
resonance region with the TALYS code.

A. Total capture yield

The (n, γ ) total capture yield Y tot (En) is defined for a given
neutron energy En as the ratio of the total number of neutron
capture events (Nn,γ ) to the number of neutrons impinging the
target (φ):

Y tot (En) = N(n,γ )(En)

φ(En)

= Y
173Lu(En) + Y

174Lu(En)

+Y
175Lu(En) + Bck. (1)

It was measured during the first experiment in December 2011
and is displayed in Fig. 5 over the neutron energy range from
2 eV to 2 keV.

B. Resonances identification

The total capture yield exhibits isolated resonances that
can be associated to the 173Lu(n, γ ), the 174Lu(n, γ ), or the
175Lu(n, γ ) reactions. Since the 175Lu(n, γ ) reaction was pre-
viously investigated with the corresponding resonances refer-
enced in the literature [5,21–23], its contribution was the first
to be identified. The remaining resonances were then assigned
either to the 173Lu(n, γ ) or 174Lu(n, γ ) reactions. In order to

TABLE III. Cut values applied on DANCE data to free from the
main background noise.

Isotope Q value (MeV) Esum cut values (MeV) Mγ cut values

173Lu 6.760 [4, 7] [3, 8]
174Lu 7.666 [4, 7] [3, 8]
175Lu 6.300 [4, 7] [3, 8]

FIG. 3. Neutron energy spectrum with (black line) and without
(red line) raw data reduction cuts. We can notice that for the raw
data the resonances are totally drowned in the background but they
become apparent with cut selections.

disentangle their contributions, we took an advantage from
different half-lives of the isotopes, namely T

173Lu
1/2 = 1.37 years

and T
174Lu

1/2 = 3.31 years, motivating a second experiment to be
conducted later. Measured under the very same conditions as
the first experiment but two years later, the 173Lu(n, γ ) con-
tribution was expected to decrease more than the 174Lu(n, γ )
one. Exploiting this property, we could identify each reso-
nance up to 30 eV, cf. Fig. 6 where the total capture yields
measured in 2011 (red line) and 2014 (black line) are com-
pared. Decays of the 174Lu, 175Lu, and 176Lu compound nuclei
are represented Fig. 7 by the blue, violet, and black curves.
The shadow areas represent 10% of error. For each identified
resonances, we computed the corresponding number of counts
from the total capture yields measured in 2014 and 2011.
Their ratio (

∫
�E Res dE )2014/(

∫
�E Res dE )2011 is reported on

the graphs by circles, stars, and triangles for the 173Lu(n, γ ),
174Lu(n, γ ), and 175Lu(n, γ ) reactions. It allows identification
of every resonances from 2 to 30 eV (cf. Table IV). As the
identification uncertainty becomes too high due to the weak
statistics of the 2014 experiment beyond this energy, and

FIG. 4. Detection efficiency from EVITA DANCE-GEANT4 simu-
lations for both 173Lu(n, γ ) and 175Lu(n, γ ) reactions.
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FIG. 5. Total capture yield with 3 < Mγ < 8 and 4 < Esum <

7 MeV cut selections measured in December 2011 according to the
incident neutron energy [(a)–(c)].

considering the initial quantity of 173Lu and 174Lu, all new
resonances above 30 eV have been assigned to the 173Lu(n, γ )
reaction.

Up to 30 eV, we analyzed 36 resonances; the 17.3 eV
resonance displayed too low statistics to be identified.
Among the 35 remaining resonances, 11 were already
known, and came from the 175Lu(n, γ ) reaction, 18 have
been assigned to the 173Lu(n, γ ) reaction, and 6 to the
174Lu(n, γ ) reaction. Some new resonances overlapped

FIG. 6. Total capture yields from 2 to 30 eV [(a)–(c)] measured
in 2011 (red line) and 2014 (black line). All resonances were
assigned to the 175Lu(n, γ ), the 173Lu(n, γ ), or the 174Lu(n, γ )
reactions (circles, arrows, and dashed arrows respectively).

strongly with 175Lu(n, γ ) ones, e.g., at En = 15.3, 20.1,
20.4, and 23.8 eV, making their identification challeng-
ing. We assign the first one to the 174Lu(n, γ ) reac-
tion and the others to the 173Lu(n, γ ) reaction based on
the values of the ratio (

∫
�E Res dE )2014/(

∫
�E Res dE )2011.

