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Resonance energies E), neutron widths I',;, and radiation widths I', ; for the compound system BLu+n
were determined up to 1 keV from time-of-flight data reported in literature and recently measured at the GELINA
facility of JRC-Geel (Belgium). The statistical analysis of the obtained resonance parameters provides an s-
wave neutron strength function [Sy = 1.96(8)], mean level spacing [Dy, = 3.24(9) eV], and average radiation
width ((I',,) = 61.3(59) meV) which are substantially different from those compiled in libraries dedicated to
statistical calculations. The largest difference lies on the average radiation width, for which a value of 77(5) meV
is recommended. '">Lu neutron cross sections were calculated with the TALYS code by using our s-wave average
parameters as constraints. At k7 = 30 keV, we obtain a total neutron capture cross section equal to 1125(62)
mbarns, confirming the lower values reported in the 1990s.
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I. INTRODUCTION

In neutron resonance spectroscopy, average neutron reso-
nance parameters are neutron strength functions, average ra-
diation widths, and mean level spacings between resonances.
Each parameter is given at S,. These parameters are of great
interest for testing nuclear structure models. They are also im-
portant parameters for various nuclear applications such as for
calculation of reaction cross sections applied to astrophysical
nucleosynthesis in the keV neutron energy range. In the mass
region of the rare earth elements, the neutron capture cross
sections of '”°Lu to the '7°Lu ground and isomeric states play
a role in the s-process reaction path from '®Er to '"®Hf in
which a branch point exists for lutetium [1].

Values of average neutron resonance parameters are sug-
gested by the Reference Input Parameter Library (RIPL) [2—4]
and the Atlas of Neutron Resonances (ANR) [5]. They are
given as a function of the orbital angular momentum [ of
the incoming neutron. Table I compares the s-wave (I = 0)
average resonance parameters compiled in RIPL and ANR.
Values adopted in the first two versions of the RIPL library
(RIPL-1 and RIPL-2) were suggested by Ignatyuk [6]. In
RIPL-1, the erroneous value of the mean level spacing (Dy =
6.05 eV) has been corrected in RIPL-2 and a value of 3 eV,
in better agreement with the mean level spacing compiled in
the Atlas of Neutron Resonances, was adopted. Latest rec-
ommended values come from the experimental work of Liou
et al. [7], in which Dy = 3.45(15) meV, 10*Sy = 1.83(12),
and (I'y)) =77 meV. These results were established by a
statistical analysis of the resonance parameters extracted from

2469-9985/2019/100(6)/065806(16)

065806-1

high-resolution transmission measurements carried out at the
Columbia University Nevis synchrocyclotron. In their work,
Liou et al. only provide the range of variation of the in-
dividual radiation widths from 59(20) to 100(20) meV for
40 levels. Such a large spread between the radiation widths
makes questionable the small uncertainty of £5 meV quoted
in Table I. This doubtful result can have sizable impact on
the calculation of the '""Lu capture cross section in the
continuum energy range, above the upper energy limit of the
resolved resonance range. The goal of the present work is to
calculate the total capture cross section of '">Lu to the "°Lu
ground and isomeric states thanks to s-wave average neutron
resonance parameters extracted from capture and transmission
data measured by the time-of-flight technique.

Lutetium isotopes were the subject of recent time-of-flight
experiments performed by the CEA/DAM of Bruyere le Cha-
tel at the Los Alamos National Laboratory using the DANCE
array [8—13]. Neutron capture measurements on 18314, 5Ly,
and '"Lu have been undertaken using isotopically enriched
targets and natural lutetium samples. Complementary trans-
mission measurements on natural samples were carried out
at the GELINA facility of the Joint Research Center of Geel
(JRC-Geel) with the aim of improving the ">Lu resonance
parameters up to 1 keV.

Previous experimental works of interest for the present
study are presented in Sec. II. Section III provides resonance
energies E; , radiation widths T'; ,,, and neutron widths T'; ,, of
resonances A assessed with the shape analysis code REFIT [14]
using the Reich-Moore approximation [15] of the R-matrix
theory [16]. Time-of-flight data measured at the GELINA
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TABLE 1. Mean level spacing Dy (in meV), neutron strength
function Sy, and average radiation width (I',)) (in meV) for the
compound system '"Lu + n as compiled in the Reference Input
Parameter Library (RIPL) and in the Atlas of Neutron Resonances
(ANR).

Library Year Ref. Dy 10*S, (Ty)
RIPL-1 1998 [2] 6.05(15) 1.78(12) 77(23)
RIPL-2 2006 [3] 3.0(4) 1.8(3) 77(23)
RIPL-3 2009  [4]  34515)  182(12)  77(5)
ANR 2006 [5] 3.45(15) 1.82(12) 77(5)

TABLE III. 'Lu average capture and total cross sections used
in the present work above 3 keV. The total cross section from Liou
et al. is derived from the transmission data listed in Table II measured
with the thick sample.

Author Year Ref. Cross section type Energy range

Liou 1975  [7] Total E <3keV

Wisshak 2006  [20] total 10 < E < 200 keV
Macklin 1978  [21] Capture 3 < E <1900 keV
Beer 1984 [22] Capture 10 < E < 200 keV
Wisshak 2006 [20] Capture 3 < E <225keV

facility were analyzed simultaneously with data retrieved
from the experimental database EXFOR [17]. Average
neutron resonance parameters are given in Sec. IV. They have
been deduced from the obtained resonance parameters with a
statistical method relying on the Porter-Thomas distribution
of the reduced neutron widths [18], which accounts for
missing levels. In Sec. V, the resulting s-wave neutron
strength function, mean level spacing, and average radiation
width were used to optimize optical and statistical model
parameters. Average total and capture cross sections were
calculated above 1 keV with the TALYS code [19]. Agreements
between our theoretical calculations and data reported in the
literature are discussed with special attention to the '"Lu
capture cross section at k7 = 30 keV.

II. REVIEW OF CAPTURE AND TRANSMISSION DATA

The data sets of interest for this work were retrieved from
the experimental database EXFOR [17], in which are given
full experimental information and related references. Table II
reports the data sets used for the resonance analysis and
Table III lists the average capture and total cross sections that
will be compared in Sec. V with our optical and statistical
model calculations.

The 'Lu resonance parameters were determined from
time-of-flight data measured with isotopically enriched and
natural samples. Although the natural abundance of '"®Lu is

rather low (2.6%) compared to 15Lu (97.4%), its contribution
in data measured with natural samples is not negligible and
176 u can create complex overlapping structures with '>Lu.
Consequently, we have included in the analysis total and
capture cross sections data measured with enriched '"®Lu
targets. Most of the data sets listed in Table II were used for
studying the low neutron energy range below 3.5 eV with
the aim of verifying parameters of the first '’°Lu and ">Lu
resonances at 0.143 and 2.606 eV, respectively. Only works
of Liou et al. [7] and Roig et al. [12] were used over a wider
energy range, reaching up to 1.0 keV for °Lu and 400 eV
for '"®Lu. The capture yield measured by Roig et al. with
an enriched '">Lu sample is also part of the experimental
program on lutetium isotopes carried out by CEA/DAM at
Los Alamos National Laboratory using the DANCE array.
The experimental conditions are similar to those used for
measuring the !"*Lu capture cross section. In the present
work, we have used the transmission data of Liou et al.
measured with a thin sample between 18 and 44 eV. The
second transmission data set measured with a thick sample
was used from 55 eV.

