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Experimental study of the 15Ho(n, 2n) reaction: Cross section measurements for the population
of the '%*Ho ground state and isomeric state from the threshold up to 20 MeV
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In the present work the '*Ho(n, 2n) reaction was studied experimentally and theoretically for the population
of the ground state (J© = 1%) of the '**Ho product nucleus, as well as for the population of its isomeric state
(E.. = 139.8 keV, J™ = 67). The cross sections of both the ground and isomeric state channels were measured at
energies near the reaction threshold (E,;, = 8.04 MeV), at 10.1, 10.4, and 10.7 MeV, as well as at energies higher
than 17 MeV, at 17.1, 18.1, 19.0, and 19.6 MeV. The adopted method was the activation technique relative to the
197 Au(n, 2n) 'S Au and ¥’ Al(n, o) >*Na reference reactions. The quasi-monoenergetic neutron beams for the near
threshold energies were produced via the 2H(d, n) *He reaction, while for the neutron beams above 17 MeV the
SH(d, n) “He reaction was utilized. In both cases the deuteron beams were delivered by the 5.5 MV Tandem Van
de Graaff accelerator of the Institute of Nuclear and Particle Physics at N.C.S.R. “Demokritos”. Additional to
the experimental study, calculations were performed using the TALYS code (v. 1.9). The experimental data of the
present work along with the previous measurements were compared with the TALYS results so as to investigate

the reproduction of the experimental data for the different level density models of the code.

DOLI: 10.1103/PhysRevC.102.034610

I. INTRODUCTION

The experimental investigation and the improvement of the
theoretical modeling of neutron induced reactions is strongly
motivated for fundamental research purposes, as well as
for applied research purposes, such as the ones that con-
cern energy, medical, and safety applications. Given that a
small fraction of the known isotopes is accessible experi-
mentally, the accurate experimental information—when this
is feasible—combined with extensive theoretical calculations
constitutes a valuable “tool” towards the proper benchmarking
and testing of the available broadly used codes. In this way, the
theoretical models can be safely validated and later on utilized
on unexplored regions of the chart of nuclides.

The neutron induced reactions leading to the formation of
different isomers of the residual nuclei are important so as to
improve our understanding on the role of nuclear structure in
the compound nucleus reaction mechanism. More specifically,
the ratio of the cross section of the ground state to the cross
section of the isomeric state depends on the spin of these
states and the spin distribution of the compound nucleus that
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populated them. For this reason, the theoretical calculations of
these reaction channels can contribute to the investigation of
the role of the level density models and their parametrization,
as well as to the investigation of the strength of dependency
of the excitation function on the spin distribution [1,2]. The
164Ho nucleus produced by the (n, 2n) reaction channel of the
165Ho isotope is formed in the ground state with spin J* = 1+
and in the isomeric state with spin J* = 67, respectively [3]
(see Fig. 1). Consequently, the direct observation of the rela-
tive feeding of these states is a sensitive probe of the validity
of the level density models of the corresponding theoretical
calculations [4]. In addition, it is offered for an investigation
about the spin distribution impact on the cross section of both
states.

The population of the ground and isomeric state of the
164Ho isotope as the product-nucleus of the '®Ho(n, 2n) re-
action channel is depicted in Fig. 1. In the same figure a
simplified outline of the decay of these states is also presented,
where the states decay mode, half-life, energy levels, and
emitted y rays are illustrated [3]. The y rays are presented
along with their absolute intensity per 100 decays, which has

©2020 American Physical Society
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FIG. 1. Simplified representation of the formation and decay of the ground and isomeric state of '**Ho [3].

been calculated considering the competitive decay via internal
conversion. As can be seen, '®*Ho" decays to 164H08 with
100% isomeric transistion (IT). More specifically, the decay
follows the IT mode, where the y emission competes with
the internal conversion process [5]. The '**Ho# isotope decays
either to Dy via 60% ¢ or to '**Er via 40% B~. The decay
of the '®*Ho# isotope via the & process populates any of the
energy levels of %Dy, presented in Fig. 1. Correspondingly,
the decay of the '®*Ho® isotope via the B~ process popu-
lates either the energy level at 91.4 keV or the ground state
of '%Er.

Up to now, several experimental datasets have been re-
ported for both channels. However, no information exists
for the excitation functions at energies near the threshold
(Eip, = 8.04 MeV), whereas the data for the ground state
channel are scarce above 15 MeV. Apart from this, large
discrepancies are noticed for the existing data of both chan-
nels. For the isomeric state cross section the already existing
data are between 12.6-19.5 MeV [6-15], whereas the corre-
sponding range for the ground state is 12.6—18.5 MeV [6,8—
11,15,16]. Through the present work the excitation function of
the ' Ho(n, 2n)'**Ho%*" reaction was studied in two energy
regions: near the reaction threshold and above 17 MeV.

In the following sections the experimental conditions, the
data analysis, and the adopted methods of the present study are
discussed. Additionally, the cross section results are presented
along with the previous data of the literature and they are
compared with calculations based on the TALYS (v. 1.9) [17]
code.

II. EXPERIMENTAL PROCEDURE

A. Irradiations setup

The ' Ho(n, 2n) reaction channel cross section was mea-
sured via the activation technique in two energy regions:
10.1-10.7 MeV and 17.1-19.6 MeV. The neutron beams were
produced through the *H(d, n) *He (Q = 3.269 MeV) and
*H(d, n)*He (Q = 17.589 MeV) reactions. In both cases, the
deuteron beams were delivered by the 5.5 MV Tandem Van de
Graaff accelerator of N.C.S.R. “Demokritos”. Each irradiation
lasted for 2 h. The neutron beam intensity was determined
using the "7 Au(n, 2n) "°Au and ?’Al(n, o) **Na reference
reactions [18].