Overall, 109 new resonances were assigned either to
the 173Lu(n, γ ) or the 174Lu(n, γ ) reaction, thus bringing
the number of resonances from 173Lu(n, γ ) to 103 and
from 174Lu(n, γ ) to 6.
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FIG. 7. (a) Resonance integrals ratio between 2014 and 2011 for
173–175Lu(n, γ ) reactions measured in December 2014 according to
the decay of the different Lu isotopes. (b) Resonance integrals ratio
between 2014 and 2011 for 173–175Lu(n, γ ) reactions according to the
incident neutron energy.

C. Resolved resonance region

The 173Lu(n, γ ) cross section and resonance parameters of
the resolved resonance region (RRR) were calculated with the
R-matrix code SAMMY-7.0. The code accounts for the Doppler
broadening effects, the self-shielding, and the time-of-flight
resolution function facility by itself. Multiple scattering ef-
fects were considered to be negligible because of the thickness
of the target. About 100 new resonances were characterized.
The consistency of the corresponding resonance parameters
was checked using the SAMDIS module: a good agreement
was found between the 	γ distribution and a χ2 law, the
average neutron widths follow a Porter-Thomas distribution
[24], and the level spacing distribution follows a Wigner law;
see Fig. 8. Spin values of the 174Lu compound nucleus levels
were determined by the SUGGEL code [25] that computes
the most probable value based on g	n, with g the spin
statistical factor and 	n the neutron width. The SAMMY-
7.0 cross section reconstruction of the 173Lu(n, γ ) reaction
is displayed Fig. 9 and resonance parameters are listed in
Table VII. From these characteristics, we deduce several
parameters that are useful for constraining reaction models:

(1) The average gamma width, found to be 〈	γ 〉 = 73 ±
2 meV.

(2) The orbital momentum l of each resonances, that we
deduce using [5]

〈
g	l

n/
√

E
〉 = (2l + 1)VlSlDl , (2)

where the Vl , Sl , and Dl parameters come as an output
of the SAMMY code. The comparison between the cor-
responding values for s and p waves (red and blue lines
respectively) and 〈g	l

n/
√

E〉 extracted from the exper-
imental data (black circles) is displayed in Fig. 10.

TABLE IV. Identification of resonances up to 30 eV enabled by the difference of the lifetime of the lutetium isotopes.

173Lu(n, γ ) 174Lu(n, γ ) 175Lu(n, γ )

En (eV) Resonance integral ratio En (eV) Resonance integral ratio En (eV) Resonance integral ratio

3.1 0.30 ± 0.05 4.1 0.66 ± 0.08 2.6 1.09 ± 0.05
3.5 0.31 ± 0.05 15.3 0.64 ± 0.20 4.7 0.96 ± 0.03
5.1 0.41 ± 0.04 17.6 0.64 ± 0.07 5.2 0.94 ± 0.04
7.1 0.31 ± 0.03 20.9 0.60 ± 0.08 11.2 0.90 ± 0.06
8.3 0.36 ± 0.02 23.1 0.57 ± 0.13 13.9 1.01 ± 0.02
9.6 0.29 ± 0.03 26.6 0.65 ± 0.08 14.2 0.87 ± 0.12
10.3 0.33 ± 0.02 15.3 0.99 ± 0.10
11.6 0.39 ± 0.02 20.4 0.87 ± 0.06
12.2 0.38 ± 0.10 23.4 0.87 ± 0.07
12.9 0.42 ± 0.10 27.9 1.10 ± 0.08
17.1 0.32 ± 0.15 30.1 1.01 ± 0.04
20.1 0.41 ± 0.23
20.4 0.50 ± 0.11
22.2 0.39 ± 0.06
23.8 0.45 ± 0.07
24.6 0.38 ± 0.07
25.0 0.35 ± 0.05
28.8 0.46 ± 0.12
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FIG. 8. Experimental data are represented by a red line while
theoretical distributions are displayed in black. (a) Reduced γ -width
measured distributions compared to a χ 2 law (ν = 100). (b) 	n width
compared to a Porter-Thomas distribution. (c) Resonance spacings
and Wigner distribution comparison.