Above the resolved resonance range, only a few ">Lu aver-
age capture and total cross sections are tabulated in EXFOR.
In Table III, we have recovered the total cross section from
Liou et al. from the transmission data of Table II measured
with the thick sample. This data set was converted in total

TABLE II. List of data sets retrieved from the experimental database EXFOR [17] and used in the present work for determining '">Lu and
176y neutron resonance parameters, up to 1 keV and 400 eV, respectively.

Sample Author Year Data type Flight length Energy range
"Ly Brunner 1967 Transmission 15m E <35eV
"Ly Zimmerman 1967 Transmission E <13eV
"Ly Young 1968 Transmission E <03eV
"Ly Widder 1975 Capture yield E <2.0eV
76y Baston 1960 Transmission 11m E <03eV
7SLu Roberge 1960 Transmission E <03eV
6Ly Young 1968 Transmission E <03eV
76y Roig 2016 Capture yield 20.25 m 1.0 < E < 400 eV
Lu Widder 1975 Capture yield E <20eV
SLu Liou 1975 Transmission (thin sample) 39.57 m 180 <E <44.0eV
SLu Liou 1975 Transmission (thick sample) 202.05 m 55.0 < E < 1000.0 eV
7L Roig 2013 Capture yield 20.25m 85<E <440eV

065806-2



s-WAVE AVERAGE NEUTRON RESONANCE PARAMETERS ...

PHYSICAL REVIEW C 100, 065806 (2019)

TABLE IV. New transmission data measured at the GELINA facility at a flight length L = 10.861(2) m with natural lutetium samples.
The thick sample of 2 mm is a stack of two thin samples of 1 mm each.

Sample Sample Sample Areal Antioverlap and Energy
thickness stack geometry density black resonance filters range

2 mm Ist+2nd 2.5%x2.5cm 6.8(2) x 1073 at/b B,Co,Na 1.0 < E < 1000.0 eV
2 mm 1st+2nd 2.5x%x25cm 6.8(2) x 1073 at/b Cd,Co,Na 1.0 < E <105.0eV
1 mm 1st 2.5x%x25cm 3.4(1) x 1073 at/b B,Co,Na 1.0 < E <250.0eV
1 mm Ist 2.5x%x25cm 3.4(1) x 1073 at/b Cd,Co,Na 1.0 < E <105.0eV
1 mm 1st 2.5x%x25cm 3.4(1) x 1073 at/b B,Na 1.0 < E <250.0eV
1 mm 1st 2.5x%x25cm 3.4(1) x 1073 at/b Cd,Na 1.0 < E <105.0eV
1 mm 2nd 2.5%x2.5cm 3.4(1) x 1073 at/b B,Co,Na 1.0 < E <250.0 eV
0.15 mm 2.5x%x25cm 5.1(10) x 10~ at/b B,Co,Na 1.0 < E <55.0eV
0.15 mm 2.5x25cm 5.1(10) x 107* at/b B,Co,Na 1.0<E <550eV

cross section, averaged over a broad energy mesh, and cor-
rected for resonance self-shielding effect.

III. NEUTRON RESONANCE SPECTROSCOPY

Neutron resonance spectroscopy on !">Lu consists of de-
termining energy and partial reaction widths of each reso-
nance by using the neutron resonance shape analysis tech-
nique in association with the Reich-Moore approximation
of the R-matrix theory. The analysis was performed with
the REFIT code. New data sets used in the present work
and principles of the analysis are briefly described in this
section.

A. Transmission data measured at GELINA

For lutetium, transmission measurements in Table IV were
performed at a flight station at L = 10.861(2) m in the
GELINA facility [23]. The GELINA facility is based on an
electron accelerator providing a pulse white neutron source.
The accelerator was operated with a frequency of 800 Hz. At
the exit of the accelerator, a compression magnet provides
an electron burst with a width less than 2 ns. Neutrons
are produced by Bremsstrahlung radiation via the slowing
of electrons in a water-moderated uranium target. Neutrons
emitted from the target-moderator assembly are directed to the
measurement stations through evacuated aluminium pipes. In
the case of the transmission experiments investigated in this
work, neutrons were detected by Li-glass detectors. Neutron
spectroscopy experiments carried out at the GELINA facility
are based on the time-of-flight technique that consists of
connecting the neutron energies E to their flight times ¢,
given the flight length L between the neutron source and the
detectors. The present experiments were performed during
the same period as natural silver samples. Results for silver
are reported in Ref. [24] together with a detailed description
of the detection setup and explanations of the experimental
corrections.

Experimental details on the transmission experiments car-
ried out at the GELINA facility with natural lutetium samples
are summarized in Table IV. Three sample thicknesses (2,
1, and 0.15 mm) were measured with different antioverlap

and black resonance filter configurations. The thick sample
is a stack of two metallic lutetium samples of 1 mm each.
These two thin samples were measured separately in order to
cross-check the consistency of the areal density of 3.4 x 1073
atom/barn and the tantalum impurity. The very thin sample
of 0.15 mm was useful for improving the '"Lu resonance
doublet around 13.9 and 14.1 eV.

Experimental transmission 7y, of a given homogeneous
sample perpendicular to the incident neutron beam is defined
as the ratio of the transmitted neutron flux to the incident
neutron flux. Both neutron fluxes are measured sequentially in
a two-step sequence, namely sample in (the beam) and sample
out (of the beam) positions. The final transmission can then be
expressed as a function of the time-of-flight ¢:

Gin(1) — KB (1)
Cou(t) — KBou (1)’

in which C(¢) stands for the number of neutrons detected by
a Li-glass detector corrected for dead time and normalized
by the same time-bin width structure and the neutron beam
intensity. The neutron beam intensity is constantly monitored
with boron detectors located in the roof above the GELINA
neutron target. B(t) is the background contribution determined
via the black resonance technique. Constant terms and ex-
ponential functions were combined to reproduce the shape
of the background, whose parameters were adjusted on the
bottom of black resonances using dedicated experimental runs
carried out with a full set of black resonance filters. For the
lutetium measurements, Co (132 eV) and Na (2.8 keV) black
resonance filters were used to scale the background level of
each time spectrum. In the cases of the thick (2 mm) and
intermediate (1 mm) samples, few '"Lu black resonances
were also used to fit the background shape below 20 eV.
The factor K = 1.00(3) in Eq. (1) was introduced to account
for systematic uncertainties due to the background model.
Ny is a normalization factor introduced to account for the
uncertainty on the neutron beam intensity measured by the
flux monitors. Uncertainty on Ny is lower than 0.25%. All
data reduction steps are conveniently handled by the AGS
code [25]. The final experimental uncertainty u7,, accounts
for both correlated and uncorrelated uncertainties. Examples
of transmission data measured up to 79 eV are shown in

ﬁxp(t) = Nr

ey
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FIG. 1. Examples of transmission data measured at the GELINA
facility up to 79 eV with natural lutetium samples of thicknesses
equal to 2 mm (black line), 1 mm (blue line), and 0.15 mm (green
line). Red, brown, and black arrows indicate the energies of the 1 Lu,
176y, and '8! Ta resonances, respectively.