Four holmium pellets were prepared by mixing 0.55 g of
Ho, 03 powder of natural composition (purity >>99.99%) with
cellulose powder, which was used to improve the mechanical
properties of the samples. The Ho, O3 powder was the 90% of
the total mass of the pellets. The mixture of Ho,O3 and cellu-
lose was pressed so that the pellets would have 1 mm thickness
and 13 mm diameter. During the irradiations, each holmium
sample was “sandwiched” between Au and Al monitor foils
of equal diameter.

In the case of the low energy neutron beams, between
10.1-10.7 MeV, deuteron beams of 1.5 uA were directed to
a D, gas target. During the irradiations, the gas target was
cooled via a cold air jet to minimize the effect of heating in the
deuterium gas. The pressure was kept constant at 1250 mbar
via a micrometric valve. The entrance window of the gas
target consisted of a Mo foil with 5 um thickness, whereas
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FIG. 2. Neutron energy spectra as resulted from the NEUSDESC code [19] for each irradiation: (a) 10.1 £ 0.1 MeV, (b) 10.4 = 0.1 MeV,
(c) 10.7£0.1 MeV, (d) 17.1 £ 0.3 MeV, (e) 18.1 £ 0.2 MeV, (f) 19.0 £ 0.2 MeV, (g) 19.6 £ 0.2 MeV. The spectra are normalized to the total

neutron flux (n/cm?), as calculated from the reference foils.

a Pt foil was used as the beam stop of the gas cell. The
samples were irradiated at 0° with respect to the primary
deuteron beam and at 7 cm distance from the center of the
gas cell. The neutron flux for all irradiations varied between
7.8 x 10°-9.5 x 10* n/(cm? s).

On the other hand, for the high energy neutron beams,
between 17.1-19.6 MeV, deuteron beams of 300 nA were
impinging on a 2.1 mg/cm? Ti-tritiated target, which was
supported by an 1 mm thick Cu backing for optimum heat
conduction purposes. Two Mo foils of 5 um in thickness
each served as entrance foils in the target to decelerate the
deuteron beam. The deuteron beam energy should be higher
than 2.5 MeV, where the transmission of the accelerator is
optimum. The target configuration was air cooled during the
irradiations to avoid possible temperature increase. The sam-
ples were placed at 0° with respect to the primary deuteron
beam, as in the case of the low energy irradiations, but a
shorter primary target-samples distance was adopted, namely

2.5 cm with respect to the center of the Ti-tritiated target. The
neutron flux for all irradiations varied between 8.3 x 10%—
1.8 x 10° n/(cm? s).

For the calculation of the neutron beams energy distribu-
tion, the NEUSDESC code [19] was used. NEUSDESC calculates
the energy loss, as well as the angular and energy straggling
of the deuteron beam in the structural materials of the D, gas
and the Ti-tritiated targets by its interplay with SRIM-2008
Monte Carlo simulation program [20]. The neutron energy
distribution normalized to the total neutron flux (n/cmz), as
calculated from the reference foils, is presented in Fig. 2 for
each irradiation. Calculations were also performed through
the GEANT4 Monte Carlo simulation code [21], where the
deuteron beam transportation was modeled along with the DD
and DT reactions. The deuteron beam optics elements, as well
as all the structural materials of the beam line were taken into
account. The results were consistent with the corresponding
results of NEUSDESC. Furthermore, calculations of the neutron
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FIG. 3. Comparison of the experimental efficiency and counting rate data of the 50% relative efficiency broad energy HPGe detector with
the GEANT4 MC code simulations at the distances of (a) 20 cm, (b) 11.4 cm, (c¢) 0.8 cm, and (d) 0.4 cm. In (a) and (b) the efficiency of
the detector is presented for the distances of 20 and 11.4 cm. In (c) and (d) the ratio of the recorded photopeak counts to the corresponding
emissions is presented for the distances of 0.8 and 0.4 cm. As can be seen, by including the full decay schemes in the GEANT4 simulations, the

observed counts/emissions ratios were successfully reproduced.

beams energy distribution had also been performed in the past
with other simulation codes such as MCNP5 [22,23].

The deuteron beam current in the primary targets was
recorded by means of a multichannel scaler and an analog-
to-digital converter every 10 s. Moreover, the neutron beam
was monitored by a BF; counter, placed at the distance of
3 m and in 20° with respect to the deuteron beam direction.
In this way, the neutron counting rate was also recorded every
10 s. The deuteron and neutron beam fluctuations were used
to accurately calculate the factors correcting for the product-
nuclei decay during irradiations (presented in Sec. III).

B. Activity measurements

After the end of each irradiation, the measurements of the
induced activity of the holmium targets and the reference foils
were performed.

For the holmium targets a broad energy HPGe coaxial
detector was used with 50% relative efficiency. Its window
consisted of carbon fibres and the front-contact crystal dead
layer was a few pum thick. Both these features lead to mini-
mization of the attenuation of the low energy y rays, allowing
the efficient detection even if their energy is a few keV.

The usage of a broad energy detector for the '**Ho activ-
ity measurements was a prerequisite, given that the y rays
emitted are located between 37.3-91.4 keV [3]. The holmium
targets were placed at 1.5 mm distance from the detector

window. The close measurement geometry was chosen so as
to maximize the counting rate. The latter was necessary given
1) the low intensity of some y rays [3] and 2) the strong
self-attenuation of the low energy y rays.

For the accurate determination of the full-energy peak effi-
ciency of the HPGe detector at the actual detection geometry,
the GEANT4 Monte Carlo simulation code was extensively
used. The simulations were compared and validated with
experimental efficiency and counting rate data towards a com-
prehensive characterization of the detector. At close detection
geometries, the decay schemes of the isotopes were taken
into consideration in order to reproduce possible coincidence
summing effects. For the simulations of the long source-to-
detector distances, the y rays were emitted monoenergetically
considering that at these distances the coincidence summing
effects are negligible. In Fig. 3 the experimental efficiency and
counting rate data are presented along with the corresponding
results of the GEANT4 simulations.