All the experimental points are gathered around the
theoretical value calculated for the s waves. Thereafter,
we will assume that only s waves are seen up to 200 eV
neutron energy, such that the average level spacing

FIG. 9. 173Lu(n, γ ) reaction neutron cross section from the
SAMMY-7.0 code over the resonance domain.

and the neutron strength function will now only be
calculated for an orbital momentum l = 0.

(3) The average level spacing 〈D0〉 = �E/N0, where the
total number of levels N0[N0 ≡ N (xl = 0)] follows

N (xthr.) = N0

∫ ∞

xthr.

PPT (x)dx = N0(1 − erf
√

xthr./2),

(3)

with N (xthr.) the number of resonances such that the re-
duced neutron width is larger than a defined threshold
xthr. = g	0

n,t/〈g	0
n,t 〉, cf. Fig. 11. Extrapolating Eq. (3)

to a null threshold yields N0 = 175. Because 103
resonances were identified, it means that 72 other
resonances were unresolved up to 200 eV. The average
level spacing was calculated from the total N0 value,
that takes into account the observed and missing reso-
nances, viz., 〈D0〉 = 1.15 ± 0.33 eV.

(4) The neutron strength function S0 that can be extracted
from the resonance characteristics according to

S0 =
〈
g	0

n

〉
〈D0〉 = 1

�E

∑
g	0

n . (4)

FIG. 10. Orbital momentum assignment of resonances.
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FIG. 11. Number of observed resonances with neutron widths
larger than a threshold fitted by Eq. (3).

The cumulative sum of the reduced neutron width
for every resonances as a function of neutron energy
is plotted in the upper panel of Fig. 12 while the
corresponding value of S0 calculated at each neutron

FIG. 12. (a) Cumulative sum of the reduced neutron widths as a
function of the neutron energy. (b) Neutron strength function versus
neutron energy.

FIG. 13. Radiative capture cross section for 175Lu(n, γ ) reaction.
Data from Wisshak [23] are plotted in pink, data from Beer [27] are
in green, and data from Macklin [26] are in blue. The standard TALYS

calculation normalized in the region is in black. The calculation
computed with E1, M1 PSFs from QRPA models is in red.

energy interval is displayed in the lower panel. Fitting
according to a linear law [Eq. (4)] leads to the red
line. Because of the high number of missed levels,
data have been fitted from 2 to 80 eV, leading to
S0 = 1.6 ± 0.3 × 10−4.

D. Unresolved resonance Region

The (n, γ ) cross section of 173Lu in the URR (unresolved
resonance region) was computed using the TALYS code. How-
ever, as no experimental data are available for 173Lu, various
calculations were achieved and compared to the better-known
175Lu experimental case [23,26,27] in order to test them. The
standard process allows TALYS to perform a normalization
using the so-called Gnorm factor. This Gnorm factor takes
into account the tabulated or given experimental data of the
radiative width 	γ and level spacing D0 as in the left side of
Eq. (5), and the calculated values as in the right side of Eq. (5).
The calculated values of 	γ and D0 depend on the choice of

FIG. 14. Radiative capture cross section for the 173Lu(n, γ ) reac-
tion. Standard TALYS normalized calculations are in black for 175Lu
normalization (Gnorm = 2.3) and in grey for normalization based on
experimental data from this work (	γ = 73 meV). The calculation
computed with E1, M1 PSFs from the QRPA formalism is in red.
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TABLE V. 176Lu Parameters calculated using the TALYS code or from the experimental data for the reaction 175Lu(n, γ ).

