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Experimentally constrained 165,166Ho(n, γ ) rates and implications for the s process
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The γ -ray strength function and the nuclear level density of 167Ho have been extracted using the Oslo method
from a 164Dy(α, pγ ) 167Ho experiment carried out at the Oslo Cyclotron Laboratory. The level density displays
a shape that is compatible with the constant temperature model in the quasicontinuum, while the strength
function shows structures indicating the presence of both a scissors resonance and a pygmy dipole resonance.
Using our present results as well as data from a previous 163Dy(α, pγ ) 166Ho experiment, the 165Ho(n, γ ) and
166Ho(n, γ ) eellian-averaged cross section (MACS) uncertainties have been constrained. The possible influence
of the low-lying, long-lived 6 keV isomer 166Ho in the s process is investigated in the context of a 2M�,
[Fe/H] = −0.5 asymptotic giant branch star. We show that the newly obtained 165Ho(n, γ ) MACS affects the
final 165Ho abundance, while the 166Ho(n, γ ) MACS only impacts the enrichment of 166,167Er to a limited degree
due to the relatively rapid β decay of the thermalized 166Ho at typical s-process temperatures.
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I. INTRODUCTION AND MOTIVATION

The two main mechanisms responsible for the creation of
elements heavier than iron in the universe are the s and the
r processes, standing for slow and rapid neutron-capture pro-
cess, respectively [1,2]. The r process lasts for a few seconds
and involves neutron densities of Nn � 1020 cm−3 (see, e.g.,
Ref. [3]). Such extremely high neutron densities will create
very exotic, neutron-rich nuclei close to the neutron drip line,
and will eventually β decay to stability when the neutron flux
is exhausted.

In contrast, the s process involves neutron densities of
Nn � 1010 cm−3 and may last for thousands of years during
the asymptotic giant branch (AGB) phase of low-mass stars
[4]. At these low neutron densities, neutron captures usually
take place on stable or very long-lived nuclei, as the neutron-
capture timescale is longer than the one for the β decay
for most of the unstable nuclei. This means that s-process
nucleosynthesis follows a relatively narrow path along the
valley of β stability up to Pb and Bi. However, some β-
unstable neutron-rich nuclei have longer lifetimes than others,
and if their lifetimes are comparable to the average timescale
for neutron capture, they become so-called branching points
along the s-process path. In these cases, astrophysical condi-
tions such as neutron density and temperature may influence
the specific path the s process takes, and a precise knowledge

*francesco.pogliano@fys.uio.no
†a.c.larsen@fys.uio.no

of the nuclear properties of the involved nuclei is paramount
for the correct description of the nucleosynthesis flow [4].
Examples of s-process branching points include 85Kr and
151Sm, where their location in the nuclear chart in between
two stable nuclei gives separable branches that the reaction
flow may follow (see Ref. [4] and references therein).

One case of interest is the odd-odd 166Ho. As 165Ho is the
only stable isotope of this element, 166Ho is made during the
s process. Although its ground state β decays to 166Er rather
fast (T1/2 ≈ 26 h), 166Ho has a very low-lying (Ex ≈ 6 keV)
7− isomeric state that also β decays to 166Er, but with a much
longer half-life of about 1200 years [5]. This half-life is on
the same timescale as the s process, which means that this
branching could affect the final abundance of 165Ho as well as
the isotopic abundance ratio of 166Er / 167Er.

Assuming 166Ho to be thermalized under typical s-process
conditions (which should be a valid assumption according
to Misch et al. [6]), the correct estimate of its impact re-
quires knowledge of various nuclear properties, such as the
165Ho(n, γ ) reaction rate, the 166Ho(n, γ ) reaction rate, and
the 166Ho β-decay rate. While the latter has been estimated
by Takahashi and Yokoi [7], the 165Ho(n, γ ) cross section has
been measured directly [8]. In addition, both neutron-capture
rates can be indirectly derived from experimentally extracted
nuclear level densities and γ -strength functions for 166Ho and
167Ho using the Hauser-Feshbach formalism [9–11].

In this work, we aim at clarifying the impact of 166Ho on
the s process by using experimentally constrained 165Ho(n, γ )
and 166Ho(n, γ ) rates in s-process simulations. In Sec. II
we present the results of the 164Dy(α, pγ ) 167Ho experiment
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carried out at the Oslo Cyclotron Laboratory. Using the Oslo
method, we are able to extract the level density and γ strength
function, which are used as input to calculate the 166Ho(n, γ )
Maxwellian-averaged cross sections as described in Sec. III.
In Sec. IV, s-process calculations in AGB stars are performed,
and the impact of the newly derived neutron-capture rates on
the final abundances is discussed.

