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Abstract

Neutron flux of the thermal subcritical multiplication complex located at the nu-
clear pole of the University of Pavia was investigated to acknowledge the flux charac-
teristics according to the Høgdahl convention in order to predict the expected activity
of radionuclides while performing neutron activations. Flux parameters were measured
by means of bare multi-monitor methods by preparing samples containing Au, Cr, Zn
and Ni that were used to measure the epithermal shape correction factor, the conven-
tional thermal to epithermal ratio and the thermal, epithermal and fast neutron fluxes in
two irradiation channels of the facility.

Despite high uncertainties affecting epithermal shape correction factors, the thermal
to epithermal ratio was measured with uncertainties ranging between tens and a few
percent. In addition, conventional neutron fluxes were individually determined with
a few percent level uncertainties, which are also suitable in applications requiring a
known and/or ultra-stable neutron exposure.

Keywords: subcritical reactor, flux measurement, bare triple-method, Høgdahl
convention

1. Introduction

Subcritical reactor assemblies are nuclear facilities producing neutrons without
achieving criticality, thus the reaction is sustained with the aid of an external source;
these reactors are highly appreciated for their safety and represent a valuable tool in
the fields of research, training, education and nuclear waste management [1, 2].

The nuclear pole of the University of Pavia includes, alongside the 250 kW TRIGA
Mark II reactor, a subcritical assembly installed in 1962 and provided with a Pu-Be
source. This facility, called Subcritical Multiplication complex 1 (SM1), reports a
licensed multiplicative coefficient value, keff , of 0.86, confirmed by the neutron flux
characterization performed in 2013 using both foil standards activation with spectrum
deconvolution and Monte Carlo simulations [3].

The choice of the external Pu-Be source offers significant advantages in terms of
stability of the delivered neutron spectrum; in fact, the shape of neutron flux is un-
affected by the grain size of Pu-Be and long term stability is guaranteed due to the
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2.4 × 104 y half-life of 239Pu [4]. On the other hand, the intensity of the neutron flux
produced by a subcritical reactor is rather low with respect to critical nuclear reactors,
even by many orders of magnitude.

Since the neutron profile of a subcritical reactor is a combination of fission spec-
trum of fuel elements and the spectrum of the external neutron source, its shape is
influenced by the choice of nuclides adopted to produce neutrons as well as by fuel
configuration and distance from the source position, due to the presence of moderator
and reflector [5, 6]. The SM1 facility uses water as moderator. Since the Pu-Be source
is known to produce a neutron spectrum similar to that of 235U fission, a neutron profile
somehow close to a typical water moderated critical reactor is expected according to a
study reported on a similar assembly [1].

Despite the low flux intensity, a subcritical reactor might potentially be used in
Neutron Activation Analysis (NAA) experiments while investigating elements in the
range from macro constituents to sub-percent level, especially on environmental sam-
ples [7]; consequently, the knowledge of flux parameters is beneficial for what concerns
the experimental design and uncertainty evaluation of relative-NAA investigations.

Following evidences and perspectives previously reported and also aiming at testing
the limits for the use of SM1 as a neutron source for NAA, we decided to measure the
neutron flux parameters by application of the Høgdahl convention in a similar way we
already performed on the TRIGA Mark II reactor [8]. Specifically, the bare triple-
monitor method [9], using a set of flux monitors containing Au, Cr, Zn and Ni, was
adopted in order to investigate the epithermal shape correction factor, the conventional
thermal to epithermal ratio and the thermal, epithermal and fast neutron fluxes in four
positions of the two available irradiation channels (two spots each channel). The choice
of the uncommon Au, Cr and Zn triple monitor set was driven by the nature of SM1
reactor and experimental setup. Due to the low neutron flux available the use of Zr was
envisaged, due to its expected unsatisfactory activation, thus the alternative but equally
suitable Au, Mo, Rb, Zn monitor set [10] was considered. The final set was completed
by substituting Cr to Mo and Rb since they were discarded for the same reason of Zr as
unsatisfactory activity was expected following irradiation with SM1 flux. In addition,
two monitor samples were placed per irradiation channel in order to identify possible
flux parameters trends along the facility.