Parameters Expt. [5] Norm. at keV QRPA based PSFs

Gnorm 2.3 1.0
	γ 77 ± 5 meV 24 meV 53 meV
S0 (1.82 ± 0.12) × 10−4 2.06 × 10−4 2.06 × 10−4

D0 3.45 ± 0.15 eV 3.0 eV 2.53 eV
	γ × Gnorm/D0 0.022 ± 0.002 0.018 0.021

the nuclear level density model, ρ(Sn − Eγ , I ′,
′), and the γ

strength function formalism, fX l (Eγ ). f (X,
′, l ) is related to
the multipole selection rules:

2π	γ

D0
= Gnorm

∑
J

∑



∑
Xl

J+l∑
I ′=|J−l|

∑

′

∫ Sn

0
2π fX l (Eγ )

× E2l+1
γ ρ(Sn − Eγ , I ′,
′) f (X,
′, l )dEγ (5)

In fact, this factor allows us to overcome the defects of the
reaction model, to match experimental data and calculated
values. The following results about evaluation would indicate
the value of this Gnorm factor. The Gnorm factor could be also
only adjusted in order to fit the cross section at the keV
neutron energy region.

Thus, and because of the similarities of their proton num-
ber, spin structure, deformation, and Sn value, we supposed
that the nuclear structure of 173Lu was close enough to the
175Lu one to describe a compound formation process of the
neutron capture on 173Lu by using a 175Lu adapted deformed
optical model potential (OMP) developed at CEA [28]. The
corresponding neutron transmission coefficients were then ob-
tained in the Hauser-Feshbach formalism. As for the γ -decay
process of the compound nucleus, two key quantities drive
its properties, i.e., the nuclear level density (NLD) and the
γ (photon) strength function (PSF). The gamma transmission
coefficients, TXl (Eγ ) = 2π fX l (Eγ )E2l+1

γ in Eq. (5), were ob-
tained using the chosen PSF. As far as the NLD is concerned,
the nuclear level scheme was taken from the RIPL-3 nuclear
data library [29] and the corresponding NLD was obtained
using the Gilbert and Cameron formula [30]. As the first step
we focused on the 175Lu(n, γ ) reaction and we retained the
first 56 discrete levels above the ground state to describe
the 176Lu compound nucleus. Regarding the PSF, we first
worked within the phenomenological generalized Lorentzian
model (GLO model) of Kopecky-Uhl [31] for E1 transitions

and within the Brink-Axel model (SLO model) [32] for M1
transitions.

Under these conditions, we found a Gnorm value 2.3 to well
reproduce the existing data in the keV region, as shown in
Fig. 13.

To improve this calculation, we then went further, working
with a more microscopic NLD model, with the microscopic
level densities model from Hilaire-Goriely combinatorial ta-
bles using Skyrme forces [33], and with QRPA-based PSFs
[34]. With Gnorm = 1, the radiative capture 175Lu(n, γ ) cross
section matches well the experimental data from [23,26,27] in
Fig. 13. Calculated values of 	γ × Gnorm/D0 are compatible
with the experimental one the Table V. This result makes
us confident about calculating the radiative capture cross
section of the 173Lu(n, γ ) reaction with a microscopic level
density model and the QRPA-based PSFs. We retained the
first 46 discrete levels above the ground state to describe the
174Lu compound nucleus. The different parameter values are
reported in Table VI.

The radiative capture 173Lu(n, γ ) cross section is plotted
in Fig. 14. The normalization method, using results on 175Lu,
Gnorm = 2.3 in the keV neutron energy region, give results far
from the experimental values in Table VI. Parameters are not
compatible in 1σ standard uncertainty with the experimental
data obtained in this work. The calculation using the micro-
scopic models (NLD and QRPA PSFs) gives better results,
compatible in 1σ standard uncertainty with the experimental
data in Table VI. In Fig. 14, at keV neutron energy range, 17%
and 35% differences are observed between both cross section
normalizations at 1 and 100 keV respectively. Finally, the
most confident radiative capture cross section for the reaction
173Lu(n, γ ) should be the most microscopic calculations (red
curve in Fig. 14).

Indeed, we aim at well calculating neutron radiative
capture cross sections on nuclei for which no experimen-
tal data are available, which implies that we focus on
more and more microscopic approaches to circumvent this
issue.

TABLE VI. 174Lu Parameters calculated using the TALYS code or from the experimental data for the reaction 173Lu(n, γ ).