II. EXTRACTION OF THE NUCLEAR LEVEL DENSITY
AND THE γ-RAY STRENGTH FUNCTION

While nuclear energy levels and reduced transition prob-
abilities can be measured within the discrete region using
spectroscopy methods, this task becomes increasingly diffi-
cult when going higher up in excitation energy. Here, levels
become so close to each other that it is very difficult to
distinguish them experimentally. When the mean level spac-
ing D becomes so small that D−1 � 50–200 MeV−1, the
nuclear properties are better described in terms of average
statistical quantities: the nuclear level density (NLD) and the
γ -ray strength function (GSF). These two quantities, apart
from being essential ingredients to calculate neutron-capture
rates within the Hauser-Feschbach framework [9], may also
reveal collective effects in the nucleus of interest for nuclear
structure. The total NLD for all spins and both parities is
usually written as ρ(Ex ) and gives information on the number
of energy levels per excitation-energy bin. The GSF, written
as f XL, gives information on the electromagnetic response of
the nucleus and the probabilities for γ decay of electric or
magnetic character X and multipolarity L. The GSF is defined
as [12]

f XL(Ex, Eγ , J, π ) =
〈
�XL

γ (Ex, Eγ , J, π )
〉

D(Ex, Eγ , J, π )E2L+1
γ

, (1)

where Ex is the initial excitation energy, Eγ is the transition
energy, J is the angular momentum, π is the parity, 〈�XL

γ 〉 is
the average partial γ -decay width, and D is the mean level
spacing for the specific class of quantum levels considered
in the average. The partial width 〈�XL

γ 〉 can be related to the
transmission coefficient T XL by [13]

〈
�XL

γ (Ex, Eγ , J, π )
〉 = T XL(Ex, Eγ , J, π )

D(Ex, Eγ , J, π )

2π
.

(2)

By joining Eqs. (1) and (2), the transmission coefficient T XL

and the GSF f XL can be related through

f XL(Ex, Eγ , J, π ) = T XL(Ex, Eγ , J, π )

2πE2L+1
γ

. (3)

Here, Ex, J , and π may be averaged out using the generalized
Brink-Axel hypothesis [14,15], shown to hold for Dy nuclei
[16], and it is usually sufficient to consider dipole radiations
E1 and M1 that dominate in the quasicontinuum region (see,
e.g., Ref. [17]). These two assumptions simplify Eq. (3) to

f (Eγ ) = T (Eγ )

2πE3
γ

. (4)

The NLD and the GSF can be extracted from experimental
data using the Oslo method. In the following we go through
the experimental setup, the experiment itself and a brief de-
scription of the data analysis method.

A. Experimental setup

The experiment was carried out at the Oslo Cyclotron
Laboratory in October 2022 and aimed at measuring p-γ
coincidences from the 164Dy(α, pγ ) 167Ho reaction. A beam
of α particles with ≈1.3 nA intensity was accelerated to
26 MeV by the MC-35 Scanditronix cyclotron, and the beam
impinged on a 164Dy self-supporting target, 1.73 mg/cm2

thick and with 98.5% enrichment. The target was placed in
the center of the Oslo SCintillator ARray (OSCAR) and the
Silicon Ring (SiRi) detector arrays, which recorded particle-γ
coincidences. OSCAR [18,19] is an array of 30 cylindrical
(3.5 in. × 8.0 in.) LaBr3(Ce) scintillator detectors mounted
on a truncated icosahedron frame, with an energy resolution
of 2.7% full-width half maximum at Eγ = 662 keV and a
prompt timing peak with time resolution of ≈1.8 ns (standard
deviation) for this experiment. SiRi [20] is a �E -E parti-
cle telescope array, which consists of eight silicon-telescope
modules in a ring configuration covering 126◦–140◦ (cor-
responding to about 6% of 4π ) in backward angles. Each
module consists of a thick (1550 µm) E back detector and
a thin (130 µm) �E front detector. Each front detector is
segmented in eight strips covering about 2◦ each, while the
back detector is not segmented. The different energies de-
posited in the E and �E detectors allow us to discriminate
between different ejectiles, so that the data from the (α, p)
channel could be selected. The specific reaction kinematics
allows us to calculate the excitation energy Ex the residual
nucleus is left in, and associate this to its corresponding γ

spectrum. By plotting the detected γ rays against Ex we obtain
a matrix called the coincidence matrix, which is the starting
point for extracting the NLD and the GSF using the Oslo
method.