Fig. 1. Arrows indicate energies of the '’Lu, '"Lu, and
181Ta resonances. Isotopic contributions of '"*Lu and '8!Ta
are not removed from the data. They are included in the
neutron resonance shape analysis procedure. The impact of
the '8'Ta resonances on the final results is discussed in
Sec. III C.

B. Neutron resonance shape analysis

In the resolved resonance range of neutron cross sections,
the analysis of time-of-flight data mainly consists of extract-

ing energies and partial reaction widths of observed reso-
nances. For this purpose, the least-squares fitting code REFIT
[14] is routinely used at JRC-Geel to study data measured at
the GELINA facility. Theoretical transmission is given by the
expression

+o0
Ton(t) = f Rr(t, E)exp (Zn;om,,-(m)dE, @)
0 -

l

and capture yield for thin sample can be conveniently defined
as follows:

Zi giniay,i(E)dE.

+o0
A ~ Ry(t, E)[1 — Tu(E
Yin(t) /(; vt EY1 = Tun(E)] > i nioori(E)

3

For representation purposes, time-dependent variables
have been translated into energy by supposing a constant
flight path length. In these two equations, oy,; and o, ; are
the total and capture cross sections of the nuclide i, which
are Doppler broadened with the free gas model at an effec-
tive temperature T. [26]. The probability density functions
Rr(t,E) and Ry(t, E) stand for the experimental response
functions of the facility that represent the distribution of
neutron flight time, whose full width at half maximum mainly
depends on the characteristics of the pulsed neutron source.
A combination of a chi-squared function with six degrees
of freedom with exponential tails is suitable to analytically
describe the response function of most time-of-flight facilities
up to 1 keV [27]. In Eq. (3), the variable ¢; is related to the
detection efficiency of the y rays emitted after neutron capture
by the target isotope i. In the present work, ¢ was simply taken
equal to unity because the '”Lu and '"Lu capture yields
measured by Roig et al. (Table II) were obtained with very thin
highly enriched samples (areal densities of the order of 107°
atom/barn). Therefore, the radiative capture efficiency was
included in the normalization factor, which was determined
using the first 'Lu and "°Lu resonances observed in the
transmission data.

The isotopes included in the analysis are 151 4, 7Ly,
81T, and '°0. The prior "*Lu resonance parameter values
introduced in the fitting procedure were taken from the JEFF-
3.1.1 data library [28], which is based on the parameters
established by Liou et al. [7]. Those for 178 u were taken
from Ref. [12]. The ®!Ta resonance parameters were those
compiled in JEFF-3.1.1. In the low neutron energy range, the
contribution of the '®O(n, tot) cross section is constant and
nearly equal to 3.8 barns [5].

Posterior values of the '”Lu resonance parameters are
reported in Table V. They were obtained with the REFIT code
from the simultaneous analysis of the capture and transmis-
sion data listed in Tables IT and IV. As already stated by Liou
et al., the two possible statistical spin factors g; (7/16 and
9/16) are nearly equal for !>Lu (/™ = 7/2%). Consequently,
no attempt was made to change the spin of the resonances
(J™ = 3%,47%) and they were all supposed to be s-wave res-
onances (I = 0). An average radiation width of 61.3 meV
was deduced from the total widths of 16 resonances below
50 eV. More explanations on the average radiation width and
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TABLE V. Lu resonance parameters below 1 keV given by
the REFIT code from the simultaneous analysis of the capture and
transmission data listed in Tables II and IV. The average radiation
width of 61.3(59) meV (identified with an asterisk) is imposed in
the analysis when the total width of the studied resonance cannot be
extracted from the data (see Sec. IV B).

E, J* Iy |
(eV) (h™) (meV) (meV)
—17.650(0) 4+ 56.1(50) 98.3(59)
2.606(1) 4+ 59.4(10) 0.21(1)
4.759(3) 4+ 57.8(13) 0.30(1)
5.198(3) 3+ 63.4(20) 1.71(4)
11.225(6) 3+ 60.6(24) 4.29(13)
13.882(8) 4+ 57.2(21) 7.19(21)
14.110(8) 3+ 67.8(35) 10.86(33)
15.328(8) 4+ 58.4(41) 1.61(6)
20.478(11) 3+ 59.1(54) 2.82(13)
23.457(13) 3+ 63.8(55) 8.12(48)
27.967(15) 4+ 57.7(86) 1.72(7)
30.148(16) 4+ 63.5(72) 7.92(59)
31.042(17) 4+ 60.6(96) 3.03(15)
36.542(20) 3+ 60.0(105) 8.62(69)
40.613(22) 3+ 62.7(95) 22.1(12)
41.150(22) 4+ 61.3(59)* 3.09(18)
49.464(27) 3+ 69.4(150) 16.1(15)
50.336(27) 4+ 58.8(153) 9.16(87)
53.612(29) 4+ 61.3(59)* 0.38(2)
56.733(31) 3+ 61.3(59)* 1.1509)
57.083(32) 3+ 61.3(59)* 3.27(22)
61.265(33) 4+ 61.3(59)* 0.42(2)
69.555(38) 4+ 61.3(59)* 1.05(4)
70.062(37) 3+ 61.3(59)* 2.56(11)
73.746(40) 3+ 61.3(59)* 0.21(4)
81.144(43) 3+ 61.3(59)* 0.30(3)
85.613(45) 4+ 61.3(59)* 8.49(51)
86.358(101) 3+ 61.3(59)* 0.11(4)
88.224(49) 3+ 61.3(59)* 1.35(10)
88.682(49) 3+ 61.3(59)* 3.94(25)
96.854(51) 4+ 61.3(59)* 79.5(28)
98.475(101) 3+ 61.3(59)* 0.11(2)
99.897(56) 3+ 61.3(59)* 14.13(71)
101.000(54) 4+ 61.3(59)* 6.53(29)
103.130(55) 4+ 61.3(59)* 10.38(61)
107.590(57) 4+ 61.3(59)* 35.9(25)
113.070(59) 3+ 61.3(59)* 3.66(15)
115.410(63) 3+ 61.3(59)* 47.2(34)
118.900(63) 3+ 61.3(59)* 15.9(10)
119.660(64) 4+ 61.3(59)* 2.59(15)
127.640(69) 3+ 61.3(59)* 57.1(31)
129.830(70) 3+ 61.3(59)* 70.5(40)
138.170(76) 3+ 61.3(59)* 40.6(27)
143.220(72) 3+ 61.3(59)* 4.3921)
146.550(76) 3+ 61.3(59)* 7.17(35)
148.960(77) 4+ 61.3(59)* 2.18(12)
151.280(79) 4+ 61.3(59)* 4.13(21)
155.830(81) 4+ 61.3(59)* 6.98(34)
158.780(84) 3+ 61.3(59)* 18.6(11)
164.080(85) 3+ 61.3(59)* 18.1(11)
169.530(89) 4+ 61.3(59)* 10.45(45)

TABLE V. (Continued.)