For the reference foils activity measurements, an 80% rela-
tive efficiency HPGe detector was used. The foils were placed
at a distance of 1 cm from the detector window. Such a close
detection geometry was chosen to compensate for the short
irradiations comparing with the half-lives of the reference
foils product nuclei [24,25].

As previously, by adopting such a close detection geom-
etry special care had to be taken for the consideration of
the correction factor related to coincidence summing effects.
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FIG. 4. Comparison of the experimental efficiency and counting rate data of the 80% relative efficiency HPGe detector with the GEANT4
MC code simulations at the distances of (a) 23.8 cm, (b) 12.3 cm, (c) 2.9 cm, and (d) 0.9 cm. In (a) and (b) the efficiency of the detector is
presented for the distances of 23.8 and 12.3 cm. In (c) and (d) the ratio of the recorded photopeak counts to the corresponding emissions is
presented for the distances of 2.9 and 0.9 cm. As can be seen, by including the full decay scheme of '>?Eu in the GEANT4 simulations, the

observed counts/emissions ratios were successfully reproduced.

For this reason, a '32Eu [26] point source was used and the
crystal dimensions of the 80% HPGe detector were adjusted
in the GEANT4 simulations so as to reproduce experimental
efficiency and counting rate data for the given activity of the
source and for several source-to-detector distances (23.8 cm,
12.3 cm, 2.9 cm, and 0.9 cm). At long distances the inclusion
of the decay scheme was not important, but at short distances
the consideration of the decay scheme was crucial for the
interpretation of the observed full-energy peak counting rate
of each decay line. The results of this validation process are
presented in Fig. 4.

II1. DATA ANALYSIS
A. Activation technique

In the analysis of the experimental data both of the afore-
mentioned stages of activation technique were considered. In
this way, by combining the equations providing the number of
activated nuclei at the end of the irradiation and the measured
induced activity of the samples, the corresponding cross sec-
tion value can be determined. Under this scope, the number
of activated nuclei in the isomeric state at the end of the
irradiation Ny" is given by Eq. (1):

Ny' = 0, ®Nr f3, ey

where & is the time integrated neutron flux, o, is the
165Ho(n, 2n) '**Ho™ reaction cross section, and Ny is the
number of '*Ho nuclei in the target. f is the correction
factor for the decay during the irradiation time (¢;.) of the N7\,
activated in the isomeric state nuclei:

s 0’” flux(t )e*' dt
= -
B ux(dr

—Amlir , )
where A,, is the decay constant of the isomeric state.

The induced activity A,,, as measured from the y rays
resulting from the N, decay to the ground state of '®*Ho is
equal to

LN o (1 — ¢~nin)
Cpr

A 3)

The factor Cpy corresponds to dead-time corrections, whereas
the factor I, is the intensity of the y ray. The term ¢, corre-
sponds to the efficiency of the HPGe detector for the y-ray
energy at the geometry of the measurement, including the
self-attenuation and coincidence summing effects corrections.
The t,, and ¢, terms stand for the activity measurement time
and the time interval between the end of the irradiation and
the start of the measurement, “waiting time”, respectively.
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TABLE I. Decay properties of the product-nuclei.

Product nucleus Half-life

y-ray energy (keV) Intensity per decay (%)

164Ho™ [3] (36.6 + 0.3) min
194 Ho# [3] (28.8 £ 0.5) min
196 A [24] (6.1669 £ 0.0006) d
24Na [25] (14.997 + 0.012) h

373 114 £ 0.7
73.4 1.88 + 0.21
91.4 23 £03
355.7 87
1368.6 99.9936 + 0.0015

By combining Egs. (1) and (3) the cross section of the
165Ho(n, 2n) '%Ho™ reaction can be calculated:
_ AnCpr

ONre, L e ntu (1 — e=Pnin) fp

“

Om

The case of the '®Ho(n, 2n) '**Ho? reaction channel is more
complicated. Due to fact that the ground and the isomeric
state of '®*Ho have similar half-lives (Tl";2 = 36.6 and T]”;Z =
28.8 min, respectively [3]), the ground state population com-
ing from the isomeric state must be considered during the
irradiation, the “waiting” and the activity measurement times.
For this reason, the number of nuclei in the ground state at the
end of the irradiation, Ng , is equal to

Ng = O’gCDNTfl; + O’mCDNch. (5)

The term o, is the ' Ho(n, 2n) '**Ho® reaction cross section.
The 0,®Nr f}; quantity corresponds to the number of acti-
vated nuclei in the ground state produced directly from the
165Ho(n, 2n) '*Ho?® reaction channel. On the other hand, the
o, PNr fc term is equal to the number of activated nuclei in
the ground state produced from the '**Ho™ decay. The correc-
tion factors fj and f¢ refer to the decay of the ground state
(NS,) during the irradiation time and are calculated according
to the Egs. (6) and (7):

i flux (1 )et di

/ 0 — Aot
== M, (6)
T Ot" flux(t)dt
P fo” Aux(t)e* dt oy o Aux(t)een dy s
_ ol _ ol
T fux(ydr S fux(e)dt
@)

where A, is the decay constant of the ground state.

The corresponding activity, as measured from the y rays
emitted from the '“*Ho$ activated nuclei, is concluded to be
equal to

NED, NG5 (kgD — dnDy)
Agzggzg(c" GO . ®

DT Cpr

As mentioned previously, I, is the intensity of the y ray
coming from the decay of the ground state and &, is the
detector efficiency for this y ray, where self-attenuation
and coincidence summing effects have been taken into ac-
count. The terms D, and D,, are equal to D, = et (1 —
e *dn) and D,, = e (1 — e~*"), They originate from the

consideration of the ground and isomeric state decay during
the measurement and the “waiting time”.

