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13Instituto de F́ısica Corpuscular, CSIC - Universidad de Valencia, Spain
14Technische Universität Wien, Austria
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Abstract The cross section of the 89Y(n,γ) reaction

has important implications in nuclear astrophysics and

for advanced nuclear technology. Given its neutron magic

number N=50 and a consequent small neutron capture

cross section, 89Y represents one of the key nuclides for

the stellar s-process. It acts as a bottleneck in the neu-

tron capture chain between the Fe seed and the heav-

ier elements. Moreover, it is located at the overlapping

region, where both the weak and main s-process com-

ponents take place. 89Y, the only stable yttrium iso-

tope, is also an important component of structural ma-

terials used in traditional and advanced nuclear reac-

tors. Neutron capture and transmission measurements

were performed at the time-of-flight facilities n TOF

at CERN and GELINA at JRC-Geel. Resonance pa-

rameters of individual resonances were extracted from

a resonance analysis of the experimental transmissions

and capture yields, up to a neutron incident energy

of 95 keV. Even though a comparison with results re-

ported in the literature shows differences in resonance

parameters, the present data are consistent with the

Maxwellian averaged cross section suggested by the as-

trophysical database KADoNiS.

PACS 25.40.Lw · 25.70.Ef · 27.60.+j · 97.10.Cv

1 Introduction

1.1 Astrophysical relevance of 89Y

The elements from iron to uranium are dominantly pro-

duced by neutron capture processes, that occur during

quiescent stellar evolution or in dramatic scenarios as

stellar explosions or neutron star mergers. The explo-

sive nucleosynthesis is characterized by complex reac-

tion networks involving short-lived and very neutron-

rich nuclei in presence of high temperatures (T > 1GK)

and high neutron densities (nn > 1020 cm−3). The time

scale between subsequent neutron captures is of the or-

der of ms; accordingly, this process is known as rapid

neutron capture process (r-process) [1,2,3]. On the other

hand, slow neutron capture processes (s-process) op-

erate in environments at low neutron densities (nn ≈
107 − 1011 cm−3) in burning phases of stars [4,5]. Here,

the times between subsequent neutron capture reac-

tions are larger than the half-lives of β-unstable nuclei

and the reaction path follows closely the valley of sta-

bility. The s-process is commonly divided in two com-

ponents. Elements with mass number between about

60 and 90 are mainly produced by the weak s-process

component, that occurs in massive stars during He core

burning at temperatures around 0.3GK, and during C

shell burning at around 1GK [6,7]. The main s-process

component takes place during the thermal pulsing phase

in low-mass Asymptotic Giant Branch (AGB) stars [8],

at temperatures around 0.1− 0.3GK. The abundances

of elements with 88<A<208 depend on this s-process

component. Finally, low-metallicity AGB stars are re-

sponsible for the production of Pb. The nuclides with

neutron magic numbers along the s-process path play

an important role because they act as bottlenecks given

their small (n, γ) cross sections. As a consequence, s-process

produces three main peaks in the elemental abundance

distribution. The first s-process peak is due to 88Sr,
89Y, and 90Zr having a magic number of neutrons equal

to 50. Hence, the cross section of these nuclides strongly

influences the production of all heavier elements (at

least) up to the second s-process peak, corresponding

to the next bottleneck at 138Ba, 139La, and 140Ce with

a neutron magic number of 82 (the third peak is repre-

sented by 208Pb).

This means that the neutron-capture cross section

of 89Y does not only influence the abundance of yttrium

itself, but also the abundance distribution of heavier el-

ements. The abundance of yttrium in stars is relatively

easy to derive from high-resolution spectra thanks to

a large number of strong optical lines, which ensures

that a number of them are always available, depending

on the spectral coverage. As a consequence, yttrium has

been used extensively to constrain stellar models [9] and

even astrophysical scenarios [10,11]. A precise and ac-

curate determination of the 89Y neutron capture cross

section is a premise to investigate these topics.

1.2 Role of 89Y in advanced nuclear technologies

Apart from the impact on nuclear astrophysics the neu-

tron capture cross section of 89Y is of interest for ad-

vanced nuclear technology. Yttrium-hydride offers ad-

vantages as a moderator for high temperature thermal

nuclear reactors. In contrast to other hydrides consid-

ered as moderators, this material retains its relatively

high content of hydrogen even at high temperatures

considered for these reactors (850 − 1150 ◦C). In addi-

tion, its thermal conductivity is excellent [12]. More-

over, yttrium is also proposed as part of inert matrix

fuel (IMF). Different concepts have been developed dur-

ing the last decade to transmute transuranic elements

(to reduce their amount in the nuclear waste) using

uranium-free IMF in a once-through-cycle. For today’s

Light Water Reactors yttrium stabilised zirconia and

other oxides like alumina, spinel or ceria have been pro-

posed as inert matrix materials. By employing IMF,

a larger fraction of plutonium can potentially be con-

sumed in comparison with MOX fuels without breeding

new plutonium [13]. Yttrium is also a candidate for the
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realization of super-magnets in fusion reactors [14].

1.3 Overview of data reported in the literature

The first high resolution time-of-flight transmission mea-

surements were performed by Morgenstern et al. [15] at

the 100m and 200m transmission stations installed at

the 45MeV electron linear accelerator at Saclay [16].

Neutrons were detected using a 3 cm thick 10B sample

surrounded by 8 NaI scintillators. Transmission data

were obtained with two samples of Y2O3 oxide powder

with an areal density of 0.00458 at/b and 0.180 at/b

et al. [15]. From these data, the resonance energy and

strength (i.e. gΓn, where g is the statistical spin fac-

tor and Γn the resonance neutron width) were derived

for 27 resonances between 2 keV and 30 keV. A par-

ity assignment for 9 s-wave resonances and 17 p-wave

resonances was made based on the shape of the trans-

mission profile. No details about the R-matrix formal-

ism/approximation that was applied are given.

Later, Camarda [17] reported results from time-of-

flight measurements at a 250m transmission station in-

stalled at the Lawrence Livermore Laboratory 100MeV

electron linear accelerator using a 6Li glass scintilla-

tor. Transmission data were obtained with 99.9% pure

yttrium samples with an areal density of 0.0392 at/b,

0.0840 at/b, and 0.167 at/b. No details about the ma-

terial form, i.e. metallic or powder, are available in

Ref. [17]. From these data the resonance energy and

strength for 161 resonances with an energy between

27 keV and 240 keV were derived based on a Single-

Level Breit-Wigner approach. A parity assignment for

34 s-wave resonances and 119 p-wave resonances was

made based on the shape of the transmission profile.