E, JT Iy, |
(eV) h™) (meV) (meV)
171.430(89) 3t 61.3(59)* 8.18(37)
175.140(100) 4+ 61.3(59)* 3.79(26)
175.980(95) 3t 61.3(59)* 25.6(21)
181.090(97) 4+ 61.3(59)* 23.2(15)
185.580(97) 3t 61.3(59)* 86.5(58)
193.220(102) 3* 61.3(59)* 112.0(65)
196.770(102) 4+ 61.3(59)* 3.75(16)
203.190(112) 3t 61.3(59)* 1.78(16)
204.730(106) 4+ 61.3(59)* 4.53(25)
217.550(115) 4+ 61.3(59)* 28.3(19)
223.530(118) 3t 61.3(59)* 63.5(41)
228.290(123) 4+ 61.3(59)* 33.1(10)
229.800(124) 4+ 61.3(59)* 50.1(33)
236.580(129) 4+ 61.3(59)* 1.08(16)
243.370(134) 3t 61.3(59)* 41.6(25)
244.560(134) 4+ 61.3(59)* 15.32(44)
251.570(138) 4+ 61.3(59)* 4.02(37)
256.080(137) 3* 61.3(59)* 80.5(57)
261.750(128) 3t 61.3(59)* 3.00(38)
265.340(95) 3t 61.3(59)* 1.18(17)
267.250(234) 4+ 61.3(59)* 0.32(13)
274.220(149) 4+ 61.3(59)* 92.5(66)
278.160(150) 3t 61.3(59)* 14.02(74)
282.740(154) 4+ 61.3(59)* 8.29(54)
289.240(161) 3t 61.3(59)* 126.6(42)
292.060(161) 4+ 61.3(59)* 86.0(45)
295.430(161) 3* 61.3(59)* 45.4(24)
305.360(160) 4+ 61.3(59)* 18.8(12)
308.240(164) 4+ 61.3(59)* 5.91(51)
314.620(169) 3t 61.3(59)* 73.7(38)
317.710(167) 4+ 61.3(59)* 24.01(62)
319.020(172) 3t 61.3(59)* 62.3(45)
323.340(173) 4+ 61.3(59)* 7.03(42)
325.010(180) 3t 61.3(59)* 6.05(51)
330.920(178) 4+ 61.3(59)* 217(12)
338.940(186) 3t 61.3(59)* 19.13(97)
341.330(202) 3t 61.3(59)* 8.70(98)
344.190(191) 4+ 61.3(59)* 52.2(30)
348.360(191) 3* 61.3(59)* 43.9(27)
356.540(188) 4+ 61.3(59)* 8.94(66)
359.300(184) 4+ 61.3(59)* 13.09(85)
364.840(183) 3* 61.3(59)* 5.82(66)
367.770(191) 4+ 61.3(59)* 4.30(53)
380.200(200) 4+ 61.3(59)* 31.1(16)
383.750(203) 4+ 61.3(59)* 19.9(10)
385.900(201) 3+ 61.3(59)* 6.16(58)
392.710(209) 3* 61.3(59)* 25.1(17)
394.080(210) 4+ 61.3(59)* 76.3(40)
399.070(218) 3t 61.3(59)* 12.34(93)
405.800(208) 4+ 61.3(59)* 24.0(14)
407.120(217) 3* 61.3(59)* 15.07(62)
413.640(211) 4+ 61.3(59)* 7.54(47)
419.610(218) 3t 61.3(59)* 32.8(13)
422.940(220) 4+ 61.3(59)* 5.60(30)
428.750(226) 4+ 61.3(59)* 9.13(43)
434.900(230) 3t 61.3(59)* 80.7(32)
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TABLE V. (Continued.)

TABLE V. (Continued.)

E; J | | E; JT | |
V) (h™) (meV) (meV) V) (h™) (meV) (meV)
439.420(234) 3+ 61.3(59)* 32.0(13) 719.180(392) 3+ 61.3(59)* 73.7(28)
440.820(235) 3+ 61.3(59)* 47.5(12) 725.060(395) 4+ 61.3(59)* 42.3(14)
444.830(238) 4+ 61.3(59)* 46.5(19) 727.300(396) 4+ 61.3(59)* 61.0(26)
451.700(205) 3+ 61.3(59)* 2.89(38) 737.670(393) 3+ 61.3(59)* 8.5(11)
455.170(230) 4+ 61.3(59)* 15.86(74) 741.080(408) 4+ 61.3(59)* 29.6(14)
457.760(209) 3+ 61.3(59)* 2.14(42) 751.920(379) 3+ 61.3(59)* 75.8(34)
467.900(243) 4+ 61.3(59)* 14.27(53) 755.170(379) 3+ 61.3(59)* 38.1(17)
469.630(246) 4+ 61.3(59)* 12.02(45) 760.500(200) 4+ 61.3(59)* 6.43(95)
474.460(247) 3+ 61.3(59)* 71.027) 762.730(347) 4+ 61.3(59)* 20.4(15)
478.430(250) 4+ 61.3(59)* 22.37(82) 767.100(198) 4+ 61.3(59)* 7.67(98)
485.230(256) 4+ 61.3(59)* 58.4(16) 769.550(377) 3* 61.3(59)* 118.1(58)
488.650(258) 3+ 61.3(59)* 129(6) 775.940(397) 4+ 61.3(59)* 10.70(64)
495.300(264) 3+ 61.3(59)* 8.44(61) 779.060(401) 4+ 61.3(59)* 43.7(18)
500.790(262) 4+ 61.3(59)* 17.39(76) 784.910(405) 3* 61.3(59)* 25.8(14)
505.380(265) 3+ 61.3(59)* 30.7(13) 793.220(413) 3+ 61.3(59)* 24.0(14)
512.630(270) 3+ 61.3(59)* 54.4(19) 796.280(424) 4+ 61.3(59)* 28.0(16)
515.850(274) 4+ 61.3(59)* 34.5(12) 798.400(419) 3* 61.3(59)* 63.3(32)
520.710(276) 3+ 61.3(59)* 138.8(78) 802.780(427) 3+ 61.3(59)* 70.8(28)
522.730(278) 3+ 61.3(59)* 10.85(88) 805.070(423) 3+ 61.3(59)* 202(11)
528.810(284) 4+ 61.3(59)* 15.09(68) 819.850(436) 4+ 61.3(59)* 9.07(83)
537.360(286) 3+ 61.3(59)* 5.59(57) 822.710(435) 4+ 61.3(59)* 40.1(14)
540.760(292) 3+ 61.3(59)* 56.4(23) 826.910(438) 4+ 61.3(59)* 15.80(76)
545.910(291) 4+ 61.3(59)* 5.12(49) 831.480(442) 3F 61.3(59)* 58.6(21)
550.060(268) 3+ 61.3(59)* 34.5(15) 834.150(444) 3+ 61.3(59)* 77.7(26)
552.260(274) 4+ 61.3(59)* 10.14(53) 838.390(450) 3+ 61.3(59)* 24.60(86)
564.460(280) 3+ 61.3(59)* 23.43(90) 841.650(450) 4+ 61.3(59)* 113.5(40)
567.400(283) 4+ 61.3(59)* 67.5(25) 845.560(455) 4+ 61.3(59)* 37.4(13)
571.890(286) 4+ 61.3(59)* 40.0(15) 857.970(42) 3+ 61.3(59)* 181.8(93)
579.300(292) 3+ 61.3(59)* 113.1(82) 863.380(43) 3* 61.3(59)* 95.4(68)
581.130(309) 4+ 61.3(59)* 19.2(20) 864.830(43) 4+ 61.3(59)* 106.4(83)
588.990(299) 3+ 61.3(59)* 34.4(14) 868.170(44) 3+ 61.3(59)* 32.6(19)
593.870(299) 4+ 61.3(59)* 14.93(75) 876.690(45) 3F 61.3(59)* 16.7(12)
598.180(308) 3+ 61.3(59)* 92.7(34) 880.060(44) 4+ 61.3(59)* 58.3(29)
602.750(307) 3+ 61.3(59)* 35.9(16) 886.130(44) 4+ 61.3(59)* 15.5(10)
606.410(312) 3+ 61.3(59)* 212.2(90) 890.750(44) 3* 61.3(59)* 60.0(31)
616.060(322) 4+ 61.3(59)* 77.6(33) 895.760(44) 3+ 61.3(59)* 38.2(20)
622.460(327) 3+ 61.3(59)* 94.0(34) 900.040(45) 3+ 61.3(59)* 39.1(27)
626.500(333) 3F 61.3(59)* 18.6(15) 905.280(20) 4+ 61.3(59)* 20.7(20)
628.680(332) 3+ 61.3(59)* 241(11) 907.330(40) 4+ 61.3(59)* 63.3(38)
631.490(336) 3+ 61.3(59)* 10.3(11) 911.780(46) 3+ 61.3(59)* 98.1(49)
634.410(336) 3* 61.3(59)* 22.7(11) 915.540(46) 3* 61.3(59)* 36.4(23)
639.990(340) 3+ 61.3(59)* 14.60(81) 924.290(47) 4+ 61.3(59)* 110.3(57)
650.150(350) 4+ 61.3(59)* 90.8(31) 931.110(47) 3+ 61.3(59)* 83.9(51)
655.460(353) 3F 61.3(59)* 98.7(31) 933.390(204) 3* 61.3(59)* 16.5(18)
658.620(355) 4+ 61.3(59)* 32.9(19) 942.250(48) 4+ 61.3(59)* 163.2(74)
660.150(351) 3+ 61.3(59)* 23.8(21) 946.360(47) 4+ 61.3(59)* 64.8(29)
668.160(356) 4+ 61.3(59)* 7.17(72) 956.750(47) 3+ 61.3(59)* 17.8(17)
672.600(361) 3+ 61.3(59)* 60.5(22) 962.390(47) 3+ 61.3(59)* 130.8(72)
678.320(358) 4+ 61.3(59)* 20.8(11) 967.110(47) 3F 61.3(59)* 138.3(72)
683.050(364) 3+ 61.3(59)* 46.0(18) 970.380(47) 3* 61.3(59)* 58.5(33)
687.300(366) 4+ 61.3(59)* 48.6(19) 976.470(48) 4+ 61.3(59)* 28.7(18)
693.830(370) 3+ 61.3(59)* 107.3(49) 986.150(48) 3F 61.3(59)* 23.5(19)
698.000(371) 4+ 61.3(59)* 6.97(85) 989.000(48) 4+ 61.3(59)* 17.2(17)
700.260(376) 3+ 61.3(59)* 18.7(12) 991.620(48) 4+ 61.3(59)* 55.7(32)
706.340(381) 3+ 61.3(59)* 43.3(21)
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TABLE VI. Capture (0}"), elastic (d,;"), and total (o) cross
sections recommended by Mughabghab [5] at the thermal neutron
energy (E;, = 25.3 meV).