Finally, the 165 Ho(n, 2n) 16408 reaction cross section 0, is
calculated through the combination of Egs. (5) and (8):

1

_ ALCpr B i (XD = mDyg)  f

%=anv.1n 7\ +7
ONre D, f 13 D, I3

€))

It has to be noted that the first term of Eq. (9) is the same
with the standard equation of activation technique for the
calculation of the cross section when the feeding from an
isomeric state is absent or can be ignored [4] [see also Eq. (4)].
The second term describes the contribution from the isomeric
state and must be subtracted from the first one so as to correct
for the isomeric state decay to the ground state of '**Ho.

The dead-time correction factor Cpr was calculated as the
ratio of the “real-time” of the measurement to the “live-time”
for which the data acquisition system was active. However,
its value was found to be negligible: less than 0.02%. As
mentioned previously, the self-attenuation corrections were
incorporated in the efficiency calculations. This was achieved
by defining in the GEANT4 simulations the suitable target
material. The targets thickness uncertainty, however, affects
the total efficiency uncertainty, since thicker or thinner targets
cause higher or lower self-attenuation. The targets thickness
uncertainty was 2%. This uncertainty was included in the
given total efficiency uncertainty (5%). Furthermore, a sen-
sitivity test was performed by changing the thickness of the
targets for a value of £0.05 mm. The test revealed that even
for such an extreme change in the targets thickness, the results
agree with the efficiency values for the actual targets thickness
(1 mm) within 5%. Concerning the coincidence summing ef-
fect, the corrections were again incorporated in the efficiency
calculations by considering in the simulations the full decay
schemes of the '%*Ho? and '®*Ho™ isotopes.

As mentioned previously, the neutron flux ® was deduced
using reference foils of Au and Al, placed on both sides of
the holmium targets. Specifically, the time integrated neutron
flux was obtained solving the aforementioned equations with
respect to ®. The "7 Au(n, 2n) ' Au and ¥’ Al(n, o) **Na ref-
erence reactions cross section were taken from Ref. [18].

The decay data of the product-nuclei of the holmium tar-
gets [3] and the reference foils [24,25] are presented in Table I.
The irradiation time, the measuring time, the time integrated
flux and the f3, f5, and fc¢ correction factors for each irradia-
tion are summarized in Table II.
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TABLE II. Summary of the irradiation and measurement parameters.

10.1 MeV 10.4 MeV 10.7 MeV

Irradiation time (min) 125 126 118
Time integrated flux (x 10% n/cm?) 6.33 +0.44 6.02 +0.42 6.92 + 0.48
Decay correction factor fp for the holmium target 0.3879 0.3921 0.4078
Decay correction factor f; for the holmium target 0.3206 0.3266 0.3400
Decay correction factor fc for the holmium target 0.2510 0.2591 0.2595
Measuring time (min) 110 90 93

17.1 MeV 18.1 MeV 19.0 MeV 19.6 MeV
Irradiation time (min) 121 120 121 119
Time integrated flux (x 10% n/cm?) 12.65 £+ 0.88 6.45 £ 0.45 5.36 £0.38 6.67 +0.47
Decay correction factor f for the holmium target 0.3929 0.3947 0.3891 0.3919
Decay correction factor fy for the holmium target 0.3255 0.3270 0.3227 0.3243
Decay correction factor f¢ for the holmium target 0.2508 0.2459 0.2473 0.2461
Measuring time (min) 125 105 120 90

B. Isomeric state decay line at 37.3 keV

The '*Ho nucleus, produced by the (n,2n) channel of
the '%*Ho isotope, emits during its decay y rays in the en-
ergy range: 37.3 keV-91.4 keV [3]. In this energy region the
peak-analysis procedure is a complicated process due to the
expected x rays coming from the holmium activated target, as
well as due to the x-ray escape peaks which are also present
at low energies.

X-ray escape peaks arise when a portion of x rays, with
energy above the Ge K-edge = 11.1 keV, are absorbed by the
Ge volume. The energy absorbed can be recombined with the
initial energy after the Ge de-excitation or it can escape from
the detector active volume if the interaction occurs near the
crystal edge. In this case, x-ray escape peaks are detected at
9.8 keV and 11.0 keV lower energies. The latter values are
the average energies of the K, and K x-ray emission lines of
Ge [27].

In the '**Ho decay spectrum x-ray peaks appear at energies
between 45.2-57.1 keV. Six of them are emitted between
45.2-49.1 keV [3]. As aresult, escape peaks arise at 37.3 keV
and in the neighboring region. The photopeak at 37.3 keV
is the one used for the '“Ho(n, 2n) '**Ho™ reaction cross
section determination.

To deal with this feature, the GEANT4 simulation toolkit
was utilized once more. After having fully characterized the
broad energy HPGe detector, as described in Sec. 11, the repro-
duction of the '**Ho decay spectrum was achieved. This was
necessary in order to resolve the counts within the 37.3 keV
photopeak attributed to the y-decay line of the isomeric state
against the x-ray escape peaks. The experimental counts at
37.3 keV photopeak were calculated by multiplying the ex-
perimental counts between 34.5-39 keV with the ratio of the
simulation counts at 37.3 keV (A) to the simulation counts
between 34.5-39 keV (B). Under this scope, the uncertainty
in the counting statistics at 37.3 keV is coming i) from the
counting statistics at 34.5-39 keV energy region and ii) from
the A/B ratio. To evaluate the uncertainty of this ratio, the
experimental spectra were reproduced for slightly different
number of emissions for the decays of the '**Ho ground and

isomeric state. The number of emissions was checked so as
to reproduce the counts of the 91.4 and 73.4 keV photopeaks
(coming from '"®*Ho?), as well as the 84 and 84.9 keV photo-
peaks (coming from the coincidence summing of the 37.3 keV
y ray with the x rays at 46.7 and 47.5 keV, which are emitted
by '%*Ho™). All tests of reproduction of the spectra with dif-
ferent number of emissions led to the same value for the A/B
ratio for each spectrum. Therefore, the uncertainty that was
adopted in the analysis is the uncertainty of the experimental
counting statistics between 34.5-39 keV.