In addition, a resonance shape analysis resulted for 26

s-waves in a spin assignment J = 0 or J = 1. For p-

wave resonances only the separation between J = 0

and J = (1, 2) could be made. This resulted in a J = 0

assignment for 4 p-wave resonances.

The most extensive study is the work of Agrawal et al. [18].

Resonance parameters were derived from an analysis

of transmission data obtained from measurements at a

200m station of the time-of-flight facility ORELA using

a 2.54 cm thick sample of yttrium metal. The electron

burst width was 5 ns. A proton recoil plastic scintillator

was used for neutron energies above 20 keV. For ener-

gies below 20 keV, the transmission data obtained with

a 6Li glass scintillator were analysed. The resonance en-

ergy, strength, and parity for 144 s-wave and 524 p-wave

resonances between 10 keV and 740 keV were derived

from a resonance shape analysis applying a multilevel-

multichannel formalism. A spin assignment for 100 s-

wave and 337 p-wave resonances was made. For the res-

onances with an energy below 10 keV reference is made

to Ref. [19], however, it is not clear where the param-

eters therein are taken from. Agrawal et al. [18] found

a good agreement with the results of Morgenstern et

al. [16] and the resonance energies of Camarda [17].

They observe that the neutron widths for s-wave res-

onances of Camarda [17] are in general smaller with

differences of up to a factor 2. These differences in reso-

nance strength could be due to an incorrect background

determination or differences in sample properties or res-

onance analysis formalisms. Unfortunately, no details

about the background correction are given by Morgen-

stern et al. [15], Camarda [17] and Agrawal et al. [18], in

particular how the impact of the sample on the back-

ground level for a sample-in measurement was taken

into account (see e.g. Ref. [20]).

For energies below 10 keV, resonance parameters (i.e.

resonance energy, strength, spin, and parity) were de-

rived by Raman et al. [21] from transmission measure-

ments at a 80m station and γ-spectroscopic measure-

ments at a 10m station of ORELA.

Boldeman et al. [22] performed capture cross section

experiments at a 40m flight path station of ORELA.

They applied the total energy detection principle using

C6F6 detectors combined with the weighting function

and derived capture kernels for resonances with energies

below 47 keV. The energy distribution of the incident

neutron beam was determined in parallel with a thin 6Li

glass scintillator. Capture kernels K = gΓnΓγ/(Γn +

Γγ), with Γγ the radiative width, were derived for 56

resonances after self-shielding and multiple interaction

corrections. In case the neutron width dominated the

observed resonance width, the spin was derived using

the resonance strength reported by Morgenstern et al. [15].

By comparing the observed radiative width for the 3.38 keV

resonance with the average radiative width for s-wave

resonances they assigned this resonance as a s-wave in

contrast to a previous p-wave assignment by Morgen-

stern et al. [15]. The p-wave assignment of the 3.38 keV

resonance was confirmed by a careful analysis of the

thin and thick transmission data of Raman et al. [21].

Resonance parameters for neutron interactions with
89Y recommended in the main nuclear data libraries

are the result of a compilation of parameters reported

in the literature. They are not based on an evaluation

procedure involving a resonance shape analysis of time-

of-flight cross section data. The parameters in JENDL-

5.0 [23] are based on those reported by Boldeman et al. [22]

and Agrawal et al. [18]. The parameters in JEFF-3.3 [24]

are taken from ENDF/B-VIII.0 [25]. In the header of

the ENDF/B-VIII.0 file reference is made to the 2006

compilation of Mughabghab [26]. For the parameters of
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this compilation [26], which are the same as those of

the 2018 compilation [27], the main references are the

work of Agrawal et al. [18] and Boldeman et al. [22].

In ENDF/B-VIII.0 resolved parameters are given up

to 47 keV, while in JENDL-5.0 up to 100 keV without

specifying how the radiative widths for resonances be-

tween 47 keV and 100 keV were determined. Although

for energies below 47 keV all these compilations, i.e.

JENDL-5.0 [23], ENDF/B-VIII.0 [25] and Mughabghab [26],

refer to the same experimental data differences between

the parameters are present. E.g. for resonances, which

were only observed in the capture data of Boldeman et al. [22],

different neutron widths are recommended in JENDL-

5.0 compared to those in ENDF/B-VIII.0. No informa-

tion is given on how the neutron widths were derived.In

addition, a detailed comparison of the resonance param-

eters reported in the literature and those recommended

in the evaluated data libraries reveals obvious clerical

mistakes. They are specified in Appendix A. Unfortu-

nately, only the transmission data of Agrawal et al. [18]

and Raman et al. [21] are stored in the EXFOR data li-

brary. No capture yield data are available in EXFOR to

perform a new evaluation based on a resonance shape

analysis of transmissions and capture yields combined

with cross section data at thermal energy, i.e. at 25.3

meV.

Maxwellian-averaged capture cross sections (MACS)

are spectrum averaged cross sections, which are required

for a quantitative description of the s-abundances pro-

duced during different phases of stellar evolution [28].

They can be derived from the energy dependent capture

cross section and Maxwellian neutron energy distribu-

tion for a given kT , with k the Boltzman constant and T

the temperature. They can also be directly measured in

a spectrum that is similar to such a distribution. MACS

at the energy of kT = 30 keV published in the litera-

ture span from 13.5mb [22] to 19mb [29], considering

data coming from neutron time-of-flight measurements

(energy dependent data) [22,30] or activation experi-

ments at a neutron beam with a Maxwellian like dis-

tribution [29]. MACS for kT = 30 keV extracted from

cross sections recommended in evaluated data libraries

[23,25] vary from 17 to 21mb. Even larger differences

come from theoretical predictions, where values from

16.6mb [31] to 88.4mb [32] are suggested. A list of

experimental, evaluated and theoretical values can be

found in the astrophysical database KADoNiS [33].

The discussion above suggests that to improve the

resonance parameters for neutron interactions with 89Y

additional experimental data are required. Transmis-

sion data are needed to clarify the differences between

the results of Camarda [17] and Agrawal et al. [18].

Capture cross section data are required to verify the

results of Boldeman et al. [22], derive capture kernels

for neutron energies above 47 keV and provide capture

yields for a resonance shape analysis.