175Lu 17614u nutLu
O;h 23.3(11) b 2020(70) b 74.920) b
alh 6.74) b 5.6(3)b 6.79(8) b
ol 30(1) b

on the choice of the cutoff energy E, = 50 eV are given in
Sec. IVB.

C. Results and discussions

The parameters of the bound (negative) resonance reported
on top of Table V have been fine tuned to reproduce the
thermal neutron cross sections as listed in Table VI. They
strongly depend on the shape of the first 7Lu resonance,
located close to the thermal energy at 0.143 eV. The energy,
neutron width, and radiation width of this resonance have been
derived from the data of Table II, measured with natural and
enriched samples. Figure 2 compares the experimental cross
sections with theoretical curves provided by the REFIT code
below 1 eV. These results were obtained with an effective
scattering radius R = 7.9(2) fm. The latter parameter defines
the shape-elastic cross section, that becomes the potential
scattering cross section at low incident neutron energy. In the
present work, it was provided by optical model calculations.
Origins of this value are explained in Sec. V A.

Transmission data listed in Table IV have been included
in the resonance analysis for determining parameters of the
unbound states above 1 eV. Theoretical curves and experi-
mental values measured at the GELINA and DANCE facilities
are compared in Fig. 3. The green solid curve represents the
contribution of the '3!Ta resonances. Their impacts on the
1SLu resonance parameters have been studied by decreasing
by 10% the areal density of tantalum. Figure 4 shows that the
ratios of the !”>Lu neutron and radiation widths obtained with
and without the perturbation of the '8! Ta areal density remain
close to unity, indicating the low impact of '8!Ta on the final
results.

Including in the analysis the transmission data (thin sam-
ple) of Liou et al. was not straightforward. As shown in Fig. 5,
experimental biases are highlighted by the energy-dependent
residuals r between the theoretical 7;;, and experimental ’7;XP
transmissions, weighted by the experimental uncertainties

uﬁxpi

2
I”(t): <7;h(t)_7;xp(t)> ] (4)

ur, (t)

Few structures located at the resonance energies can be
observed below 20 eV in the residuals shown in the mid-
dle plot of Fig. 5. Such structures cannot be explained by
missing small resonances because the prior "> Lu resonances
introduced in the calculations come from the work of Liou
et al. Sample inhomogeneities could better explain them. The
bottom plot in Fig. 5 shows that the use of a log-normal

400

300

200

100

Capture cross section (barns)

L L L L L M| L L L n n M
107 10™ 10
Incident neutron energy (eV)

400

300

200

100

Total cross section (barns)

107 10
Incident neutron energy (eV)

14.0

12.0

10.0

8.0

6.0

Total cross section (kbarns)

10 10” 10
Incident neutron energy (eV)

FIG. 2. First "Lu resonance at 0.143 eV observed from the data
sets listed in Table II. The top and middle plots (a),(b) represent
the natural Lu capture and total cross sections, respectively. The
bottom plot (c) shows the 7°Lu total cross section. The open circles
indicate the thermal cross sections at 25.3 meV recommended by
Mughabghab [5]. The red solid lines were obtained with the reso-
nance parameters provided by the REFIT code.

distribution in the REFIT code, to account for grain size effects
in the sample, smoothens the observed structures. Such exper-
imental issues and their consequences on the determination
of the radiation widths are discussed in Refs. [29,30]. As no
trustable corrections can be applied, data from Liou et al.
measured with the thin sample were only used in a narrow
energy interval, ranging from 18 to 44 eV.