B. The Oslo method and normalization details

The γ rays measured with OSCAR will inevitably be
convoluted with the detector response [19]. The unfold-
ing procedure [25] helps us correct for this convolution,
and obtain a γ -ray spectrum for the full-energy peaks
only. From the unfolded spectra we can obtain the first-
generation γ rays using the weighted subtraction technique by
Guttormsen et al. [26].

By inspection of the first-generation matrix, we may select
the region coinciding with the quasicontinuum, in this case
between Ex = 4.5 and 7.0 MeV, and limiting the γ rays to
Eγ > 1.2 MeV. From Fermi’s golden rule [27,28], we may
express the γ -decay probability P(Eγ , Ex ) for a nucleus at
excitation energy Ex to emit a γ ray of energy Eγ as [29]

P(Eγ , Ex ) ∝ T (Eγ )ρ(Ex − Eγ ). (5)

Using a global χ2 minimization technique described in
Ref. [29], we are then able to extract the functional shape
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TABLE I. Parameters used for the 167Ho NLD and GSF normalizations. The parameters E0 and TCT are determined from a fit to our data
points at high Ex together with the calculated ρ(Sn) value. The D0 and 〈�γ 〉 values are taken from Ref. [21], but with an uncertainty estimation
as described in the text. The two values for the spin-cutoff parameter σ 2

I (Sn) are from the FG formula [22] and from the RMI formula [23] (see
text and Ref. [24]).

E0 (MeV) TCT (MeV) D0 (eV) It σ 2
I (FG) σ 2

I (RMI) σ 2
d 〈�γ 〉 (meV)

−1.836 0.620 2.32(77) 7 5.68 7.10 2.96 89(9)

of the NLD and the GSF from the selected region in the
first-generation matrix. Thus we obtain the solutions

ρ̃(Ex − Eγ ) = Aeα(Ex−Eγ )ρ(Ex − Eγ ), (6a)

T̃ (Eγ ) = BeαEγ T (Eγ ), (6b)

where A, B, and α are free parameters, and any choice of them
gives an equally good fit to the first-generation matrix. To
determine these parameters, we must make use of the known
discrete energy levels at low Ex and the level density at the
neutron separation energy Sn for the level density, and the
average total radiative width 〈�γ 〉 for the strength function
[30].

The discrete energy levels are readily available at NUDAT
[31], while the value of ρ(Sn) can be calculated from the
measured level spacing D0 of s-wave neutron resonances and
the spin-cutoff parameter σ 2

I at Sn by [29]

ρ(Sn) = 2σ 2
I

D0
[
(It + 1)e−(It +1)2/2σ 2

I + It e−I2
t /2σ 2

I

] , (7)

where It is the spin of the A − 1 isotope that is the target in the
neutron-resonance experiment.

As our level-density data points do not reach ρ(Sn) due
to the lower limit on Eγ , the data has to be extrapolated up
to Sn. The choice of extrapolation function is usually not
important given that the lower Eγ is not too large. Typically
the extrapolation is done with either the back-shifted Fermi
gas (BSFG) model [22,32],

ρFG(Ex ) = exp(2
√

aU )

12
√

2a1/4U 5/4σI

, (8)

or the constant-temperature (CT) model [22,33],

ρCT(Ex ) = 1

TCT
exp

(
Ex − E0

TCT

)
, (9)

where U = Ex − E1. Here a, E1, E0, and TCT are fitting pa-
rameters. For 167Ho, the CT model was observed to fit the
data at higher Ex better than the BSFG one, and the values for
E0 and TCT were found to be −1.836 MeV and 0.620 MeV,
respectively.

The value of D0 can be retrieved from the Atlas of Neutron
Resonances [21], where a calculated value of D0 = 2.32 eV is
provided using the long-lived 7− isomer as target for thermal
neutron capture. The only unknown left to calculate the level
density at Sn using Eq. (7) is the spin-cutoff parameter at Sn.
For this reason the normalization procedure used for 167Ho
closely resembles the one used for 166Ho in Ref. [24] except
for the fact that the CT model was used instead of the BSFG.