Parameters Expt., this work Norm. at keV QRPA based PSFs

Gnorm 2.3 (as 176Lu) 1.0
	γ 73 ± 15 meV 23 meV 79 meV
S0 (1.6 ± 0.3) × 10−4 2.06 × 10−4 2.06 × 10−4

D0 1.15 ± 0.33 eV 0.58 eV 1.37 eV
	γ × Gnorm/D0 0.063 ± 0.022 0.091 0.058
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TABLE VII. List of the 103 resonances assigned to the
173Lu(n, γ ) reaction up to 200 eV neutron energy and their parame-
ters calculated with the sammy-7.0 code.

J Energy (eV) 	γ (meV) 	n (meV)

3 3.1 (2) 62 (8) 0.44 (0.02)
3 3.5 (7) 77 (8) 3.25 (0.05)
4 5.1 (7) 77 (8) 3.25 (0.05)
3 7.1 (3) 81 (7) 1.75 (0.08)
4 8.3 (2) 67 (9) 2.87 (0.13)
3 9.6 (2) 93 (8) 6.89 (0.12)
3 10.3 (4) 76 (9) 4.90 (0.09)
4 11.6 (5) 93 (13) 2.51 (2.43)
4 12.2 (7) 71 (7) 0.33 (0.19)
4 12.9 (7) 65 (6) 0.16 (0.07)
3 17.1 (2) 91 (11) 4.16 (0.15)
4 17.3 (5) 114 (51) 2.81 (0.78)
4 20.1 (5) 71 (6) 1.75 (0.22)
3 20.4 (7) 56 (8) 3.19 (0.27)
3 22.2 (5) 102 (36) 5.49 (0.38)
4 23.8 (3) 82 (16) 10.33 (0.41)
4 24.6 (5) 78 (17) 0.40 (0.44)
3 25.0 (8) 66 (29) 1.19 (0.41)
3 28.8 (6) 87 (32) 0.43 (0.73)
3 31.3 (2) 77 (28) 4.50 (0.61)
4 33.4 (5) 48 (26) 1.63 (0.42)
4 34.2 (2) 72 (11) 1.79 (0.56)
4 34.8 (2) 80 (65) 3.05 (0.75)
4 35.7 (7) 105 (94) 1.57 (0.60)
4 37.2 (4) 85 (76) 1.51 (0.21)
3 37.8 (9) 66 (59) 12.64 (0.53)
4 39.1 (1) 92 (72) 2.82 (0.47)
3 42.0 (5) 93 (49) 8.41 (0.55)
4 45.0 (4) 80 (28) 2.57 (0.54)
4 45.9 (6) 80 (13) 1.94 (0.68)
4 46.4 (4) 61 (41) 1.62 (0.79)
3 51.4 (11) 75 (29) 5.72 (0.58)
4 53.6 (6) 41 (21) 2.74 (0.14)
3 54.0 (4) 60 (36) 2.17 (1.12)
4 55.5 (9) 74 (39) 2.91 (1.03)
4 56.5 (11) 83 (41) 3.55 (0.72)
4 57.6 (6) 84 (32) 7.62 (0.66)
3 59.3 (9) 53 (43) 2.41 (0.87)
3 61.7 (7) 51 (38) 1.05 (1.21)
4 65.8 (5) 56 (37) 1.57 (0.90)
4 66.2 (1) 47 (28) 11.00 (0.81)
4 67.3 (2) 88 (37) 13.40 (1.46)
4 73.1 (4) 107 (62) 5.58 (9.35)
3 75.2 (3) 52 (36) 6.57 (3.55)
4 75.6 (2) 74 (19) 1.38 (2.11)
4 77.5 (1) 65 (29) 2.02 (6.68)
3 79.4 (7) 64 (31) 1.32 (1.16)
3 82.1 (9) 74 (20) 9.40 (1.57)
4 83.1 (9) 70 (55) 0.97 (1.34)
4 84.0 (2) 37 (33) 17.00 (3.10)
3 84.6 (3) 49 (33) 3.00 (0.85)
3 87.4 (7) 90 (32) 4.83 (2.90)
3 88.3 (9) 83 (29) 13.40 (2.42)
3 89.1 (1) 70 (58) 7.18 (2.82)
4 93.7 (7) 82 (32) 15.10 (0.98)
4 96.2 (2) 59 (40) 5.22 (2.18)

TABLE VII. (Continued.)