A neutron capture measurement was performed at

the 185.2m long flight path of the CERN n TOF facil-

ity [34,35], while a transmission measurement and an

additional capture measurement were completed at the

GELINA facility [36,37] of the Joint Research Center

(JRC) in Geel (Belgium). From these data resonance

parameters for neutron incident energies up to 95 keV

were derived. Details of the measurements are described

in Sec. 2 and the data reduction procedures in Sec. 3.

The results of a resonance shape analysis are discussed

in Sec. 4; the Maxwellian-averaged capture cross sec-

tions in Sec. 5 and conclusions are drawn in Sec. 6.

2 Experimental details

One of the neutron capture experiments was performed

at the CERN n TOF facility [34], where neutrons are

produced by spallation reactions of a 20GeV/c pulsed

proton beam hitting a massive lead block. Charged par-

ticles are removed from the neutron beam by a 1.5T

sweeping magnet, and neutrons and ultra-relativistic

particles outside the beam line are suppressed by heavy

concrete walls and a massive iron shielding 3.5m in

thickness. With a conversion ratio of about 300 neu-

trons per proton, each beam pulse of 7 × 1012 protons

produces a neutron fluence of 105 cm−2 at the sam-

ple position, i.e. at 185.2m from the spallation target.

The resulting neutrons are produced in a wide energy

range, from thermal up to 1GeV. The neutron beam is

shaped by two collimators, the second placed close to
the last shielding wall in front of the experimental area.

The 18mm aperture of the second collimator gives rise

to a nearly symmetric Gaussian-shaped beam profile at

the sample position. Thanks to the long flight path and

to the short proton pulse width of 7 ns, the resolution

in neutron energy is better than 0.5% in the range of

the present measurement, i.e. below 95 keV. The en-

ergy distribution of the neutron beam was determined

relative to the 235U(n,f) cross section by means of a cal-

ibrated fission chamber from PTB Braunschweig [38].

During the measurement the intensity of the neutron

beam was checked online by a low mass 6Li neutron

monitor [39].

Transmission and capture measurements were per-

formed at the GELINA facility [36,37] at JRC-Geel.

It is a multi-user facility, featuring a white neutron

source with a neutron energy range from 10meV to

20MeV. The linear accelerator provides a pulsed elec-

tron beam with a maximum energy of 150MeV, a max-

imum peak current of 10A and a repetition rate rang-
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ing from 50 to 800Hz. The measurements presented

in this work were performed with the accelerator op-

erating at 800 Hz. A compression magnet reduces the

width of the electron pulses to about 2 ns [40]. The elec-

tron beam hits a mercury-cooled uranium target pro-

ducing Bremsstrahlung and subsequently neutrons via

photonuclear reactions [41]. Two water-filled beryllium

containers mounted above and below the neutron pro-

duction target are used to moderate the neutrons. The

neutron production rate is monitored by BF3 propor-

tional counters which are mounted on the ceiling of the

target hall.

The transmission experiments were performed at

a 50-m GELINA measurement station of flight path

forming an angle of 9◦ with respect to the normal to

the face of the moderator [42]. The moderated neutron

spectrum was used. A shadow bar made of Cu and Pb

was placed close to the uranium target to reduce the

intensity of the γ-ray flash and the fast neutron com-

ponent. The neutrons scattered from the moderators

were collimated into the flight path through an evac-

uated aluminium pipe of 50 cm diameter with annular

collimators, consisting of borated wax, copper and lead.

A set of Pb, Ni and Cu annular collimators were used

to reduce the neutron beam to a diameter of 45mm

at the sample position. Additional Li and B4C colli-

mators were installed to absorb scattered neutrons. A
10B overlap filter was placed close to the neutron target

to minimize the contribution of slow neutrons coming

from previous accelerator bursts. Close to the sample

position, Na, Co, and W black resonance filters were

mounted in independent and automatic filter changers

to determine the background contribution at 2850 eV,

132 eV, and 18 eV, respectively, and to obtain its time

dependence. The Co filter was permanently in the beam

to continuously monitor the background level and to

account for the impact of the sample or other filters

placed in the beam [20]. The neutron beam passing

through the sample and filters was further collimated

and detected by a cylindrical NE912 Li-glass scintil-

lator (6.35mm in thickness, 151.6mm diameter). The

scintillator was connected through a boron-free quartz

window to a 127mm EMI 9823 KQB photomultiplier

(PMT), which was installed outside the neutron beam

perpendicular to its axis. The detector was placed at

about 47m from the neutron target and the diameter

of the neutron beam at the detector position was about

90mm.

At GELINA, the capture measurements were per-

formed at a 60 m station of a flight path, that forms an

angle of 9◦ with respect to the normal to the moder-

atore face viewing the flight path [43]. The moderated

neutron beam was collimated to 75mm in diameter at

the sample position. A 10B anti-overlap filter was placed

in the beam to absorb slow neutrons from a previous

burst. Black resonance filters (Na and Co) were used to

monitor the background during the measurement and

to reduce bias effects related to background corrections.

The energy distribution of the neutron beam was mea-

sured simultaneously with a 10B Frisch gridded ionisa-

tion chamber placed at 80 cm before the sample. The

chamber was operated with a continuous flow of a mix-

ture of argon (90%) and methane (10%) at atmospheric

pressure. The detector consisted of three back-to-back

layers of 10B with a total areal density of 1.3x10−5 at/b.

The 10B layers, with an effective diameter of 84mm

and areal density of about 0.042 at/b, were evaporated

back-to-back on a 30-µm thick aluminium backing and

the entrance and exit windows of the chamber had a

thickness of 40µm.

C6D6-based liquid scintillators were used for the

capture measurements at both n TOF and GELINA.

At n TOF and GELINA four detectors were placed at

an angle of 125◦ with respect to the direction of the

beam. This geometry minimizes systematic effects due

to the anisotropy in the primary γ-ray emission from

capture of neutrons with ℓ > 0 [20,43]. Deuterated

benzene (C6D6) was chosen for its very small neutron

sensitivity, given that deuterium and carbon have very

low neutron capture cross sections. The detection prob-

ability of scattered neutrons was further reduced by

coupling each scintillator to a boron-free quartz win-

dowed photomultiplier. To derive the experimental cap-

ture yield,i.e. the fraction of incident neutron beam un-

dergoing a (n, γ) reaction in the sample, the total en-

ergy detection principle was applied. The principle re-
lies on the use of a low efficiency detection system and

a γ-ray detector with a detection efficiency that is pro-

portional to the energy of the incident γ-ray [20]. The

latter is realised by applying the pulse height weight-

ing technique (PHWT), which was suggested by Maier-

Leibnitz and first applied by Macklin and Gibson [44].