The choice of σ 2
I is model dependent, as there is no exper-

imental data on the spin distribution for all accessible spins at

Sn for these nuclei. Two widely used models are the rigid body
of inertia formula as applied by von Egidy and Bucurescu [23]
(here labeled RMI), or the Gilbert and Cameron approach [22]
(here labeled FG). We have no reason to prefer one against the
other, so we let σ 2

I vary between the FG value of σI = 5.68
and the RMI value of σI = 7.10. We assume that the error in
ρ(Sn) is evenly distributed between the two σ 2

I values, and
otherwise decided by the uncertainty associated to the D0

value. Unfortunately, the Atlas of Neutron Resonances [21]
does not provide an uncertainty to its recommended value.
Considering that there are three measured neutron resonances,
Nr = 3, the uncertainty was estimated to be 33% using the
�D0/D0 = 1/Nr formula from RIPL3 [34]. For the σ 2

I de-
pendence on excitation energy, we follow Refs. [34,35] and
assume σ 2(Ex ) to be linearly dependent with respect to the
excitation energy:

σ 2(Ex ) = σ 2
d + Ex − Ed

Sn − Ed

[
σ 2

I − σ 2
d

]
, (10)

where σ 2
d is the spin-cutoff parameter at a low excita-

tion energy Ed . In our case, σ 2
d was found to be 2.96

at Ed = 0.220 MeV. The fit of the NLD to the discrete levels
is done in a similar way as in Refs. [24,36], where we chose
the Ex interval with the most complete level scheme.

FIG. 1. The normalized NLD compared to the theoretical models
used in TALYS 1.96 [10]. For an overview of the models and refer-
ences, see text. The error bars indicate the statistical and systematic
uncertainties from the Oslo method, and the uncertainty band shows
the systematic errors from the normalization procedure. The vertical,
pink-shaded band (light grey) indicates the region used for fitting the
extracted NLD to the known levels of 167Ho from Ref. [31].
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FIG. 2. The normalized GSF compared to the theoretical models
used in TALYS 1.96 [10]. For all the E1 models listed in the plot,
the M1 SMLO [37] was added, except for the D1M+QRPA-0lim E1
model, where the corresponding D1M+QRPA-0lim M1 was used
[38]. See text for an overview of the models and their references.
Uncertainties are as in Fig. 1.

For the normalization of the GSF we use the average, total
radiative width 〈�γ 〉 [30], also available in the Atlas of Neutron
Resonances, where it is given as 88.5 meV [21]. Again, the
uncertainty in this quantity is not provided, but the value of
〈�γ 〉 is quite similar for neighboring rare-earth nuclei; from
systematics of these 〈�γ 〉 values we estimate the uncertainty
to be 10%, therefore we have used 〈�γ 〉 = 89(9) meV. We
use the same method as in Refs. [24,36] in order to propagate
the systematic and statistical uncertainties from the fitting
parameters to the normalized GSF. An overview of all the
values used for the NLD and GSF normalizations can be found
in Table I, and the normalized NLD and GSF are displayed in
Figs. 1 and 2 respectively.

C. Level density and strength function

The normalized level density is compared with TALYS [10]
models in Fig. 1. The models used in the comparison are

(1) The constant-temperature plus Fermi gas model
(CTM) [22].

(2) The back-shifted Fermi gas model (BSFG) [22,32].
(3) The generalised superfluid model (GSM) [39,40].
(4) The Skyrme-Hartree-Fock-Bogolyubov plus statistical

model (HFB+Stat), tables from Ref. [41].
(5) The Hartree-Fock-Bogoluybov plus combinatorial

model (HFB+comb), tables from Ref. [42].
(6) The temperature-dependent Gogny-Hartree-Fock-

Bogolyubov model (THFB+comb) [43].

In general, the models do not agree very well with the
data at low excitation energies, but the agreement improves
somewhat for Ex � 5 MeV.

The comparison between the extracted GSF and the TALYS

models can be seen in Fig. 2. The models here include both
E1 and M1 radiation. The E1 models used are

(1) The Kopecky-Uhl generalized Lorentzian (GLO) [17].
(2) The Brink-Axel standard Lorentzian (SLO) [15,44].
(3) The Hartree-Fock-BCS plus QRPA (quasiparticle

random-phase approximation) tables based on the
SLy4 interaction (SLy4+QRPA) [45].

(4) The HFB plus QRPA calculation based on the BSk7
interaction (BSk7+QRPA) [46].

(5) The hybrid model (Hybrid) [47].
(6) The BSk7+QRPA model with T -dependent width

(BSk7T+QRPA) [46].
(7) The relativistic mean field plus continuum QRPA

calculation with T -dependent width (RMF+cQRPA)
[48].