2. Measurement models

Neutron flux parameters might be obtained from the knowledge of nuclear parame-
ters and amounts of selected flux monitor elements and the outcome of γ-spectrometry
countings performed on them. In this study, parameters accounting for the epithermal
shape correction factor, α, thermal to epithermal conventional flux ratio, f , conven-
tional thermal flux, Φth, and epithermal flux, Φe, are measured by application of a bare
triple-monitor method while the conventional fast flux, Φf , is obtained by a bare single-
monitor method. In this study we adopt the measurement equations used for a recent
neutron flux characterization performed on a TRIGA Mark II reactor and reported in
[8]. The theoretical basis and broad discussions can be found elsewhere [9].

The bare triple-monitor method allows to numerically calculate α while simul-
taneously irradiating a set of three 1/v monitors and counting the corresponding γ-
emissions assuming that the flux parameters, addressed with Høgdahl convention, re-
main constant at the monitors’ position during the irradiation.

In details, α is obtained by solving the following implicit equation using Au, Cr,
Zn as monitors 1, 2 and 3, respectively.
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(1)

where Asp,i is the specific count rate at saturation, ksa,i is the γ self-absorption cor-
rection factor, k0,Au(i) is a composite nuclear constant known as k0 factor, εi is the γ
full-energy peak detection efficiency, Ge,i is the epi-cadmium neutron self-shielding
factor, Q0,i(α) is the effective resonance integral to thermal cross section ratio taking
into account the effect of α.

It is worth to note that, the use of monitors emitting gammas through (n,γ) non-
complex activation decay paths not affected by true-coincidence summing requires the
application of eq. (2) to evaluate Asp:

Asp =
(np λ tc)

tl (1 − e−λti ) e−λtd (1 − e−λtc ) w
, (2)

where np is the full-energy peak net area, λ is the decay constant, tc is the (real)
counting time, tl is the (live) counting time, ti is the irradiation time, td is the decay
time spanning from irradiation end to start counting, w is the mass of monitor element.

The measured α value is then used to evaluate f according to:

f =

k0,Au(1)ε1

k0,Au(2)ε2
Ge,1Q0,1(α) − Asp,1ksa,2

Asp,2ksa,1
Ge,2Q0,2(α)

Gs

(
Asp,1ksa,2

Asp,2ksa,1
−

k0,Au(1)ε1

k0,Au(2)ε2

) , (3)

where Gs is the sub-cadmium neutron self-shielding correction factor.
Successively, Φth and Φe and Φf are evaluated using Au monitor for the formers

and Ni monitor for the latter parameter.

Φth =
Asp M

θ Γ ε ksa NA σ0

(
Gs + Ge

Q0(α)
f

) , (4)

Φe =
Asp M

θ Γ ε ksa NA σ0 (Gs f + GeQ0(α))
, (5)

Φf =
Asp M

θ Γ ε ksa NA σf
, (6)

with M the molar mass of monitor element, θ the isotopic fraction of target isotope,
Γ the emission γ-yield, NA the Avogadro constant, σ0 the thermal cross section and
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σf the 235U fission-neutron averaged cross section accounting for the 58Ni(n,p)58Co
reaction, respectively.

It is worth to note that Φth and Φe, calculated with bare triple-monitor method,
heavily rely on the previous determinations of f and, in turn, α. Moreover, the com-
bined uncertainty is also evaluated by propagating variances through the measurement
models here reported by taking into account correlations among parameters.

3. Experimental

3.1. Irradiation facility

SM1 is assembled in a hexagonal prism core configuration with fuel elements im-
mersed in light water and consisting of natural uranium in metallic form. The exter-
nal shielding of the core tank is made of aluminum filled up with paraffin. See the
schematic draw in figure 1a.

The current configuration counts 206 aluminum-clad fuel elements assembled in an
hexagon with inscribed and circumscribed diameters of 59.0 cm and 68.2 cm, respec-
tively. Each fuel element is filled with five cylindrical metallic uranium ingots (2.74 cm
diameter and 21.5 cm length of approximately 2 kg mass, per ingot). The Pu-Be neu-
tron hollow cylindrical source (2.0 cm internal diameter, 5.2 cm external diameter and
5.0 cm height), emitting with an activity of 8.9 × 106 Bq, is placed at the center of the
hexagonal prism where two irradiation channels are currently available: the internal
one is inserted in the conventionally called Ring-2 and is placed at a distance of 6.2 cm
from the axis of the neutron source, the external one lies in the Ring-7 and is placed at
a distance of 24.3 cm from the source. Samples are usually irradiated in a polyethylene
(PE) irradiation container (8.7 cm and 2 cm internal height and diameter, respectively)
placed within the core by a plexiglass rod. The mid-point vertical position of the irra-
diation containers is horizontally aligned with the Pu-Be source, as shown in figure 1b,
as well as with the central ingot of the fuel elements.