The weighting functions for the detection systems at

n TOF and GELINA were derived by Monte Carlo sim-

ulations as described in Ref. [45] and [43], respectively.

For both systems the discriminator threshold on the ob-

served deposited energy was taken into account in the

calculation of the weighting function. This threshold

was 200 keV at n TOF and 250 keV at GELINA.

Metallic samples of different shape and thickness

were used. The samples used in the capture experi-

ments were of cylindrical shape and their characteris-

tics are given in Table 1. For the transmission measure-

ments different layers of squared foils (each an area of

50×50mm2, thickness of 0.64mm and mass of 7.175 g)

were used together with a thick disk-shaped sample.
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Four different sample combinations were used as de-

scribed in Table 2. The thick disk sample has a 99.9%

purity, while all others present a contamination of 0.5%

of Ta and Ho. Normalization of the capture data re-

quired additional samples (Au at n TOF, Fe at GELINA)

of the same diameter as the yttrium sample. In addi-

tion, natC and natPb samples were used to evaluate

the background components. The samples and detec-

tors were placed in air conditioned rooms to keep them

at a temperature of about 20 ◦C.

Table 1 Characteristics of 89Y disc samples used in capture
measurements

Diameter Thickness Mass Areal density
(mm) (mm) (g) (10−3 at/b)

n TOF 20.0 (1) 1.0 3.161 (1) 3.0291 (8)
GELINA 80.0 (1) 2.0 43.432 (1) 5.8360 (7)

Table 2 Characteristics of 89Y samples used in transmission
measurements

Target shape Areal density
(10−3 at/b)

2 squared layers 3.8140 (7)
Thick disk 5.8360 (7)
2 squared layers + thick disk 9.650 (1)
7 squared layers 13.352 (2)

3 Data reduction

The experimental transmission T (t) was obtained from

the ratio of a sample-in, Cin(t), and a sample-out mea-

surement, Cout(t), both corrected for their background

contributions Bin(t) and Bout(t), respectively:

T (t) = Nt ·
Cin(t)−Bin(t)

Cout(t)−Bout(t)
. (1)

To avoid systematic effects due to slow variations of

both the beam intensity and detector efficiency as a

function of time, data were taken by alternating sample-

in and sample-out measurements in cycles of about 600

seconds. Such a procedure reduces the uncertainty on

the normalization Nt to the beam intensity to less than

0.25% [20]. This uncertainty was evaluated from the ra-

tio of counts in the Li-glass transmission detector and in

the BF3 proportional counters monitoring the intensity

of the neutron production in the target hall.

The background in transmission as a function of

TOF was parameterized by an analytical expression

consisting of a constant and three exponentials [20,42].

B(t) = a0 + a1e
−λ1t + a2e

−λ2t + a3e
−λ3(t+τ0) (2)

The first exponential is due to the detection of 2.2MeV

γ-rays from neutron capture in hydrogen present in the

moderator. The second exponential originates predom-

inantly from neutrons scattered inside the detector sta-

tion. The third one is due to slow neutrons from previ-

ous accelerator cycles; τ0 is related to the frequency of

the accelerator (2.5ms in the present case, correspond-

ing to the used accelerator frequency of 400Hz). The

free parameters in the analytical expression were deter-

mined by a least square fit to saturated resonance dips

observed in the TOF-spectra resulting from measure-

ments with black resonance filters.

The experimental capture yield Yexp(t) as a function

of time-of-flight t was deduced as:

Yexp(t) =
Nc

Sn + En(t)
mY

mn+mY

Cw(t)−Bw(t)

φ(t)
, (3)

where Cw is the dead time corrected weighted C6D6

response, Bw the corresponding background contribu-

tion, En is the kinetic energy of the incident neutron,

Sn is the neutron separation energy, Nc is a normaliza-

tion factor and φ the energy distribution of the incident

neutron beam. The atomic mass of the neutron and tar-

get nucleus are denoted by mn and mY , respectively.

The background contribution Bw(t) of the C6D6 de-

tectors was expressed as [20]:

Bw(t) = b0 + Cw,0(t) +Rn(t) (Cw,C(t)− Cw,0(t)) , (4)

where b0 is a time-independent contribution, Cw,0(t)

and Cw,C(t) are the weighted TOF spectra from mea-

surements with no sample and with an almost purely

scattering natural carbon sample, respectively. The spec-

tra Cw,0(t) and Cw,C(t) were obtained using the weight-

ing function calculated for the 89Y sample. They were

normalized to the same integrated neutron intensity

and corrected for the time independent background be-

forehand. The correction factor Rn(t) is the ratio of the

neutron scattering yield of the Y and C sample.

The normalization factor Nc in Eq. (3) accounts

for TOF independent quantities such as the absolute

intensity of the incident neutron beam, the effective

sample area seen by the neutron beam, the absolute

detection efficiency, and the solid angle subtended by

the sample and the C6D6 detectors. This normaliza-

tion was performed by means of the saturated reso-

nance technique [46,47] using the 4.9 eV resonance in
197Au and the 1.151 keV resonance in 56Fe, at n TOF

and GELINA, respectively. The final uncertainty due

to this normalisation, including systematic effects due
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to the PHWT, is about 2% at GELINA and 3.52% at

n TOF.

The AGS (Analysis of Geel Spectra) package [48]

was used to process the GELINA data and derive the

experimental transmissions and capture yields. This pack-

age, which is available from the OECD/NEA data bank [49],

includes all basic spectrum operations and performs a

full uncertainty propagation accounting for both corre-

lated and uncorrelated uncertainty components starting

from uncorrelated uncertainties due to counting statis-

tics of the TOF-spectra. The AGS formalism, which

results in a substantial reduction of space for data stor-

age, is recommended by the International Nuclear Data

Committee (INDC) to store experimental data in the

EXFOR data base [50].