Figure 6 shows that many structures can still be distin-
guished above 700 eV in the transmission data measured at
the GELINA facility with the 2-mm-thick natural lutetium
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FIG. 3. Transmission measured at the GELINA facility with natural Lu samples and capture data measured at the DANCE facility with
an enriched '°Lu sample. For the transmission experiments, the black (blue) solid lines represent the data obtained with a boron (cadmium)
antioverlap filter. The red solid line represents the final results provided by the REFIT code below 43 eV. The green solid line shows the '8! Ta
contribution in the transmission data.
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FIG. 4. Ratios of the 1’ Lu neutron and radiation widths obtained 12 ‘
with and without a 10% perturbation of the '®!Ta areal density below )
43 eV. 10 - 1
Aot M 0 Lo M P I
sample. However, the short flight path length (L = 10.861 m) § 08 “ | . ‘ (M
provides low-resolution data. In that case, data from Liou 3 |
et al. measured with a thick '""Lu sample at L = 202.05 m §> 06 i |
provide a unique high-resolution transmission data set that = 04 - | |
allows one to separate s-wave resonances beyond 1 keV. Many ,
structures can be observed even between the resonances; 02+ | 1
they can be attributed either to small p-wave resonances —
. . ‘ ‘ ‘ ‘
or statistical fluctuations. As the present work focuses on 0-900'0 7200 7800 820.0 860.0 900.0

the s-wave properties of the 'Lu +n compound system,
we did not attempt to refine the description of these small
structures.

In Table V, quoted uncertainties were calculated with a
Monte Carlo technique [31] by randomly varying experi-
mental parameters, assuming they are normally distributed.
Thousand REFIT calculations were repeated and uncertainties
of about seventy experimental parameters have been propa-
gated to resonance parameter uncertainties. We used uncer-

Transmission

Residuals

Residuals

| | | | |
2.0 8.0 14.0 20.0 26.0 32.0 38.0 44.0
Incident neutron energy (eV)

FIG. 5. Transmission measured by Liou et al. [7] at the 39.57 m
flight path of the Columbia University Nevis synchrocyclotron with
a thin sample of Lu,Oj3 enriched to 99.926% in *Lu (1.425 x 1073
atom/barn). The blue and red lines represent the REFIT results
calculated without and with inhomogeneities due to grain size effects
in the sample. Residuals are calculated with Eq. (4).

Incident neutron energy (eV)

FIG. 6. The top plot (a) shows the transmission measured at the
GELINA facility with the thick natural Lu samples (2 mm) at L =
10.861 m. The bottom plot (b) shows the transmission measured by
Liou et al. with an enriched '"Lu thick sample at L = 202.05 m.
The red line represents the final results provided by the REFIT code
between 700 and 900 eV.

tainties close to +3.5% on the normalization factor of the
capture yields, temperature uncertainties ranging from 1 to
5 K, and areal density uncertainties of 2—3%. Uncertainties
on the parameters of the analytic response function are not
well known. In the present work, they were optimized to
set up a conservative uncertainty of ~10% on the full width
at half maximum (FWHM) of the time-dependent distribu-
tions. Figure 7 indicates that increasing the FHWM uncer-
tainty above 10% creates structures in the residuals which
are no longer compatible with the transmission data mea-
sured at the GELINA facility with the thick lutetium sample
(2 mm). In practice, the final resonance parameter uncertain-
ties are dominated by the normalization and areal density
uncertainties.

IV. AVERAGE s-WAVE RESONANCE PARAMETERS

Average s-wave resonance parameters were established
from the statistical analysis of the resonance parameters
established in this work. Several statistical approaches are
available and well documented in the literature. In the present
work, we have used the ESTIMA method [32] to determine
simultaneously the s-wave mean level spacing Dy and neutron
strength function Sy. The average radiation width (I",,) results
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FIG. 7. Impact of the response function on the theoretical trans-
mission calculated between 302 and 352 eV for the thick sample
measured at the GELINA facility. Results obtained for the nominal
value of the full width at half maximum (FWHM) of the response
function are compared with those obtained from perturbations of 5%,
10%, and 15% of the FWHM. Residuals are calculated with Eq. (4).

from the average of the individual radiation widths reported in
Table V.

A. Mean level spacing and neutron strength function

The statistical method implemented in the ESTIMA code
was designed to determine Dy and Sy by taking into ac-
count contributions of missing levels. The method relies
on the probability density function of the reduced neutron
widths hypothesized by Porter and Thomas [18], which is a
chi-squared function with one degree of freedom:

efx/Z
A/ 27X

The dimensionless variable x is the ratio of the reduced
neutron widths '}, weighted by the statistical spin factor g,
to its average value:

P(x) = &)

I
x = & 6)
(sT%.0)

10 F T T T T T T
. 10'S,=1.96(40)
D,=3.24(9) eV

NRSA

E,,=2.6 eV

E,,=244.6 eV
N,,,=66
N,=76

AN=10

Number of s—wave resonances
- -
o o
-
T

0.0 0.5 1.0 1.5 2.0 2.5
threshold x,

FIG. 8. ESTIMA results obtained for the compound system
SLu 4 n compared to the cumulative distribution function of the
Porter-Thomas law. E,;, and E, stand for the lower and upper limit
of the energy range in which the average resonance parameters have
been obtained [see Eq. (10)].

For the s wave (I = 0), the definition of the reduced neutron
width is

. (N

and its average value is related to the mean level spacing and
neutron strength function as follows:

<gfrf\),n) = SoDy. (8)

A common method which accounts for missing levels in
the statistical treatment of the resonance parameters consists
of computing the cumulative distribution function of the
Porter-Thomas law:

N(xp) = Ny /00 P(x)dx = Ny erfc <\/)§O) ©)]

in which N(0) = N, represents the number of estimated levels
at xo = 0. The s-wave mean level spacing Dy is then calcu-
lated as follows:
DO _ Emax - Emin . (10)
No— 1

Energies En, and Ey,.x represent the lower and upper energy
limits of the resolved resonance range under investigation.
In ESTIMA, Ny and (g,;I f\) ) are free parameters. The neutron
strength function and mean level spacing are calculated with
Egs. (8) and (10).

ESTIMA results are shown in Fig. 8. For the compound
system '"Lu + n, a good agreement between the theoretical
and experimental distributions N (xg) is obtained with

10*Sy = 1.96(40),
Dy = 3.24(9) eV.
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FIG. 9. Staircase plots of the cumulative number of s-wave res-
onances (a) and s-wave reduced neutron widths (b) compared to
the ESTIMA results. For (b), a lower uncertainty is achieved from
the least-squares fit of the slope of the cumulative s-wave reduced
neutron widths.

The ESTIMA results are compared with those of the res-
onance analysis in Figs. 9(a) and 9(b). The staircase plot
of the cumulated number of resonances indicates that ex-
perimentally observed resonances deviate from theory above
200 eV and reveal an increasing number of missing res-
onances. The staircase plot of the reduced neutron widths
indicates that most of the missing levels are small resonances
whose contributions to the neutron strength function are rather
negligible, at least up to 800 eV. Figure 9(b) also shows that
ESTIMA provides a neutron strength function with a too high
uncertainty. By imposing the same lower and upper energy
limits (Eppin = 2.6 eV and E,x = 244.6 eV) as used in the
ESTIMA analysis, a similar Sy value with a lower uncertainty
close to 5% can be obtained from the least-squares fit of the
slope of the cumulative reduced neutron widths as a function
of the resonance energies:

10*S, = 1.96(8).

75.0
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FIG. 10. Behavior of the '"Lu average radiation width as a
function of the cutoff energy E., compared to the value obtained
at E.,, = 50 eV. The blue line is an “eye-guide” curve that follow
the trends of the average values.