3.2. Preparation and neutron exposure of monitor samples

In this study we carried out two different experiments using two sets of four sam-
ples, one for the measurement of α, f , Φth and Φe and one for the measurement of
Φf .

The first sample set consisted of solutions containing Au, Cr and Zn prepared
from liquid and solid standards. In particular, amounts of approximately 210 mg of
Zn powder (Sigma Aldrich, 99.998 % purity) were placed in four 3 mL PE irradiation
vials and weighted on an analytical balance traceable to SI; the Zn powder was dis-
solved in 1 mL of a HNO3 solution. A mass of 13.8716(2) g of a Au standard solution
(Sigma Aldrich, 999(1) µg mL−1 concentration and 1.0256(5) g mL−1 density) was con-
centrated by evaporation to reach a final solution mass of 1.6855(2) g; the final Au mass
fraction was 8.016(8) × 10−3 g g−1. Here and hereafter, values in parenthesis indicate
the standard uncertainty and refer to the last digits. Aliquots of about 400 µL of the
Au concentrated solution were weighted and added to the four sample irradiation vials.
As a final step, about 150 mg masses of K2Cr2O7 powder (Carlo Erba 99.5 % purity)
were weighted and dissolved in the four irradiation vials. Sample solutions were finally
diluted by addition of deionized water to reach volumes of 2 mL with 1.6 cm height.
It is worth to note that, since considerable volumes of liquid were weighted, the loss
of mass due to evaporation was negligible with negligible effect on the measurement
uncertainty.
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Figure 1: Schematic horizontal cross section of the SM1 reactor a) and sample positions within the irradiation
container with distances b). In a) the Pu-Be source and irradiation channels are indicated by a black dot and
white circles, respectively.

The Au, Cr and Zn monitor vials were finally heat-sealed to avoid loss of solution,
vertically placed into the irradiation containers and located within Ring-2 and Ring-
7 channels at the positions A and B which mid-points of the liquid lie at 1.1 cm and
6.2 cm distance from the irradiation container bottom, respectively; see figure 1b for
sample positioning. The irradiation lasted 89 days and 139 days for the monitors in
Ring-2 and in Ring-7, respectively.

The second sample set consisted of solutions containing Ni to exploit the fast
neutron reaction 58Ni(n,p)58Co and prepared from a solid standard. In particular, a
3.5483(1) g mass sample of a Ni foil was dissolved in HNO3 to obtain a final solution
of 18.7834(2) g with Ni mass fraction of 0.188 90(1) g g−1. Aliquots of 2 mL of the Ni
solution were pipetted and weighted in four 3 mL PE irradiation vials to obtain samples
with 1.6 cm height.

The Ni monitor vials were heat-sealed, placed into the irradiation containers and
located within the channels for irradiation. The irradiation lasted 56 days and 62 days
for the monitors in the Ring-2 and in Ring-7, respectively. Great care was adopted in
order to place the Ni monitors at same position of the Au, Cr and Zn solutions in the
previous irradiation.

In both activation experiments, irradiation times for samples in Ring-2 were shorter
than those in Ring-7 depending on the lower neutron flux expected in the latter channel.
Unfortunately, the stability of neutron flux during monitors irradiation was not checked
online.

3.3. Gamma spectrometry measurements
Monitor irradiation vials were extracted from irradiation containers, directly placed

at the center of plastic circular containers for γ-counting and measured with a ORTEC
GEM-S8530P4 HPGe detector (50 % relative efficiency, 1.64 keV FWHM at 1332.5
keV energy) connected to an ORTEC DSPEC 502 multi-channel analyzer.
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Counting containers were positioned in contact with the detector end-cap. The
detection system was calibrated in energy and efficiency using a certified multi-γ source
issued by Laboratoire d’Etalon d’Activité (LEA) with code 12ML01EGMA15; the
efficiency calibration was performed with the multi-γ source at a distance of 1.0 cm
from the detector end-cap, i.e. the mid-point distance between the bottom (0.2 cm)
and the top (1.8 cm) distance of the monitor sample solution from the end-cap. Due to
the close counting distance, only the 10 available true-coincidence free emissions were
adopted for the efficiency fit.