(8) The Gogny-HFB plus QRPA calculation com-
plemented by low-energy enhancement (D1M+
QRPA+0lim) [38].

(9) The simplified modified Lorentzian (SMLO) [37].

For the M1 strength component, the default M1 SMLO
model [37] with upbend was used, except for D1M+QRPA
where the corresponding M1 strength was used [38].

We note that most models predict a structure centered at
≈3 MeV on the tail of the giant electric dipole resonance
(GEDR) compatible with an M1 scissors resonance (SR) [49],
although our experimental results do not match their predicted
magnitude. The structure at ≈6 MeV can be interpreted as
the E1 pygmy dipole resonance [50,51] (PDR), but here we
should be careful as the poor statistics from the experiment
leads to rather big statistical uncertainties. The D1M+QRPA
model [38] and the simplified modified Lorentzian [37] do
the best job at predicting the GSF as they have the correct
magnitude, although none of them reproduce the two observed
resonancelike structures.

The Oslo method does not allow to distinguish between E1
and M1 radiation. Therefore, to extract, e.g., the SR integrated
strength, the GSF is modeled using empirical functions and
data from neighboring nuclei. The giant dipole resonance
(GEDR) is known to be of E1 character and expected to be
double-peaked for a deformed nucleus [52,53]. We therefore
model the GEDR with two Lorentzian-type functions using
the generalized Lorentzian (GLO) function by Kopecky and
Uhl [17]:

f GLO(Eγ )

=
2∑

i=1

σ0,i�0,i

3π2h̄2c2

⎛
⎝ Eγ �K (Eγ , Tf )(

E2
γ − E2

0,i

)2 + E2
γ �2

K

+ 0.7
�K (0, Tf )

E3
0,i

⎞
⎠,

(11)

where

�K (Eγ , Tf ) = �0,i

E2
0,i

(
E2

γ + 4π2T 2
f

)
(12)

and �K,0 = �K (0, Tf ). Here E0,i, �0,i, σ0,i and Tf are param-
eters representing the energy centroid, the width, the peak
cross section of each peak (i = 1, 2), and the temperature of
the final levels, respectively. The functions are fitted to the
neighboring 165Ho GEDR data, as this is the closest nucleus
with experimental GEDR data available, measured by Berman
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TABLE II. The parameters used in the fit functions shown in Fig. 3.

Tf E0,s �0,s σ0,s BSR

Function (MeV) (MeV) (MeV) (mb) (μ2
I )

GEDR1 0.72(1) 12.34(1) 3.17(3) 337(1) –
GEDR2 – 14.78(1) 1.85(3) 196(2) –
PDR – 6.11(5) 1.20(3) 8.0(6) –
SRSLO – 3.19(5) 0.87(11) 0.72(7) 6.3(10)
SRexp – – – – 4.0(7)

et al. [54] and Bergere et al. [55]. However, we chose to
apply the more recent reanalysis and evaluation of the two
experiments from Varlamov et al. [56].

The PDR and the SR are fitted by a standard Lorentzian
(SLO), defined as

f SLO(Eγ ) = 1

3π2h̄2c2

σs�
2
s Eγ(

E2
γ − E2

s

)2 + E2
γ �2

s

, (13)

where Es, �s, and σs are the resonance parameters repre-
senting the energy centroid, the width, and the peak cross
section. We see that the data are modeled relatively well,
considering the above-mentioned big uncertainties concerning
the pygmylike structure at Eγ ≈ 6 MeV. The fit to the data
allows for a clear separation between the contributions from
the scissors and the pygmylike structures from the GEDR tail,
and determining their respective strengths. The spin-flip M1
resonance is also probably present, but its expected contribu-
tion centered around 8 MeV has likely a magnitude far below
the E1 contribution, so that we did not include it in the fit. All
the fitting parameters are listed in Table II.

Of certain interest is the integrated upward SR strength BSR

that can be expressed as

BSR = (3h̄c)3

16π

∫
fSR(Eγ )dEγ , (14)

FIG. 3. The normalized GSF and the fit to the data using the
empirical functions described in the text. The 165Ho GEDR data from
Varlamov et al. [56] are used fit the GEDR. The dotted line shows the
theoretical QRPA predictions for the M1 GSF from Ref. [57].