4 Results of a resonance shape analysis

Resonance parameters were derived from a resonance

shape analysis of the experimental data based on the

Reich-Moore approximation [51] of the R-matrix for-

malism [52]. The transmissions and capture yields ob-

tained from the measurements at GELINA were used

to derive parameters for individual resonances with an

energy below 95 keV using REFIT [53]. These param-

eters were verified by an analysis of the capture yield

determined at n TOF using SAMMY [54]. Both RE-

FIT and SAMMY are resonance shape analysis codes

which account for experimental effects such as Doppler

broadening, neutron self-shielding and multiple inter-

action, the response function of the TOF-spectrometer

and sample impurities.

The initial parameters including an effective scat-

tering radius of 6.7 fm were taken from the ENDF/B-

VIII.0 library. The free gas model, with an effective

temperature of Teff = 300 K, was applied to account

for the thermal motion of the sample atoms. The flight

path length of the capture system at GELINA was ad-

justed fixing the distance for the transmission data to

L = 47.669(4) m. This distance was derived from pre-

vious transmission experiments at the same measure-

ment station using the parameters recommended by

Derrien et al. [55]. The final parameters adjusted to

the GELINA data are given in Table 4.

For 86 resonances the resonance energy ER, cap-

ture kernelKγ and resonance strength gΓnwere derived.

For the other 26 resonances only the capture kernel

was adjusted fixing the neutron width to the one de-

fined by the initial parameters. For some resonances

it was possible to assign the spin and/or parity. For

these resonances the neutron Γn and radiation width

Γγ were derived. The quality of the fits is demonstrated

in Figs. 1, 2, 3 and 4, which compare the experimen-

tal and calculated transmissions and capture yields in

the region of the resonances at 5.71, 9.74, 13.01, 15.2

and 23.04 keV. Fig. 1 illustrates problems with the reso-

nance parameters in the evaluated data libraries for the

resonances at 5.71 and 13.0 keV. Fig. 2 shows the ca-

pability to determine the neutron angular momentum ℓ

for the resonance at 9.74 keV. A significant better fit is

obtained supposing ℓ = 0, as in JENDL-5.0 [23]), com-

parhttps://www.overleaf.com/project/625415879e4923314d2b9d09ed

to the ℓ = 1 assignment recommended in ENDF/B-

VIII.0 [25] and Mughabghab [26]. Unfortunately, for

this resonance the spin can not be unambiguously as-

signed. Fig.3 shows the data in the region of the p-wave

resonance at 23.0 keV. This figure shows a clear dif-

ference in the quality of the fit for a J=2 assignment

as in ENDF/B-VIII.0 [25] and Mughabghab [26] com-

pared to the J=1 assignment recommended in JENDL-

5.0[23]. Fig. 4 shows the results for the resonance at

15.2 keV. This resonance was assigned J=0, ℓ=0 by

Agrawal et al. [18] while Morgenstern et al. [15] assumes

a spin J = 1 for this s-wave resonance. Fig. 4 reveals

that the best fit is obtained if the resonance is consid-

ered as a doublet, with a p-wave resonance (ℓ=1) with

spin J = 1 and an s-wave resonance (ℓ=0) with spin

J=0. The p-wave character of the 3.38 keV resonance

was derived from the transmission profile. This shows

that making parity or spin assignments based on the

radiative width (or capture kernels) have to be taken

with care.

The n TOF data were used to determine capture

kernels for resonances with an energy below 40 keV. In

this analysis the neutron width was fixed to the one

derived from the fit to the GELINA data, while Γγ was

adjusted. An example of such an adjustment is shown

in the upper panel of Fig. 5. This figure compares for

the 9.735 keV and 23.037 keV resonances the capture

yield derived at n TOF with the yield calculated us-

ing the radiation width adjusted to the n TOF data

(dashed blue line) and the parameters derived from a

fit to the GELINA data (full red line). The capture ker-

nels derived from the n TOF data are fully consistent

with those derived from the experiment at GELINA.

This is illustrated in the bottom panel of Fig. 5, which

plots the ratio of kernels derived from the n TOF and

GELINA data as a function of the incident neutron en-

ergy. The average ratio of the kernels is 1.00, with a

standard deviation of 0.05.

As mentioned in the introduction, parameters of

individual resonances derived from experimental data

were previously reported in Refs. [15,17,18,21,22].

The ratio of the resonance energy derived from Agrawal et al. [18]

and the one derived from this work is plotted as a
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function of neutron energy in Fig.6. No clear energy

dependence is observed and the weighted average ra-

tio is 1.00088(2). Therefore, the resonance energies of

Agrawal et al. [18], which go up to 740 keV, can be

corrected by this factor such that they are relative to

those reported by Derrien et al. [55] for 238U.

Fig. 7 plots the ratio of the resonance strengths of

Refs.[15,17,18], Ref.[27] and Refs.[25,23] with the val-

ues derived in this work as a function of incident neu-

tron energy. The weighted average ratios are given in

Table 3. Fig. 7 together with the data in Table 3 show

that within uncertainties there is a good agreement be-

tween the strengths derived by Agrawal et al. [18] and

Morgenstern et al. [16] and those derived in this work.

The strengths reported by Camarda[17] are on average

lower by almost 25%. The values obtained in this work

are closer to those of JENDL-5.0[23] compared those of

ENDF/B-VIII.0[25].

The ratio of the capture kernels of Boldeman et

al. [22], Mughabghab [27] and the ones derived from

JENDL-5.0[23] and ENDF/B-VIII.0[25] with those de-

rived in this work are plotted in Fig. 8. The weighted

average ratios are given in Table 3. The results in Fig.8

and Table3 show that there is a very good agreement

between the values derived in this work and those of

Boldeman et al. [22]. The corrections applied by Mughabghab[27]

to the capture kernels of Boldeman et al. [22] result in

kernels that are on average underestimated by about

15%. The capture kernels derived from the JENDL-

5.0[23] library are in better agreement with those de-

rived in this work compared to the kernels obtained

from the ENDF/B-VIII.0[25] library.

Given the limitations in a clear spin and/or par-

ity assignment for a number of resonances, it is hard

to derive accurate average resonance parameters for a

given spin and parity group. The number of observed

resonances in this work leads to a combined s- and p-

wave spacing of about 850 eV (the actual spacing is

likely even smaller as we might miss a few weak reso-

nances). This value is significantly smaller compared to

the value 1035(30) eV resulting from the s- and p-wave

level spacings listed in Mughabghab’s compilation [27].

The average radiative widths of s- and p-wave reso-

nances derived from resonances with a firm spin as-

signment, 139(15)meV and 254(37)meV respectively,

are in a reasonable agreement with those in Ref. [27],

which are 134 meV and 300 meV.