Figure 5 depicts the background subtracted experimental
spectrum of the '**Ho decay for the neutron beam energy of
10.1 MeV and after 92 min of data acquisition time along with
the respective simulation. The contribution of the room back-
ground to the experimental spectrum was almost negligible
due to the crystal geometry, the short duration of the mea-
surement and the carefully designed shielding of the detector.
Despite this, in Fig. 5 the background subtracted spectrum
is presented for a direct comparison with the GEANT4 Monte
Carlo simulation. The impact of the background subtraction
in the overall statistical uncertainty was also found negligible.

——————— GEANT4 MC simulation

3 Experimental spectrum-Background
10°E 373kev
80.6 keV

CHIN

73.4 kev

91.4 keV

102

Counts

1

|

002 004 006 008 01
Energy (MeV)

FIG. 5. The background subtracted '®*Ho experimental spectrum
for E, = 10.1 MeV and 92 min of measurement. In the same figure
the respective GEANT4 simulation is illustrated.
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TABLE III. Measured cross section values for the
15Ho(n, 2n) '%Ho™ and '®Ho(n, 2n) '®*Ho? reaction channels.

E, (MeV) o,, (mb) o, (mb)
10.1 £ 0.1 324 + 42 434 + 104
10.4 £ 0.1 327 £ 43 529 + 106
10.7 £ 0.1 390 + 48 661 + 114
17.1£0.3 640 + 71 642 + 148
18.1£02 592 + 67 576 + 139
19.0+0.2 492 £ 58 490 + 131
19.6 &+ 0.2 387 + 46 318 + 90

IV. EXPERIMENTAL RESULTS

Implementing the activation technique the cross sections
of the '®Ho(n, 2n) '*Ho™ and ' Ho(n, 2n) '**Ho? reactions
were measured near threshold energies (E;, = 8.04 MeV), at
10.1, 10.4, and 10.7 MeV, as well as at 17.1, 18.1, 19.0, and
19.6 MeV. For both reactions the previous measurements of
the cross sections are discrepant and they all refer to energies
above 12.5 MeV [28]. Through the present work the map-
ping of the excitation functions of the '®>Ho(n, 2n) %*Ho™
and 'Ho(n, 2n) '*Hof reactions could be significantly
improved.

The present results are depicted in Table III. As mentioned,
the cross section of the isomeric state was deduced by the
analysis of the photopeak at 37.3 keV. The cross section of
the ground state was calculated as the weighted average of the
cross sections deduced using the photopeaks at 73.4 keV and
91.4 keV:

_ (Va=Vip)oy + (Vi —Via)or

, 10

o) Vi+ Vo =2V (1
_ 2

var(o) = M an
Vi+ Vo =2V

In the above equations o7 and o, stand for the individual
cross sections, resulting from the analysis of the 73.4 keV and
91.4 keV photopeaks. V; and V, are the respective variances
of the cross sections, which are equal to the square of the
uncertainties. Finally, Vi, is the covariance element between
o) and 03 and it is given by Eq. (12):

A0y N o, 00,

30’1
Vip = —Cov(P;, ¢ Cov(Nry, N,
2= 33, (D 2)8d>2 N (Nt1 Tz)aNT2
9o 00,
——Cov(Counts;, Counts
+ dCounts; v(Counts, 4 2)8Count52
80‘1 C ( ) 80‘2 + 80‘1
ov(Eml, Em
a‘C/‘ml ! ? a51112 aIml

80‘2
aImZ ’
12)

+ COV(Imla Im2)

In our case, the above correlations emanate from the follow-
ing facts: 1) the time integrated neutron flux was the same:
®, = &, = &, 2) the number of the 165H0 nuclei in the target
was the same, since one sample was used for each irradiation:
Nri = Nrp = Nr, 3) the same photopeak at 37.3 keV was
used to correct for the isomeric state population: Counts; =
Counts, = Counts, &,,1 = &2 = &, and 1,1 = 1,0 = 1.

In Table IV the uncertainties contributing to the total un-
certainty of the measured cross sections are given.

V. TALYS CALCULATIONS

The cross section measurements of the present study, as
well as the previous ones were compared with calculations
performed using the TALYS code.

TALYS calculates the cross section for all the possible
channels of the interaction under study and as a result, the
competition between all channels is considered. The com-
pound nucleus interactions are taken into account in the
Hauser-Feshbach theory [29], whereas for the pre-equilibrium
mechanism the default option based on exciton model calcu-
lations, as described in Refs. [30-32], was adopted. For the
direct reaction calculations the default option and the one used
is the coupled-channels model [33].

Calculations were performed for all the phenomenolog-
ical level density models provided by the code: constant
temperature model [34], back-shifted Fermi gas model [35],
and generalized superfluid model [36,37]. Calculations were
also performed for the microscopic level density models:
Coriely et al. [38] (microscopic model 1), Goriely et al. [39]
(microscopic model 2), and Hilaire er al. [40] (microscopic
model 3). The adoption of different level density models
revealed different behaviors in the excitation function of the
15Ho(n, 2n) '**Ho™ and '“*Ho(n, 2n) '**Ho?® reactions. In or-
der to investigate the sensitivity of the reactions cross section
on the optical potential and y-ray strength function models,
more calculations were performed using fixed level density
models. Initially, it was investigated if the two optical mod-
els of Koning-Delaroche [41] and Bauge et al. [42], which
are provided by the code for neutron incident particles, pro-
duce compatible results. The outcome revealed that the cross
section of the reactions under study is independent on the
selection of the optical potential.