Eight spectra were collected for Au, Cr and Zn monitor samples: four short count-
ings ranging from 0.23 days to 1.10 days to acquire the 198Au 411.8 keV full-energy
peak and four long countings ranging from 4.8 days to 25.6 days to acquire the 51Cr
320.1 keV and 65Zn 1115.5 keV full-energy peaks. Four spectra were acquired for Ni
monitor samples ranging from 1.7 days to 10.1 days to collect the 58Co 810.8 keV full-
energy peak. Acquisition times were online adjusted to reach counting uncertainties of
1.6 % and 0.6 % for monitors irradiated at Ring-7 and Ring-2, respectively. Recorded
relative dead times were always below 0.1 %, close to the expected value for an envi-
ronmental background acquisition.

4. Results and discussion

Collected γ-spectra were processed using the moderate count rate and regular peaks
algorithm of the HyperLab software to calculate the net area of the γ-peaks.

Several input parameters were retrieved from literature: in particular, k0, σ0, Q0, Ēr
and λ values, including their uncertainty, were taken from the k0 database [11] while
MAu, θAu, ΓAu, MNi, θNi, ΓCo and NA values were retrieved from [12, 13, 14, 15]; the
widely-accepted 0.111(3) b value of the 58Ni fission spectrum averaged cross section,
σf , was adopted [16].

Full-energy peak efficiencies, ε, for the relevant γ-emissions energies were cal-
culated by application of an exponential four-terms polynomial function [17] to fit
the experimental data acquired with the certified multi-γ source. Correction factors
accounting for ksa, Gs and Ge, respectively, were considered close to the unity with
negligible uncertainty due to the dilution of the monitors in solutions.

Moreover, in order to exclude a possible neutron flux thermalizing effect due to
the water in the 2 mL solutions a further irradiation of Au monitors was performed. In
particular, a thin disc (12 mm diameter) and a 2 mL solution (obtained by dissolution of
a further monitor disc) were respectively placed in positions A and B of the irradiation
channel within Ring-2; a second couple of Au monitors with same configuration was
also adopted in Ring-7. The irradiation lasted 14 days for the Ring-2 samples and 20
days for the Ring-7 samples. The resulting specific count rates for Au evaluated with
eq. (2), with estimated uncertainty of 2.5 % mainly due to sample positioning during
γ-counting, were normalized with respect to the specific count rate values of liquid Au
monitor placed in position B. The resulting normalized trends were compared with the
similarly normalized specific count rate trends measured for Au in the multi-monitor
experiment for the corresponding irradiation channels. The comparison highlighted
agreement of the trends within the stated uncertainty. This comparison supports the
thesis of a negligible (within the stated uncertainty) thermalizing effect due to the water
in monitor solution in the particular setup adopted in this work. The comparison of
normalized specific count rates was necessary to reduce uncertainty and exclude γ-
counting biases since the Au monitor were counted on a less efficient detector (35 %
relative efficiency) with respect to that used to acquire the multi-monitors of this study.
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Results were obtained by applying equation models recalled in the paragraph ‘Mea-
surement models’. Uncertainties of α, f , Φth, Φe and Φf were evaluated in agreement
with the low of uncertainty propagation for correlated input parameters as reported
in the Guide to expression of Uncertainty in Measurement (GUM) [18]. To this aim,
covariances, related to correlated parameters, were obtained by the adopted fitting algo-
rithms whereas sensitivity coefficients were evaluated by accounting for perturbations
of the measurement model induced by variation of input parameters, for any parameter
of the considered equation; finally, covariances and sensitivity coefficients were prop-
agated to calculate the corresponding combined uncertainties. Data are shown in table
1.

Table 1: Measured values of α, f , Φth, Φe, and Φf in positions A and B of the irradiation channels Ring-2
and Ring-7. Values in parenthesis indicate the standard uncertainty and refer to the last digits.