5 Maxwellian averaged cross section

The abundances produced in the s-process in thermally

pulsing low-mass AGB stars can be estimated theo-

retically using MACS. The temperatures during the

Fig. 1 (Color online) Upper panels: experimental capture
yields obtained at GELINA; Lower panels: results of trans-
mission measurements performed at GELINA with the 7
squared layers 89Y sample, see Tab. 2. The results of R-
matrix fits are included (black lines); red and blue lines refer
to the calculated yields and transmissions using the resonance
parameters in JENDL-5.0 [23] and ENDF/B-VIII.0 [25], re-
spectively.

Table 3 Weighted average ratio of the resonance strength
gΓn and capture kernel K reported in Refs. [15,17,18,27,23,
25] and the values derived in this work (TW).

DATA,X gΓn(X)/gΓn(TW) K(X)/K(TW)

Morgestern et al. [15] 0.96 (3)
Camarda [17] 0.75 (2)
Agrawal et al. [18] 0.93 (2)

Mughabghab [27] 0.96 (1) 0.90 (2)
JENDL-5.0 [23] 0.964 (5) 1.150 (3)
ENDF/VII.0 [25] 0.819 (2) 0.948 (2)

He-shell burning episodes in AGB stars are about 90

and 250 MK, corresponding to energies of kT = 8 and

23 keV [28]. This range has to be extended to cover the

temperatures during C-shell burning in massive stars

corresponding to a kT of about 90 keV.

The MACS calculated from the data obtained in

this work are reported in Table 5 and shown in Fig. 9.

They were calculated from the capture kernels in Table

4 following the procedure proposed in [56,57]. The con-

tribution from resonances observed in this work were

complemented by a 1/v contribution that was normal-

ized to a cross section of 1280 (20)mb at 2200 m/s from

the 1981 compilation of Mughabghab et al. [27]. This



9

Fig. 2 (Color online) Upper panel: experimental capture
yields obtained at GELINA; Lower panels: results of trans-
mission measurements performed at GELINA with the thick
disc + 2 squared layers (middle) and the 7 squared layers
(lowest panel) 89Y samples, see Tab. 2. The results of R-
matrix fits are included. Full red lines refer to a fit with ℓ = 0,
J = 0; blue dash-dotted lines to a fit with ℓ = 1, J = 0.

value is given in the 2006 [26] and 2018 compilation [27].

The contribution due to neutron energies above 95 keV

was derived from the 89Y(n,γ) cross section in JENDL-

5.0 [23]. This contribution, which is specified in Table

5 and Fig. 9, is negligible for kT ≃ 10 keV, about 10%

for kT = 30 keV and 60% for kT = 90 keV. A possible

p-wave contribution from direct capture has been inves-

tigated using an approach similar to that in Ref. [58].

This contribution has been found small, (i.e. 0.5mb at

its maximum for kT = 100 keV) and was neglected. The

uncertainties in Table 5 are derived by only propagating

the uncertainties in Table 4 and an overall uncertainty

of 5% for the contribution of incident neutron energies

above 95 keV. The uncertainties in Table 4 have to be

Fig. 3 (Color online) Upper panel: experimental capture
yield obtained at GELINA; Lower panels: Results of trans-
mission measurements performed with the 2 squared layers
(middle) and the thick disk + 2 squared layers (lowest panel)
89Y samples, see Tab. 2. The results of R-matrix fits are in-
cluded. See text for the details.

combined with a normalisation uncertainty of the cap-

ture data, which is about 2% [43].

The MACSs for which the contribution from neu-

tron energies lower than 95 keV is estimated to be more

than about 97% (i.e. MACS for kT ≤ 20 keV) are shown

in the right panel of Fig. 9. The values derived from the

experiments presented in this work are compared with

those derived from the energy dependent cross sections

in ENDF/B-VIII.0 [25] and JENDL-5.0l[23]. The best

agreement is obtained with the MACS derived from the

JENDL-5.0 library. Given the results in Fig. 9 and the

discussion on the resonance parameters in section 4,

the89Y(n,γ) cross section recommended in JENDL-5.0
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Fig. 4 (Color online) Panel (a): experimental capture yield
obtained at GELINA; Lower panels: results of transmission
measurements performed at GELINA with 2 squared layers
(b), the thick disk (c) and the 7 squared layers (d) 89Y sam-
ples, see Tab. 2. The results of R-matrix fits are included.
Dash-dotted red lines refer to the fit with ℓ = 0, J = 1; blue
dashed lines to ℓ = 0, J = 0; full black lines to the fit with
two resonances with ℓ = 0, J = 0 and ℓ = 1, J = 1.

was used to calculate the contribution for neutron en-

ergies above 95 keV.

The ratio of the MACS recommended in the KADo-

NIS data base [33] and those obtained in this work (Ta-

ble 5) is shown in Fig.10. The recommended MACS

are derived from the capture cross section in ENDF/B-

VII.1 normalised to the MACS = 20.1 (6) mb at kT =

30 keV. The latter is obtained by correcting the results

of activation measurements performed by Käppeler et

al. [29] for a bias in the 197Au(n,γ) cross section that

was used in Ref. [29] to normalise the data. The MACS

at kT = 30 keV differ by about 7% which is almost

twice the combined uncertainty of 4.6%. Fig.10 shows

Fig. 5 (Color online) Upper panels: experimental capture
yields obtained at n TOF. The results of R-matrix fits (with
the as Γγ free parameter) to these yields are represented by a
blue dashed line. The red full line is the theoretical yield using
the resonance parameters derived from the GELINA data; see
text for details. Lower panel: Ratio of the capture kernels ex-
tracted from the n TOF (SAMMY code) and GELINA (RE-
FIT code) data as a function of the resonance energy.

that within the uncertainties, which are dominated by

those of the recommended values, the MACS reported

in this work are consistent with those of Ref. [33].