Concerning the y-ray strength function models, TALYS
uses a fixed y-ray strength function model, the Brink-Axel
Lorentzian one [43,44], for all the transitions, apart from the
E1. For the E'1 transition two phenomenological models are
incorporated, the Kopecky-Uhl generalized Lorentzian model
[45], as well as the Brink-Axel Lorentzian model [43,44]. Fur-
thermore, six microscopic models are available [17,46]. All
models provided similar results, when the Back-Shifted Fermi
Gas model [35] and the three microscopic ones [38—40] were
used for the level density calculations. A stronger dependency
on the selection of the y-ray strength function model for the
E'1 transition was noticed for the constant temperature [34]
and the generalized superfluid [36,37] models. In these cal-
culations some microscopic y-ray strength function models
(models: 3, 4, and 8 of TALYS) presented larger discrepancies
from the data at near threshold energies than the rest models,
which produced compatible results. In addition, in the case
of the generalized superfluid model [36,37] a slightly better
agreement with the data of the present work for the iso-
meric state channel resulted for the Kopecky-Uhl generalized
Lorentzian model [45].

As reported in the literature (e.g., Ref. [1]), the relative
feeding of the isomeric and ground state can be used as a
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TABLE IV. Compilation of uncertainties (in %).

E, (MeV) 10.1 10.4 10.7

reference reaction 97 Au(n, 2n) ° Au

reference reaction cross section 3.0 3.0 2.8

neutron flux 7.0 7.0 7.0

37.3 keV peak counting statistics 7.1 7.6 6.3

73.4 keV peak counting statistics 6.8 7.0 53

91.4 keV peak counting statistics 3.7 3.7 3.0

BES030 HPGe detector efficiency 5.0 5.0 5.0

37.3 keV y-ray intensity per decay 6.3 6.3 6.3

targets thickness 2.0 2.0 2.0

reference foils peak counting statistics (front-back) 2.5-2.7 1.2-1.6 1.6-2.2

80% HPGe detector efficiency 3.0 3.0 3.0

reference foils y-ray intensity per decay - - -

statistical uncertainty of cross section for isomeric state 7.1 7.6 6.3

systematic uncertainty of cross section for isomeric state 10.7 10.7 10.7

total uncertainty of cross section for isomeric state 13 13 12

statistical uncertainty of cross section for ground state 15.2 12.7 9.5

systematic uncertainty of cross section for ground state 17.7 14.7 13.9

total uncertainty of cross section for ground state 24 20 17

E, (MeV) 17.1 18.1 19.0 19.6
reference reaction 2 Al(n, ) **Na

reference reaction cross section 0.83 0.98 1.19 1.31
neutron flux 7.0 7.0 7.0 7.0
37.3 keV peak counting statistics 29 4.2 5.2 54
73.4 keV peak counting statistics 29 4.5 5.8 6.2
91.4 keV peak counting statistics 1.8 29 3.7 3.7
BE5030 HPGe detector efficiency 5.0 5.0 5.0 5.0
37.3 keV y-ray intensity per decay 6.3 6.3 6.3 6.3
targets thickness 2.0 2.0 2.0 2.0
reference foils peak counting statistics (front-back) 0.5-1.5 2.5-2.8 3.0-4.0 34-39
80% HPGe detector efficiency 3.0 3.0 3.0 3.0
reference foils y-ray intensity per decay 0.0015 0.0015 0.0015 0.0015
statistical uncertainty of cross section for isomeric state 29 4.0 5.2 54
systematic uncertainty of cross section for isomeric state 10.7 10.7 10.7 10.7
total uncertainty of cross section for isomeric state 11 11 12 12
statistical uncertainty of cross section for ground state 7.9 11.3 15.1 16.3
systematic uncertainty of cross section for ground state 21.5 21.2 22 22.3
total uncertainty of cross section for ground state 23 24 27 28

“probe” for the study of the spin distribution of the populated
excited states of the compound nucleus. For this reason, as
an additional stage of the validation procedure of the calcu-
lations, the “Rspincut” TALYS keyword was modified (default
value=1). Specifically, this keyword is a multiplication factor
of the spin cut-off parameter o2. The latter stands for the
width of the angular momentum distribution and is given by
Eq. (13):
2 A

ol = 0.013895@, (13)
where A is the mass number, U is the effective excitation
energy defined as U = E, — A (E, is the true excitation en-
ergy and A is equal to, or for some models closely related
to, the pairing energy which simulates odd-even effects). The
parameter « is the energy dependent level density parameter,
which takes into account the existence of shell effects at low

energies and the damping of the latter as the excitation energy
increases, according to Eq. (14):

(14)

R 1 —exp 7Y
a=u0E)=all+W———|.

The terms §W and y stand for the shell correction energy and
the damping parameter of shell effects with increasing excita-
tion energy, respectively. The parameter & is called asymptotic
level density parameter and is equal to o« when shell effects are
absent.

In the above calculations the full j,/ coupling was con-
sidered in the Hauser-Feshbach theory (TALYS keyword:
“fullhf”).

The TALYS calculations corresponding to the cross section
of the isomeric state along with the experimental data of the
present and previous studies are presented in Fig. 6, while in
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FIG. 6. The experimental data of the present study and previous studies for the '>Ho(n, 2n) '**Ho™ reaction along with the calculations
based on the TALYS code (v. 1.9) for (a) the three phenomenological level density models: constant temperature model [34], back-shifted Fermi
gas model [35], generalized superfluid model [36,37], (b) the three phenomenological level density models after setting “Rspincut” keyword
equal to 0.7, (c) the three phenomenological level density models after setting “Rspincut” keyword equal to 0.5, and (d) the three microscopic
level density models: Coriely et al. [38] (microscopic model 1), Goriely et al. [39] (microscopic model 2), and Hilaire et al. [40] (microscopic
model 3). The experimental cross section data of the present work are presented with two different error bars corresponding to the statistical

and total uncertainties.