FIG. 4. Estimation of the E1 strength using a simple exponential
passing through two points of the GSF (see text). Data points from
this work are shown as black points, while the red line is the modeled
E1 strength, and the blue area shows the residual strength.

where fSR is the function describing the SR. This function
could, for example, be the SLO function fitting the broad
structure at Eγ ≈ 3 MeV. To obtain a lower bound for the
integrated strength, the E1 tail can be modeled as a simple
exponential function going through two data points that are
considered to be the Eγ limits of the SR. Such an approach
has been used by Agvaanluvsan et al. [58], Nyhus et al.
[59], Malatji et al. [60], and referred to as Method 3 in
Pogliano et al. [24]. By choosing Eγ = 1.804 and 4.236 MeV
as the limiting points, we calculate an integrated strength
BSR = 4.0(7)μ2

N , see Fig. 4. This is to be compared to the BSR

calculated by integrating the SLO fit of the SR using the pa-
rameters in Table II between 0 and 10 MeV, giving a value of
6.3(10)μ2

N . The latter value assumes the E1 contribution stem-
ming from the GEDR tail to be smaller than for the former
value, and is comparable to values obtained for 163,164Dy by
Renstrøm et al. [16].

III. NEUTRON-CAPTURE RATES

With our experimental data on the NLD and the GSF,
and by using a neutron optical-model potential (OMP), we
can employ the Hauser-Feshbach formalism [9,11] in order
to calculate the (n, γ ) cross section for the N − 1 isotope.
Here, we use the 166Ho data from Ref. [24] and the present
NLD and GSF of 167Ho from this work to calculate the
165Ho(n, γ ) and 166Ho(n, γ ) cross sections, respectively. The
cross sections are calculated using the nuclear reaction code
TALYS 1.96 [10]. Information on the OMP cannot be ex-
tracted using the Oslo method, and we here rely on the OMP
models implemented in TALYS. We use the phenomenological
model by Koning and Delaroche [61] for both nuclei, where
OMP parameters from experimental data are given for 165Ho,
as well as the semimicroscopic Jeukenne-Lejeune-Mahaux
(JLM) model by Bauge et al. [62].

Our calculated 165Ho(n, γ ) cross section is compared with
directly measured neutron-capture data from the literature in
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FIG. 5. The 165Ho(n, γ ) cross section calculated with the exper-
imentally extracted NLD and GSF for 166Ho compared to data from
Czirr et al. [63], Poenitz et al. [66], Gibbons et al. [67], McDaniels
et al. [65], Asghar et al. [64], Voignier et al. [68], and Lepine et al.
[69].

Fig. 5. We observe that our experimentally-constrained cross
section calculation agrees rather well with the data sets of
Czirr et al. [63], Asghar et al. [64], Lepine et al. [69], and
McDaniels et al. [65]. On the other hand, the other neutron-
capture measurements seem to be significantly higher. The
reason for this discrepancy in the directly measured cross
sections as well as our result is not clear, and it would be
desirable to perform new (n, γ ) measurements on 165Ho to
understand and resolve this issue.

The radiative neutron-capture cross section is a crucial
ingredient to the neutron-capture rate NA〈σv〉(T ) as seen from
the reactivity equation (see, e.g., Ref. [3])

NA〈σv〉(T ) =
(

8

πm̃

)1/2 NA

(kBT )3/2Gt (T )

∫ ∞

0

∑
μ

2Jμ
t + 1

2J0
t + 1

× σμ
nγ (E )E exp

[
−E + Eμ

x

kBT

]
dE , (15)

where NA is Avogadro’s number, m̃ the reduced target mass, kB

is Boltzmann’s constant, T the temperature in the astrophys-
ical environment, and J0

t and Jμ
t are the ground state and the

μth excited energy level spins respectively, Eμ
x the excitation

energy of the μth energy level, E the relative kinetic energy
between the neutron and the target nucleus, σμ

nγ the (n, γ )
cross section for the target nucleus excited to the μth state,
and Gt (T ) the partition function given by

Gt (T ) =
∑

μ

2Jμ
t + 1

2J0
t + 1

exp

[−Eμ
x

kBT

]
. (16)

From the radiative neutron-capture rate we can calculate the
Maxwellian-averaged cross section NA〈σ 〉T (MACS):

NA〈σ 〉T = NA〈σv〉
vT

, (17)

where vT = √
2kBT/m̃ is the thermal velocity.

FIG. 6. The Maxwellian-averaged cross sections for
(a) 165Ho(n, γ ) and (b) 166Ho(n, γ ) using our data as input
compared to the TALYS uncertainty range as well as JINA REACLIB
[70] and BRUSLIB [71] (see text).