A stellar model for a 2 M⊙ star, with metallicity rep-

resentative of the Galactic disk (Z = 0.01), was com-

puted to assess the impact of the MACS determined

in this work on the s-process nucleosynthesis in low-

mass AGB stars. Then, we compared the correspond-

ing surface distribution to the same model, but com-

puted with the MACS recommended in the KaDoNIS

v1.0 database. Simulations were performed with the

FuNS code [59], [60], [61]. In low-mass AGB stars,

the production of heavy elements mainly proceeds via

the capture of free neutrons released by the 13C(α,

n)16O reaction. In AGB stars with near-solar metallic-

ity, this reaction can be activated in both radiatively-

stable and/or convectively-unstable inner stellar lay-

ers (e.g., [62]). The nuclear-processed material is then

gradually carried to the stellar surface through recur-

sive mixing episodes, known as third dredge-ups (TDUs,

see, e.g., [5]). After each TDU, the stellar envelope

becomes increasingly enriched in heavy s-process ele-

ments. The neutron burst induced by convective 13C-

burning, which occurs at relatively high temperatures

(kT 20 keV), may affect the heavy element nucle-
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Fig. 6 Ratio of the resonance energy from Ref. [18] and the
one derived in this work as a function of the resonance energy
energy.

osynthesis only for the first few TDU episodes. This is

clearly visible in the upper panel of Fig.11, which de-

picts the situation at the 5th TDU episode. While the
89Y production is marginally affected by the adoption

of the small changes in the MACS, the surface abun-

dance of heavier isotopes shows a more pronounced de-

crease. This is due to the lower MACS for 89Y(n,γ) in

the energy region where the convective 13C burning oc-

curs. As a consequence, a maximum decrease of about

10% is obtained. This difference, however, is progres-

sively erased through the following AGB phase, during

which the neutron burst induced by the main 13C radia-

tive burning, which takes place at lower temperatures

(kT ∼ 8 keV, see [63]), dominates the heavy element

nucleosynthesis. As a matter of fact, variations lower

than 5% are found at the last (12th) TDU (lower panel

of Fig.11). During late TDUs ,in fact, the production

of heavy elements only occurs during the radiative 13C

burning, thus at temperatures where the MACS derived

in this work confirms previous available data (see Fig.9)

and calculation related to AGB stars evolution.

Fig. 7 Upper panel: Ratio of the resonance strength gΓn

from Ref. [15][17][18] and the one derived in this work (TW)
(upper panel), from Ref. [27] and the one derived in this work
(TW) (center panel), from Ref. [24][23] and the one derived
in this work (TW) (bottom panel) as a function of neutron
energy.

6 Conclusions

High resolution cross section measurements were car-

ried out at the time-of-flight facilities GELINA and

n TOF using metallic samples of 89Y. The REFIT code

was used to derive resonance parameters for neutron

interactions with 89Y for incident neutron energies up

to 95 keV from a simultaneous analysis of transmission

and capture yield data. These parameters are fully con-

sistent with the capture yield data derived at n TOF.

Thanks to the combination of experimental data ob-

tained in different experimental conditions at these TOF-

facilities, bias effects due to the TOF response function,

the normalization of capture data and the background

contributions are reduced. The resonance energies and

strengths derived in this work are in good agreement

with the results of transmission measurements reported
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Fig. 8 Ratio of the capture kernel K from Ref. [22] and the
one derived in this work (TW) (upper panel), from Ref. [27]
and the one derived in this work (TW) (center panel), from
Ref. [24][23] and the one derived in this work (TW) (bottom
panel)as a function of neutron energy.

by Agrawal et al. [18]. The capture kernels derived in

this work are fully consistent with those resulting from

the work of Boldeman et al. [22], which are the only

capture experiments in the resolved resonance region

for 89Y that were reported in the literature. In this work

kernels were derived up to an energy of 95 keV, while

those in Ref.[22] are limited to 47 keV. Hence, the re-

sults obtained in this work together with the transmis-

sion data of Agrawal et al. [18] and Raman [21], which

are up to now the only data available in the EXFOR

data library, can be used for a new evaluation of neu-

tron interactions with 89Y based on a resonance shape

analysis of traceable experimental data and extend the

resolved resonance region.

The capture kernels of the 112 resonances comple-

mented with the 89Y(n,γ) cross section at thermal en-

ergy and the one in JENDL-5.0[23] for neutron energies

Fig. 9 (Color online) Left panel: Relative contribution of
the energy range up to 95 keV to the MACS as a function of
thermal energy; Right panel: MACSs as a function of ther-
mal energy, present data (full circles) are compared with the
ENDF/B.VIII-0 [25] and JENDL-5.0 [23] libraries.

above 95 keV were used to calculated MACS at differ-

ent temperatures of the Maxwellian distribution. They

are within uncertainties consistent with those recom-

mended in the astrophysical database KADoNiS [33]

and support the results of stellar model calculations

obtained with these recommended values.

Acknowledgements This research was funded by the Euro-
pean Community Seventh Framework Programme FP7/2007-
2011 under the Project CHANDA (Grant No. 605203), by the
European Commission within HORIZON2020 via the EU-
RATOM project EUFRAT for transnational access and by
the funding agencies of the participating institutes.

Appendix A: List of mishaps in evaluated data

libraries

In JENDL-5.0 [23]

1. The neutron width Γn for the 7483 eV resonance is

given as 0.654 eV and should be 65.4 eV.

In ENDF [25] and JEFF-3.3 [24]

1. There is a group of resonances, i.e. the resonances

at 51703, 52035, 55330, 56582, 62459, 69070, 74490,
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Fig. 10 (Color online) Ratio of the MACS recommended in
the KADoNIS library [33] and those obtained in this work
as a function of kT. The uncertainties are the combined un-
certainties which are dominated by the uncertainties of the
recommended values.

75107, 75977, 83180, 85210, 89173, and 94125 eV,

with neutron widths that are reduced by a factor

1000, e.g. the Γn for the 51703 eV resonance is given

as 0.06 eV and should be 60 eV.

2. The energy for the 53865 eV resonance is given as
52865 eV.
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Table 4 Resonance parameters derived from a fit to the
GELINA data. The quoted uncertainties are only due to prop-
agating counting statistics uncertainties.