Fig. 7 the respective results for the ground state channel can be
seen. In both Figs. 6 and 7 two different error bars are shown.
They correspond to the statistical and to the total (sum of the
statistical and systematic) uncertainties. In Fig. 8 the ratio of
the ground to the isomeric state cross section is given. The
models and the parametrization used in these calculations are
summarized in Table V.

VI. RESULTS AND DISCUSSION

Through the present work the cross sections of the
15Ho(n, 2n) '%*Ho™ and '®Ho(n, 2n) '*Ho? reaction chan-
nels have been measured at 10.1, 10.4, 10.7, 17.1, 18.1,
19.0, and 19.6 MeV neutron beam energies via the activa-
tion technique. Using the TALYS code (v. 1.9), cross section
calculations have also been performed so as to compare the
experimental data with theoretical estimations. A first test
was executed searching the calculations performance for all
the level density models of the code (Figs. 6-8). More tests
were performed searching the impact of different optical
potentials (Koning-Delaroche [41] and Bauge er al. [42])

and y-ray strength function models for the E1 transition
on the cross section of the reactions under study, consid-
ering fixed level density models. The calculations of the
excitation functions proved to be insensitive with respect
to the optical potential models. A dependency was revealed
on the selection of the E'1 y-ray strength function models.
This dependency, however, was only important when the
constant temperature [34] and generalized superfluid [36,37]
level density models were combined with some microscopic
E1 y-ray strength function models (models: 3, 4, and 8 of
TALYS). In these cases the calculations showed larger dis-
crepancies from the data at near threshold energies than
the calculations based on the rest y-ray strength function
models.

The results for the isomeric state cross section adopting
the phenomenological level density models are presented in
Fig. 6(a). This figure shows that the generalized superfluid
model [36,37] performs very well for the experimental data of
the present study, as well as for the data reported by Luo [6],
Fang [7], and Sakane [8]. A less satisfactory performance is
noticed for the back-shifted Fermi gas model [35], especially
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FIG. 7. The experimental data of the present and previous studies for the '*Ho(n, 2n) '**Ho® reaction along with the calculations based
on the TALYS code (v. 1.9) for (a) the three phenomenological level density models: constant temperature model [34], back-shifted Fermi gas
model [35], generalized superfluid model [36,37], (b) the three phenomenological level density models after setting “Rspincut” keyword equal
to 0.7, (c) the three phenomenological level density models after setting “Rspincut” keyword equal to 0.5, and (d) the three microscopic level
density models: Coriely et al. [38] (microscopic model 1), Goriely et al. [39] (microscopic model 2), and Hilaire et al. [40] (microscopic model
3). The experimental cross section data of the present work are presented with two different error bars corresponding to the statistical and total

uncertainties.

at near threshold energies. At these energies, the most im-
portant discrepancies are noticed for the constant temperature
model [34]. An important feature extracted from Fig. 6(a)
is that all three phenomenological models are consistent for
energies above 17 MeV.

In order to investigate the effect of the spin cut-off pa-
rameter in the feeding of the isomeric and ground state, the
corresponding multiplicative parameter of TALYS, ‘“Rspincut”,
was altered from the default value (=1) to 0.7 and 0.5. By
reducing this parameter for the case of the isomeric state
channel, as it is depicted in Figs. 6(b) and 6(c), the cross
section decreases up to ~18 MeV for all the phenomenolog-
ical level density models. The generalized superfluid model
[36,37] model still has a good agreement with the present
data for both of the cases of “Rspincut” equal to 0.5 and
0.7. The behavior of the back-shifted Fermi gas model [35]
is also improved, especially when “Rspincut” is reduced to
0.5. However, the agreement of the experimental points with
the theoretical predictions at 10.4 and 10.7 MeV is at X20.
The constant temperature model [34] still fails to reproduce
the data at near threshold energies.

The TALYS calculations based on the microscopic level
density models, demonstrated in Fig. 6(d), seem to present
an inferior performance relevant to the data at near threshold
energies. At energies above 17 MeV, only the microscopic
model of Goriely et al. [38] (microscopic model 1) agrees with
the reported in this work data.

Concerning the TALYS calculations of the excitation func-
tion for the population of the ground state, as previously,
the generalized superfluid model [36,37] agrees with the
present measurements. The theoretical predictions based on
the back-shifted Fermi gas [35] and the constant temperature
[34] models diverge from the data at near threshold energies.
Between them the most important discrepancies are noticed
for the constant temperature model [34]. Above 17 MeV all
the phenomenological models follow the same trend, which is
consistent with the data of this work [see Fig. 7(a)].

As can be seen from Figs. 7(b) and 7(c), when the “Rspin-
cut” parameter is reduced, the cross section of the ground
state decreases for energies up to ~~11 MeV and it increases
for higher energies for the back-shifted Fermi gas [35] and
the generalized superfluid [36,37] models. Concerning the
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FIG. 8. The ratio of the cross section of the '®Ho(n, 2n) '**Ho? (0,) reaction to the cross section of the 1 Ho(n, 2n) '“*Ho™ (o,,) reaction
for the experimental data of the present and previous studies along with the calculations based on the TALYS code (v. 1.9): (a) the constant
temperature model [34] for different values of “Rspincut” keyword, (b) the back-shifted Fermi gas model [35] for different values of “Rspincut”
keyword, (c) the generalized superfluid model [36,37] for different values of “Rspincut” keyword, and (d) the three microscopic level density
models: Coriely et al. [38] (microscopic model 1), Goriely et al. [39] (microscopic model 2), and Hilaire e? al. [40] (microscopic model 3).

constant temperature model [34], the cross section decreases
up to ~13 MeV and it increases for higher energies. Under
this scope, the back-shifted Fermi gas [35] and the generalized
superfluid models [36,37] are the ones which better follow
the trend of the present data. After the reduction of “Rspin-
cut” parameter, the constant temperature model still does not
reproduce the data at near threshold energies. All models
are still consistent in the high energy part of the excitation
function, above 17 MeV.