J Energy (eV) 	γ (meV) 	n (meV)

3 101.0 (8) 73 (31) 3.93 (3.96)
4 102.0 (2) 79 (51) 1.34 (4.46)
4 103.8 (1) 73 (40) 2.36 (3.43)
3 111.4 (1) 76 (42) 8.98 (3.17)
4 114.2 (1) 77 (39) 9.46 (2.13)
3 118.1 (3) 71 (42) 5.10 (3.38)
4 121.4 (2) 67 (47) 5.80 (2.79)
4 123.3 (2) 102 (91) 4.70 (1.96)
3 132.4 (2) 83 (40) 9.30 (1.99)
3 133.8 (2) 65 (58) 9.00 (0.98)
4 138.1 (2) 62 (32) 4.12 (0.23)
3 141.3 (2) 56 (34) 3.09 (0.37)
4 144.8 (2) 67 (37) 5.92 (1.91)
3 149.6 (2) 70 (47) 7.76 (0.93)
3 153.2 (1) 59 (51) 5.27 (0.53)
4 153.9 (2) 72 (64) 3.68 (1.63)
4 154.3 (2) 66 (59) 2.00 (2.71)
4 156.2 (2) 72 (74) 4.00 (0.64)
4 157.6 (2) 77 (69) 1.00 (0.98)
3 159.3 (2) 81 (32) 4.00 (0.72)
4 160.8 (2) 69 (28) 11.00 (0.53)
4 168.1 (2) 93 (39) 3.00 (0.51)
4 173.5 (2) 82 (43) 0.27 (0.91)
3 174.7 (2) 77 (41) 0.43 (1.42)
3 176.4 (2) 72 (28) 2.00 (0.37)
4 177.5 (2) 73 (41) 1.00 (1.91)
4 178.6 (2) 79 (36) 0.61 (0.93)
4 181.2 (2) 81 (48 1.65 (0.53)
4 182.0 (2) 63 (43) 6.00 (1.63)
4 182.2 (2) 76 (35) 2.10 (2.71)
4 184.2 (2) 61 (38) 0.70 (0.64)
4 187.3 (2) 63 (57) 1.00 (0.98)
3 189.8 (5) 70 (49) 0.80(0.72)
3 191.5 (5) 69 (46) 0.59 (0.53)
3 200.0 (5) 62 (53) 0.56 (0.51)
4 201.9 (5) 56 (54) 1.00 (0.91)
4 202.8 (5) 57 (51) 1.57 (1.42)

V. CONCLUSION

For the first time a neutron capture cross section was
measured and analyzed for a high γ -activity target. The
173Lu(n, γ ) cross section measurement was achieved at the
Manuel Lujan Jr. Neutron Center using the DANCE array.
Two experiments were necessary to determine and isolate
the neutron capture cross section on 173Lu from the 174Lu
contribution. We observed 109 new resonances up to 200 eV.
Among them, 6 come from the 175Lu compound nucleus
and 103 were assigned to the 173Lu(n, γ ) reaction. Spin, 	γ ,
and 	n were characterized for each of the 103 resonances
by the SAMMY code and their consistencies were checked.
Important parameters for the 174Lu compound nucleus, useful
to constrain theoretical models, were extracted from these
values, i.e., 〈	γ 〉 = 73 ± 2 meV, orbital momentum assign-
ment of resonances (l = 0), 〈D0〉 = 1.15 ± 0.33 eV, and S0 =
(1.6 ± 0.3) × 10−4. We extended this study to the unresolved
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resonance region with standard TALYS calculations that we
improved by substituting the GLO model PSF of the latter by a
microscopic E1 PSF from QRPA models using a microscopic
NLD model. The latter method provides a very good result
for the value of the average γ width and reliable neutron
capture cross section. This first high gamma activity target
experiment proves the feasibility of such measurements and
paves the way to a large campaign of radioactive sample
studies.
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