The 165Ho and 166Ho calculated MACS values are shown
in Fig. 6(a) and 6(b), respectively. The error propagation from
the systematic and statistical errors of the NLD and GSF
is done with the same procedure as in Ref. [36]. For both
cases we compare our results with the range covered by the
TALYS models and two selected libraries used for astrophysical
network calculations: JINA REACLIB [70], and BRUSLIB
[71]. For 165Ho, we also compare our derived data with the
ones provided in the KADoNiS database [72]. In the KADo-
NiS database, it is specified that the MACS measurements
for this nucleus fall in two groups, one where the MACS
at 30 keV is ≈1380 mb [73] and one providing cross sec-
tions ≈15% lower at ≈1200 mb [63,74,75]. The KADoNiS
value of 1237±183 mb is calculated as an average of the
two groups, which falls slightly below (but still close to) the
previous value from the compilation by Bao et al. [8] of
1280 ± 100 mb. Our derived MACS agrees quite well with
the JINA REACLIB rates and the recommended KaDoNiS
values, both of which fall within the MACS confidence inter-
val, although this cannot be said for the BRUSLIB values. At
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30 keV we obtained a MACS of 1494+193
−272 mb, slightly above

the KaDoNiS recommended value, but still compatible with
our findings.

For 166Ho we show both the rates calculated using the
global phenomenological OMP model from Koning and De-
laroche [61] and the JLM model by Bauge et al. [62] as these
give considerably different predictions for the temperature
ranges relevant to the s process due to different signifi-
cant contributions of the inelastic channel. In particular, the
30 keV MACS is estimated to be 2505+1257

−769 mb using the
Koning and Delaroche OMP, and 1550+297

−275 mb using the JLM
model.

IV. APPLICATION TO THE s PROCESS IN AGB STARS

The newly derived 165Ho(n, γ ) MACS may directly impact
the s-process production of Ho. Assuming a local equilib-
rium [4], the A = 165 isotopic abundance Ns(165Ho) can
be approximated by Ns(165Ho) = 〈σ164〉/〈σ165〉 × Ns(164Dy),
where 〈σ164〉 is the 164Dy MACS and Ns(164Dy) its s-process
abundance. Therefore, a change of the 165Ho(n, γ ) MACS
directly affects the s-process abundance of Ho. Such an impact
is illustrated for the s process in AGB stars, as detailed below.

AGB nucleosynthesis predictions have been computed
using the STAREVOL code [76] with an extended reaction
network of 414 species linked by 637 nuclear reactions. De-
tails on the nuclear network and input physics can be found
in Goriely and Siess [77]. The solar abundances are taken
from Asplund et al. [78], and correspond to a metallicity of
Z = 0.0134. The Reimers [79] mass loss rate with ηR = 0.4
is used from the main sequence up to the end of core helium
burning and the Vassiliadis and Wood [80] prescription during
the AGB phase. Dedicated models with an initial mass of 2M�
and a metallicity of [Fe/H] = −0.51 have been computed as
explained below.

In the present calculations, a diffusion equation is used to
model the partial mixing of protons in the C-rich layers at
the time of the third dredge-up. We follow Eq. (9) of Goriely
and Siess [77] and use the corresponding diffusive mixing
parameters, i.e., fenv = 0.10, Dmin = 109 cm2 s−1 and p = 5,
where fenv controls the extent of the mixing, Dmin the value
of the diffusion coefficient at the base of the envelope, and
p is a free parameter describing the shape of the diffusion
profile.

The elemental surface overabundances [X/Fe] at the end
of the AGB phase after the occurrence of 11 thermal pulses
are shown in Fig. 7 for the elements ranging between Sm
(Z = 62) and Re (Z = 75). On the basis of the initial
large TALYS uncertainties corresponding to a variation of the
165Ho(n, γ ) MACS by a factor of 3.5 [see Fig. 6(a)], an uncer-
tainty of ±0.20 dex is obtained on the surface overabundance
of Ho. With the newly constrained MACS, this uncertainty is
reduced to ±0.07 dex.

1The abundance of element X is defined as [X/Y ] =
log10(nX/nY)∗ − log10(nX/nY)� where ni is the number density
of element i, and Y is a normalizing element, generally Fe.
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FIG. 7. Elemental surface overabundances [X/Fe] at the end of
the AGB evolution of our 2M� [Fe/H] = −0.5 model star as a func-
tion of the charge number Z for different values of the 165Ho(n, γ )
MACS, namely the upper and lower limits spanned by TALYS sys-
tematics and those constrained by the present Oslo experiment. The
Oslo-constrained 166Ho(n, γ ) MACS obtained with the JLM OMP is
adopted in all cases.