The above quoted uncertainty was obtained from the Monte
Carlo propagation of the resonance parameters uncertainties,
taking into account correlations.

As shown in Table I, the !"Lu average resonance pa-
rameters recommended in the literature are quite different
from those found in this work. The mean level spacing Dy
is between the RIPL-2 (3.0 eV) and RIPL-3 (3.45 eV) recom-
mended values, confirming that the value of RIPL-1 was erro-
neous. Our statistical analysis provides an uncertainty which
is slightly lower than £3%. For the s-wave neutron strength
function, agreement with the value of RIPL-3 (1.82 x 10™%)
is within the limit of the quoted uncertainty. Our result mainly
confirms the successive increase of Sy since the first release of
the Reference Input Parameter Library RIPL-1 in 1998.

B. Average radiation width

Assessment of reliable estimations of average radiation
widths from time-of-flight data is subject to debate. Their
values are usually deduced from individual radiation widths
I',,, that can be characterized by a large spread. Liou et al.
pointed out this issue. For 1751 u, values of T a1,y from 59(20) to
100(20) meV were obtained for 40 levels. The average value
of (I'y,) =77 meV was reported without uncertainty.

In the present work, values of I'; ,, from 57.2 to 69.4 meV
have been deduced from 16 resonances below 50 eV. This
cutoff energy limit E., is somewhat arbitrary. Figure 10
shows the behavior of the '"Lu average radiation width as
a function of E,. A reasonable average value seems to be
reached between 30 and 50 meV. Moreover, in our least-
squares fit, sensitivities to I'; , decrease as neutron energy
increases, so that, above E., = 50 eV, their uncertainties
increase significantly and values provided by REFIT are less
trustable.
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FIG. 11. Individual "Lu and '"®Lu radiation widths obtained in
this work and compared with those reported in Ref. [5].

The individual 'Lu radiation widths are reported in
Fig. 11(a). For comparison, those obtained for only five '"°Lu
resonances below 10 eV are given in Fig. 11(b). The large
spread of the radiation widths compiled by Mughabghab in
Ref. [5] is not confirmed by the present results. The average
values

(M), )(A = 175) = 61.3(59) meV
and
(M), )(A = 176) = 57.7(27) meV

are the two first moments of the distributions obtained from
the Monte Carlo propagation of the resonance parameter
uncertainties, taking into account correlations. An example of
distribution obtained for !">Lu is shown in Fig. 12. The value
of 61.3 meV is substantially lower than the mean value of
77 meV reported by Liou et al. The quoted relative uncertainty
of 9.6% cannot confirm such a high value. As for By, a
lower '"°Lu average radiation width of 57.7 meV is suggested
in comparison to 63 and 66 meV reported by Mughabghab [5]
and Roig et al. [12], respectively.

A method for estimating average radiation widths was
proposed in Ref. [33] and applied to xenon isotopes from
A =124 to A = 136. The purpose was to make predictions
for a given isotope for which prior model parameters (level
density parameter and average radiation width) are revised
accordingly to posterior results previously established for
neighboring isotopes. If we assume that the total y-ray decay
to low lying-states is dominated by a given X/ radiation, the

0.08 i

<T;>=61.3(59) meV

©
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FIG. 12. Distribution of the '">Lu average radiation width (I',,)
obtained from the Monte Carlo propagation of the resonance param-
eter uncertainties, taking into account correlations.

s-wave average radiation width at excitation energy close to
S, is given by

J+1

S
(T, = Do /0 EXf(E) Y. o1(S.— E)dE,, (1)
I=J—1

in which the spectral factor fy; is related to giant dipole
resonance (GDR) modes in photoabsorption cross section and
py stands for the J-dependent level density. The average radi-
ation width (I'y,);, was determined at S, with experimental
and theoretical constraints (level density parameter, y-ray
strength function, and cumulated number of low-lying nuclear
levels). In this work, prior information for the level density
parameters and y-ray strength functions were established by
using various nuclear models and parametrizations available
in the TALYS code [19]. At the end of a recursive process, we
have obtained a set of model-dependent parameters (I'y, ),
whose mean value can provide valuable revised information
for the neighboring isotopes. This approach can be only
applied at low incident neutron energy, where the average
properties of the neutron resonance parameters exhibit neg-
ligible neutron energy dependence.

A local systematic for lutetium was calibrated starting from
the mean level spacing (3.24 eV) and average radiation width
(61.3 meV) of the compound system '">Lu 4 n. For the level
density, we have used the composite formula of Gilbert and
Cameron [34] with a constant level density parameter a. The
behavior of the level density parameter with the mass of
the compound nucleus was deduced from phenomenological
models (back-shifted Fermi gas model, generalized superfluid
model) and microscopic level density tables. Single and gen-
eralized Lorentzian expressions were used in the GDR models
[Eq. (11)]. Figure 13 shows the distribution of (I'y, ), for the
compound system "Lu + n obtained from random combina-
tions of different nuclear models. The two structures mainly
originate from different parametrizations of the back-shifted
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FIG. 13. Distribution of the '"Lu average radiation widths
(I'y,)en; predicted from the combination of different models, start-
ing from the '>Lu average radiation width obtained in this work
(61.3 meV) and that reported in the literature (77 meV). Results
are compared to the 1761y average radiation width [57.2(27) meV]
obtained from the resonance analysis.

Fermi gas and generalized superfluid models. The mean
value,

(), (A = 176) = 60.2(10) meV,

is in good agreement with an average radiation width of
57.7 meV deduced from the resonance analysis. The same
calculations were repeated by increasing the '">Lu average
radiation width up to 77 meV. The mean value of the random
results, shown in Fig. 13, is equal to

(Ty,),,(A = 176) = 76.0(12) meV.

This result is not compatible either with our value of 57.7 meV
or with the low energy values (E < 10eV) reported by
Mughabghab [Fig. 11(b)]. A 'Lu average radiation width
lower than 77 meV is then expected, which tends to confirm
results found in this work.

The random combination of level density and GDR models
carries limitations, mainly because calculations are based
on a selected set of nuclear models that can only provide
quantitative feedback on the expected values of the average
parameters. Improved theoretical predictions of the average
radiation widths for the lutetium isotopes could be achieved
using an M1 scissors mode in the GDR model of the y-ray
strength function, as was recently done by Goriely et al. [35]
on the basis of experimental and theoretical works published
in the last few years.

V. AVERAGE NEUTRON CROSS SECTIONS

The '"Lu neutron induced cross sections above 1 keV
were calculated with the TALYS code, by introducing in the
optical and statistical model calculations the s-wave average
parameters Sp = 1.96 x 107*, Dy =3.24 eV, and (') =
61.3 meV. The aim of this section is to discuss the agreement

between the experimental and theoretical total and capture
cross sections in the neutron energy range dominated by the
s-wave channel.