Among the three microscopic level density models, the
one of Hilaire et al. [40] (microscopic model 3) is closer
to our data at near threshold energies, while all of them
agree with the data for energies higher than 17 MeV [see
Fig. 7(d)].

Concerning the cross sections ratio, as can be seen in
Figs. 8(a)-8(d) the ratios resulting from the present work
are compatible with the respective ratios resulting from all
the TALYS calculations. Furthermore, Figs. 8(a)-8(c) show

TABLE V. The models and the parametrization of the TALYS code used in the calculations of the ' Ho(n,2n)'®*Ho™ and

165Ho(n, 2n) '%Ho® reactions cross section.

E1 transition y-ray keyword: keyword:
optical model level density model strength function model “fullhf” “Rspincut”
Koning-Delaroche [41] or Bauge [42] Constant temperature [34] Kopecky-Uhl [45] yes 1,0.7,0.5

Back-shifted Fermi gas [35]
Generalized superfluid [36,37]
microscopic model 1 [38]
microscopic model 2 [39]
microscopic model 3 [40]
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the impact of the spin cut-off parameter change on the cross
sections ratio. In particular, for all the three phenomenological
models, the decrease of the spin cut-off parameter leads to
reduction of the ground to the isomeric state cross section ratio
for energies up to ~10 MeV, whereas for higher energies the
corresponding ratio rises.

It should be noted that the TALYS level density mod-
els parametrization is defined by an optimization procedure,
where the mean s-wave neutron level spacing at the neutron
separation, DO, and the experimental discrete levels are taken
into account following the process described in Ref. [47].
The change of the “Rspincut” keyword has an impact on
the values of the spin cut-off parameter but the remaining
parameters of the models, such as the energy dependent level
density parameter « and the shell effects damping parameter
y, remain invariable. Therefore, through “Rspincut” keyword
the level density is modified and not necessarily reproduces
the observables. Applied modifications in “Rspincut”, thus,
aim at testing the sensitivity of the ground and isomeric state
cross section to the spin distribution rather than suggesting an
alternative model parametrization.

VII. SUMMARY AND CONCLUSIONS

In the present work the cross sections of the
19Ho(n, 2n) '%Ho™ and  'Ho(n, 2n) '**Ho®  reactions
were studied for the first time at energies near the
reaction threshold, namely at 10.1, 10.4, and 10.7 MeV,
as well as in the high energy part at 17.1, 18.1, 19.0,
and 19.6 MeV, following the activation technique relative
to the '""7Au(n, 2n)'"®Au and *’Al(n, «)?*Na reference
reactions [18]. The neutron beams were produced via the
2H(d, n)3He (for neutron beam energies between 10-11
MeV) and *H(d, n) “He (for neutron beam energies between
17-20 MeV) reactions. The irradiations were performed at
the 5.5 MV Tandem Van de Graaff accelerator laboratory
of the Institute of Nuclear and Particle Physics at N.C.S.R.
“Demokritos”.

The cross section of the isomeric state was deduced
through the photopeak at 37.3 keV. Correction for x-ray es-
cape peaks in this energy was applied using the GEANT4 code
by reproducing the experimental spectra of the '*Ho decay.
To accurately measure the cross section of the ground state,
its population from the isomeric state was taken into account
during the irradiation time, the activity measurement time and
their intermediate time, noted as “waiting time”, given that
the states have similar half-lives: 7}, = 36.6 min and Tlg/2 =
28.8 min. The cross section of the ground state was calculated
as the weighted average of the cross sections determined using
the photopeaks at 73.4 and 91.4 ke V.

The experimental data were compared with statistical cal-
culations based on the TALYS code (v. 1.9). The performance
of the code was investigated for the different inherent level
density models. The adoption of different optical potentials
for fixed level density models did not affect the excitation

functions of the reaction channels under study. The impact
of different y-ray strength functions for the E'1 transition for
fixed level density models was also searched. This impact was
found strong only for the generalized superfluid [36,37] and
the constant temperature [34] models, where the TALYS calcu-
lations of some y-ray strength function microscopic models
for the E'1 transition (models: 3, 4, and 8 of TALYS) diverged
more from the data at near threshold energies than the TALYS
calculations corresponding to the rest models of the code. Tak-
ing into account all the calculations, it was concluded that the
generalized superfluid model [36,37] is the one that performs
better as far as the data of the present work are concerned
for both the isomeric and the ground state and for the whole
energy range, specially when the Kopecku-Uhl generalized
Lorentzian model [45] is adopted for the E'1 transition y-ray
strength functions.

The direct measurement of the feeding of the ground (J* =
1) and the isomeric state (J” = 6~) allowed a sensitivity
study with respect to the spin distribution of the formed com-
pound nucleus, by reducing the value of the multiplicative
factor of spin cut-off parameter, “Rspincut”. However, even
when “Rspincut” is reduced to 0.5 (default value=1), the
back-shifted Fermi gas [35] and constant temperature [34]
models do not reproduce the present data for both reaction
channels over all energies. Therefore, it can be concluded
that the excitation function of the 'Ho(n, 2n) '**Ho is not
strongly dependent on the spin distribution. Concerning the
microscopic approaches of the level densities, none of them
reproduce the present data for both the isomeric and ground
state over all energies.

In conclusion, through the present work, an improved map-
ping of the excitation functions of the '®>Ho(n, 2n) '%*Ho™
and '®Ho(n, 2n) '%“Ho? reactions was achieved from the
reaction threshold up to 20 MeV, where the onset of the
competitive (n, 3n) reaction channel occurs. These data along
with the previous ones were used for the validation of the
TALYS code (v. 1.9) theoretical estimations, considering the
different level density models which are provided by the code.
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