While the 165Ho(n, γ ) reaction directly affects the neutron
capture along the radiative s-process path, the 166Ho(n, γ )
reaction comes into play only if a non-negligible amount of
neutrons is produced. For the conditions considered here, i.e.
an s process during the interpulse phase at a temperature of
about 108 K, 166Ho can be regarded as thermalized [6], i.e.,
its ground state and excited states are in thermal equilibrium,
diminishing the potential impact of the 1200 yr isomer. The
thermalized 166Ho half-life of T1/2 � 9.8 d at T = 108 K
[7] is fast enough for this branching not to be affected by
the 166Ho(n, γ ) reaction for interpulse neutron densities of
Nn � 107–108 cm−3. Neutron densities larger than typically
3 × 109 cm−3 would be required for this channel to become
relevant. Interestingly, during the convective thermal pulse,
a large neutron burst may be produced by 22Ne(α, n) and,
despite a low neutron-to-seed ratio, may impact some rela-
tive isotopic abundances at the branching points. During the
convective pulse, temperatures of T = (3–3.5) × 108 K and
neutron densities of 1010–1011 cm−3 are found. These latter
neutron densities are high enough to activate the 166Ho(n, γ )
channel, despite the relatively fast β decay of 166Ho (T1/2 �
1.4 d at T = 3.5 × 108 K). The final isotopic surface over-
abundances are shown in Fig. 8 for different 166Ho(n, γ ) rates
(adopting the 165Ho(n, γ ) rate from Bao et al. [8]). A lower
value of 166Ho MACS is seen to give rise to an increase of
the 166Er and 167Er abundances, hence of the Er elemental
overabundance by 0.04 dex, if we consider the large uncer-
tainties spanned by TALYS calculations [see Fig. 6(b)]. This
uncertainty is significantly reduced to below 0.01 dex, when
using the Oslo-constrained rates, despite the remaining uncer-
tainty stemming from the OMP. We aslo remark that if the
neutron density is large enough to branch the 166Ho neutron
channel, the 167Ho branching may also be slightly activated
although its β-decay half-life is shorter than 3.1 h. This result
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FIG. 8. Isotopic surface overabundances [X/Fe] at the end of the
AGB evolution of our 2M� [Fe/H] = −0.5 model star as a function
of the atomic mass A for different values of the 166Ho(n, γ ) MACS,
namely the upper and lower limits spanned by TALYS systematics
and those constrained by the present Oslo experiment using the JLM
OMP.

clearly depends on the adopted TALYS rate for the 167Ho(n, γ )
reaction.

In summary, while the 165Ho(n, γ ) reaction directly affects
the production of Ho, the 166Ho(n, γ ) reaction only plays a
non-negligible role if the neutron density is high enough to
activate the temperature-dependent branching at 166Ho. In this
case, the relative enrichment of the 166,167Er isotopes may
be affected. Through the newly derived rates, the uncertainty
affecting the s-process abundances of Ho and Er can be sig-
nificantly reduced. These remain much smaller than those
stemming from stellar evolution modeling.

V. SUMMARY

In this work, we have presented the newly obtained
NLD and GSF for rare-earth, odd-even 167Ho from the
164Dy(α, pγ ) 167Ho experimental data analyzed with the Oslo

method. The NLD is shown to behave consistently to the
constant-temperature model, and the GSF shows typical fea-
tures for a rare-earth, neutron-rich, deformed nucleus showing
structures compatible with the M1 scissors mode and the
PDR. The 166,167Ho NLDs and GSFs were used to constrain
the 165,166Ho(n, γ ) MACS uncertainties. The MACS results
were further applied to investigate the role of these two nuclei
in the s process. Of particular interest is the behavior of 166Ho,
whose ground state has a half-life of about 26 h, while its
6 keV first excited state has instead a half-life of 1200 yr
against β decay. This was studied in the context of a 2M�,
[Fe/H] = −0.5 AGB star.

The obtained 165Ho(n, γ ) MACS was shown to be lower
than several of the previous experimental results, which led to
a higher production of 165Ho in the s-process final abundances.
With the assumption of thermalization of 166Ho in typical
s-process interpulse conditions, the impact on the relative
166Er and 167Er enrichments is small. Only during convective
thermal pulses were the neutron densities high enough to
activate the 167Ho branch, and consequently influence the Er
abundances.
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