A. Optical model calculations

The total cross section linearly depends on the real part of
the scattering matrix S;;:

21
Ototy, (E) = ﬁgj{l — Re[S;;(E)]}, (12)

where S;; can be expressed for further convenience through
the diagonal C matrix:

Sy =142iCyy. (13)

Elements Cj; are calculated by solving the Schrodinger equa-
tion for a given complex mean-field optical model potential.
The depth, radius, and diffuseness of the surface, volumic,
and spin-orbit potentials are free parameters, which are ad-
justed on neutron cross sections. The s-wave neutron strength
function can be introduced as a constraint in the minimization
procedure, by using the following relationship [36]:

JTS()\/E

_ 4(Bo — 6;)
14202 — 2B + (1 — 2B0) cos[2¢p] — 20 sin[2¢]
(14)

Parameters «g, By, and 6 represent the real part Re[Cy], the
imaginary part Im[Cy], and the absolute value |Cy| of the C-
matrix elements for / = 0. In the framework of the equivalent
hard-sphere scattering radius approximation [37], the optical
model phase shift ¢ involved in the denominator of Eq. (14)
is related to the effective scattering radius R’ times the neutron
wave number k:

$o(E) = kR’ (15)

The effective scattering radius is given by the shape-elastic
cross section, that becomes the potential scattering cross
section at low energy:

o, = 47R". (16)

For modeling neutron-induced reactions on the deformed
lutetium nuclei, coupled-channel calculations were performed
with the ECIS module [38] of TALYS, using the rigid ro-
tor approximation with optical model parameters established
by Morillon et al. [39] for target mass ranging from A =
24 to 209. Five ground-state rotational band states (7/2F,
9/2*%,11/2%, 13/2%, 15/2") were included in the coupled-
channel calculations. Prior deformation parameters S, =
0.287 and B4 = —0.069 were retrieved from the Moller and
Nix database [40]. They were slightly adjusted to 0.24 and
—0.05 in order to get an s-wave neutron strength function
nearly equal to the value suggested by the ESTIMA analysis
(Sec. IV A).

Figure 14 shows the ">Lu shape-elastic cross section cal-
culated with ECIS as a function of the incident neutron energy.
Its extrapolation to S, provides o, [Eq. (16)] from which
we have obtained an effective radius R’ = 7.9(2) fm. This
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FIG. 14. 'Lu shape-elastic cross section calculated with the
ECIS code. At low energy, the shape-elastic cross section becomes
the potential scattering cross section [Eq. (16)] from which we
obtain an effective radius R' = 7.9 fm. The shadow area represents
the uncertainty band solely due to the neutron strength function
uncertainty.

value was included in the resonance analysis to determine the
parameters of the bound resonance needed to reproduce the
thermal cross sections (Sec. III C).

Figure 15 compares the theoretical total cross section of
ECIS with data reported in the EXFOR database. Liou et al.
did not provide to EXFOR an average total cross section
corresponding to its measurement performed with the thick
sample. Therefore, the transmission data (thick sample only)
from Liou et al. were converted in total cross section, av-
eraged over a broad energy mesh, and corrected for reso-
nance self-shielding effect. A similar treatment was applied
to the transmission measured at the GELINA facility with the
thick natural Lu sample (2 mm). The reasonable agreement
achieved in the keV energy range confirms the Sy value pro-
vided by the statistical analysis of the resonance parameters.
Above 10 keV, performances reached by our optical model
calculations are rather difficult to state since uncertainties as
large as 24% are reported by Wisshak et al. [20].
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FIG. 15. "Lu total cross section calculated with the ECIS code,
compared with data measured by Liou et al. [7] and Wisshak et al.
[20], and those deduced from the transmission measured with the
thick natural Lu sample (2 mm). The shadow area represents the un-
certainty band solely due to the neutron strength function uncertainty.
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FIG. 16. 'Lu capture cross section times the square root of
the incident neutron energy calculated with the TALYS code and
compared with data measured by Wisshak et al. [20], Macklin et al.
[21], and Beer et al. [22]. The shadow area represents the uncertainty
band only due to the s-wave mean level spacing and average radiation
width uncertainties.

B. (n, y) reaction

The average radiative capture cross section is calculated
with the TALYS code by means of the Hauser-Feshbach for-
mula with width fluctuation corrections [41,42]:

r T,,T

ny =y
0y, = —=8i——— Wy, 17
Y k2 & Zﬂ Tﬂ“ nyy a7

The neutron transmission coefficient 7,,, comes from the ECIS
calculations,

T, =1 —Syl% (18)

and the transmission coefficients 7, for the radiative capture
process are normalized to the s-wave y-ray transmission,
(C)

T, =2n Do’ 19)
using the average radiation width (61.3 meV) and mean
level spacing (3.24 eV) previously established in this work.
Results calculated with the TALYS code are shown in Fig. 16
and compared with the experimental capture cross sections
listed in Table III. The theoretical curve times the square
root of the incident neutron energy is in the lower side of
the experimental trends, but its shape follows the behavior
of the (n, y) cross sections reported by Macklin et al. [21].
Such a result could challenge the average radiation width
and mean level spacing established in the resonance range.
Fortunately, Table VII highlights the existence of two trends
in the stellar neutron cross sections of '">Lu compiled at
kT = 30 keV. Our calculations favor the lower value of 1146
mbarns reported by Bao et al. [44] and question the higher
value of 1219 barns recommended by Mughabghab, which
comes from the experimental work of Wisshak er al. [20].
Even if a revision of the latest capture data is then recom-
mended for explaining these ambiguous trends, the present
work show that reliable neutron cross sections in the keV
energy range can be achieved from the use of our average
resonance parameters (So, Dy, and (I'},)).
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TABLE VIL Stellar neutron cross sections of Lu at kT =
30 keV compiled by Beer et al., Bao et al., and Mughabghab and
compared to our calculated value.

Library Year Ref. oy (E =30keV)
Beer et al. 1992 [43] 1179(44) mbarns
Bao et al. 2000 [44] 1146(44) mbarns
Mughabghab 2006 [5] 1219(10) mbarns
This work 1125(62) mbarns

VI. CONCLUSIONS

Results discussed in this paper conclude the study of the
neutron induced reactions on the lutetium isotopes started
at the Los Alamos National Laboratory using the DANCE
array. Performances of the GELINA facility have been used
to verify the '">Lu resonance parameters up to 1 keV, thanks
to transmission experiments on natural Lu samples. Present
statistical analysis of the resonance parameters shows that
more than 10% of s-wave levels are missed from 250 eV. A
mean level spacing lower than 3.5 eV is then expected. The
s-wave neutron cross section (~2.0 x 10™*) is not corrupted,
at least up to 800 eV, as most of the missing levels carry small

reduced neutron width values. For the average radiation width,
a value of (I',)) = 61.3(59) meV is suggested by the total
width of 16 resonances below 50 eV. This result agrees with a
local systematic value (=260.2 meV) obtained for the lutetium
isotopes from a random combination of several y-ray strength
functions and level density models. As a consequence, the av-
erage radiation width of Liou ez al. (77 meV) is not confirmed
by the present study. The total neutron capture cross section
at kT = 30 keV calculated with the TALYS code using our
s-wave average parameters is equal to 1125(62) mbarns. This
result confirms the value compiled by Bao ef al. [1146(44)
mbarns] which is based on experimental values measured in
the 1990s, and questions the higher value of 1219(10) barns
recommended by Mughabghab which comes from the more
recent experimental work of Wisshak et al. reported in 2006.
The present s-wave average resonance parameters could be
part of the next update of libraries dedicated to statistical
model calculations in order to be challenged by improved
theoretical predictions, relying on microscopic calculations.
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