Channel Position α / 1 f / 1 Φth / cm−2 s−1 Φe / cm−2 s−1 Φf / cm−2 s−1

Ring-2 A −0.010(70) 16.7(21) 2.12(18) × 104 1.27(11) × 103 1.92(7) × 104

B −0.031(27) 16.4(12) 2.42(11) × 104 1.48(7) × 103 2.90(10) × 104

Ring-7 A −0.019(11) 19.4(37) 3.89(48) × 103 2.00(27) × 102 1.52(6) × 103

B −0.030(88) 20.1(32) 4.22(43) × 103 2.10(24) × 102 1.56(6) × 103

There is evidence that the knowledge of α values is limited by the uncertainties
largely exceeding the 100 % level. The investigation of uncertainty budgets for α values
indicates that the predominant contribution is identified to be the efficiency evaluation;
the reason might depend on the strong correlations existing among fitting parameters
or on the non-linearity of the adopted equations that is, in this situation, exacerbated
by the high uncertainty affecting the input parameters due to the non-trivial experi-
mental setup. This evidence suggests that the measurement of the epithermal neutron
shape following Høgdahl convention is challenging in subcritical reactors. Neverthe-
less, relative uncertainties evaluated for the f values, mainly due to α, are below 12 %
and 20 % in Ring-2 and Ring-7, respectively, proving that effect of α is limited on the
measurement of the other flux parameters. The α and f are main contributors to the
uncertainties of Φth and Φe. Specifically, relative uncertainties of Φth are below 9 %
and 12 % in Ring-2 and Ring-7, respectively, while relative uncertainties of Φe are be-
low 9 % and 14 % in Ring-2 and Ring-7, respectively. Finally, relative uncertainties
achieved for Φf are about 4 % in all the investigated positions.

The expected reduction of the conventional fluxes from Ring-2 to Ring-7 is con-
firmed by the results. The average relative decreases of Φth, Φe and Φf are 82 %, 86 %
and 93 %, respectively. Accordingly, the average relative increase of f is 20 % although
the uncertainty affecting the measured parameters might also suggest the suspected dis-
crepancy is merely random. No vertical variations of Φth, Φe and f are detected within
the evaluated uncertainties both in Ring-2 and Ring-7. In addition, a 51 % relative in-
crease of Φf occurs in about 5 cm height at Ring-2 whereas no vertical variations of Φf
are identified within Ring-7.

Despite the core configuration differences, due to a rearrangement of irradiation
channels, it might be interesting to compare the results obtained in this study with the
integral neutron fluxes at Ring-2 and Ring-4 measured and reported in 2013 using foil
standards activation with spectrum deconvolution [3]; in particular, we expected simi-
lar flux values for the Ring-2 since its position was moved closer to the neutron source
by only few millimeters with respect to the previous configuration. To get a meaning-
ful comparison, the conventional neutron fluxes were converted to their corresponding
integral fluxes according to the definition of conventional fluxes described in [19]; the
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resulting values must be taken as informative because we arbitrarily assumed α = 0
and a neutron temperature Tn = 20.44 ◦C. Data are reported in table 2.

Table 2: Integral fluxes, ϕ, measured in SM1 at Ring-2 and Ring-4 by foil activation and spectrum decon-
volution in 2013 and at Ring-2 and Ring-7 by conversion of conventional fluxes in this work. Values in
parenthesis indicate the standard uncertainty and refer to the last digits.

Channel ϕ[3] / cm−2 s−1 Channel ϕ[this work] / cm−2 s−1

Ring-2 5.9(2) × 104 Ring-2 6.9(6) × 104

Ring-4 2.59(8) × 104 Ring-7 9.0(17) × 103

Although the comparison is affected by channel position differences, the integral
fluxes are reasonable since values in Ring-2 appear approximately compatible while
they drop at the farthest irradiation channel, by 56 % and 87 % with respect to Ring-2
in the 2013 measurement and in this work, respectively. Actually, the flux measured
at Ring-7 is considerably smaller compared to the datum collected at Ring-4 since the
farthest irradiation channel lies now about 10 cm farther to the neutron source.

5. Conclusion

Neutron flux parameters based on Høgdahl convention were measured in two ir-
radiation channels of the subcritical reactor complex SM1 installed in the University
of Pavia. Although measured epithermal shape correction factors were affected by an
extremely high uncertainty making them poorly meaningful, the uncertainties reached
with the conventional thermal to epithermal ratios and the thermal, epithermal and fast
neutron fluxes values are acceptably limited between tens of percent and a few per-
cent levels. The negative trend of the conventional fluxes moving horizontally away
from the source is significant whereas no vertical variations were observed in a few
centimeters except for the fast neutron flux in the inner channel.

The neutron flux characteristics in the thermal, epithermal and fast regions are use-
ful in applications requiring a known and/or ultra-stable neutron exposure. Due to the
very low neutron flux level, the use of SM1 in elemental analysis performed by NAA
is possible but limited to measurements where the investigated elements are major or
at percent level. The measured flux parameters indicate that irradiated targets activate
through thermal and epithermal neutrons with a similar ratio to that observed in the
TRIGA Mark II reactor, but with 8 orders of magnitude less intensity.

Apart from analytical applications, the knowledge of flux parameters is still valu-
able to predict the expected activity produced following a neutron exposure in the SM1
facility.
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