ER ℓ J Γγ Γn K gΓn

(eV) (meV) (eV) (meV) (eV)

2597.39(2) 0 1 97(4) 0.790(9) 64.7(2) 0.593(7)
2608.02(1) 1 1 473(16) 1.56(1) 272(7) 1.17(1)
3381.37(1) 1 52.5(2) 0.274(6)
4778.3(1) 1 2 821(360) 0.022(1) 26.5(14) 0.027(1)
5714.3(1) 93(3) 0.199(1)
7501.9(2) 0 0 72(2) 58.8(4) 18.1(4) 14.7(1)
9418.1(1) 1 116(4) 2.70(1)
9735.99(1) 0 80(1) 0.8(1)
10732.2(3) 19.0(15) 0.17(2)
11583.8(2) 0 0 126(1) 83(1) 31.5(2) 20.8(1)
11586.63(1) 1 161(2) 6.71(1)
13007.2(1) 1 213(2) 7.01(2)
13804.7(3) 0 71(3) 1.03(9)
14075.6(2) 6.4(9) 0.007(1)
14225.73(4) 93(3) 2.03(6)
14535.70(2) 83(6) 0.187(2)
15209.6(1) 0 0 206(19) 58(3) 51(5) 14.6(6)
15216.9(1) 1 1 16(4) 9.0(4) 12(3) 6.7(3)
16591(1) 9.3(12)
17120.1(9) 23(3)
18587(2) 13(2)
20302.2(2) 1 149(4) 3.3(2)
22125(1) 38(8)
23036.85(3) 1 2 236(3) 25.8(4) 292(4) 32.2(6)
23665(2) 27(3) 1.2(2)
24097(2) 4(2) 2.8(4)
24141(2) 30(5) 3.3(7)
24174.9(1) 1 80(7) 11(1)
24579(2) 1 17(5) 4.2(5)
24619.5(5) 1 2 242(8) 33.1(6) 300(10) 41.3(7)
26427(2) 22(1) 13.8(3)
26779(4) 11(1) 0.9(2)
26901(1) 64(3) 3.1(3)
28175.8(7) 1 264(8) 5.8(4)
29316.3(6) 1 2 200(2) 60.4(8) 250(3) 76(1)
29577(1) 0 1 163(5) 89(1) 122(4) 66(1)
30123(1) 1 1 276(5) 41.0(9) 205(4) 30.8(7)
32905(1) 109(3) 12.1(6)
33479(2) 67(18)
34811(1) 1 1 150(9) 91(2) 112(7) 68(1)
35469(7) 16(7) 2.1(9)
35501(5) 49(26) 10(1)
36893(4) 30(8)
37082(6) 21(6)
38030(2) 98(8) 8.2(9)
38278(2) 1 211(18) 17(2)
38323(2) 94(11) 5.5(8)
38864(5) 29(7)
40975(2) 131(10) 12.2(9)
41497(5) 44(7)
42091(2) 0 1 120(3) 84(2) 90(3) 63(2)
42342(8) 25(7)
42687(3) 93(6) 2.4(8)
44361(4) 44(14)
45707(5) 42(12)
46071(3) 87(15)
50243(2) 195(10) 3.3(2)
50593(5) 52(8)
51662(2) 1 2 279(16) 39(1) 347(19) 49(2)
52072(2) 88(13) 32(2)
52136(5) 79(14) 9(2)
52895(13) 0 0 141(83) 867(35) 35(20) 217(9)
53828(3) 0 1 264(25) 30(2) 196(19) 22(2)
55295(3) 1 233(6) 33(2)

Table 4 (continued)

56061(4) 0 1 81(3) 49(4) 61(2) 37(3)
56286(4) 1 178(7) 54(3)
56363(7) 80(7) 16(3)
56540(3) 1 2 179(9) 5(2) 217(11) 7(2)
58984(4) 84(14)
61098(4) 116(30)
61653(3) 205(16) 13(2)
62429(6) 1 1 359(19) 166(12) 268(13) 125(9)
62629(3) 1 2 118(6) 116(6) 147(7) 146(7)
63016(9) 65(13) 2.8(17)
64617(4) 0 1 206(6) 44(3) 154(5) 33(2)
65410(4) 1 116(13) 63(3)
65894(8) 73(14)
67585(2) 30(9) 2.3(14)
67746(4) 0 1 96(23) 117(5) 72(17) 87(4)
68559(3) 1 190(2) 167(4)
69009(14) 32(13)
69749(6) 102(5) 12.6(2)
70477(1) 1 1 457(10) 105(5) 341(7) 79(4)
71443(20) 28(12)
72043(8) 82(27)
74434(6) 153(10) 7(2)
74628(9) 64(28)
75042(4) 202(19) 12(3)
75248(18) 10(3) 10(3)
75679(7) 1 228(28) 137(8)
75908(8) 190(18) 12(5)
76161(6) 107(8) 98(5)
76631(8) 36(2) 13(2)
76932(4) 267(27) 137(6)
77163(20) 73(30) 57(7)
77278(19) 42(22)
78893(9) 123(35)
79474(11) 85(19)
82858(17) 47(21) 12(3)
83091(15) 83(42) 9.9(15)
83119(22) 173(64) 190(13)
83475(5) 228(27) 82(8)
84776(8) 42(16)
85163(8) 174(33) 30(3)
85382(7) 542(48) 183(9)
87308(15) 68(25)
89189(26) 52(17) 3.4(21)
89795(5) 345(9) 231(8)
91082(11) 131(11) 7(4)
91716(6) 254(12) 17(4)
92483(8) 238(8) 129(8)
94038(7) 264(25) 19(4)
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Table 5 MACSs for kT from 5 to 100 keV. The contribution
from the capture kernels of observed resonances plus a 1/v-
contribution is given in the second column. The contribution
for energies above 95 keV is calculated from cross section data
in the JENDL-5.0 library [23]. This contribution is given in
the third column. The total MACSs derived from experimen-
tal data complemented with the contribution obtained from
the JENDL-5.0 library is presented in the last column.

kT kernels + 1/v JENDL-5.0 Total MACS
En < 95 keV En > 95 keV full range

(keV) (mb) (mb) (mb)

5 72.2(36) ≈10−2 72.2(36)
8 49.5(21) ≈10−2 49.5(21)
10 41.4(17) 0.1 41.5(17)
15 30.2(11) 0.2 30.4(11)
20 24.1(9) 0.6 24.7(9)
23 21.4(8) 1.0 22.4(8)
25 20.0(7) 1.3 21.3(8)
30 17.0(6) 2.1 19.1(7)
35 14.7(5) 2.9 17.6(6)
40 12.8(5) 3.6 16.4(6)
45 11.3(4) 4.3 15.6(6)
50 10.0(4) 4.9 14.9(6)
55 9.0(3) 5.4 14.4(5)
60 8.1(3) 5.8 13.9(5)
70 6.7(2) 6.5 13.2(5)
80 5.6(2) 7.0 12.6(5)
90 4.8(2) 7.3 12.1(5)
100 4.1(1) 7.5 11.6(4)
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