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a b s t r a c t

Prompt capture gammas are an important part of the fission reactor gamma field. Because some of the
structural materials after neutron capture can emit photons with high energies forming the dominant
component of the gamma spectrum in the high energy region, the following study of the high energy
capture gamma was carried out. High energy gamma radiation may play a major role in areas of the
radiation sciences as reactor dosimetry. The HPGe measurements and calculations of the high-energy
aluminum capture gamma were performed at two moderator levels in the VR-1 pool-type reactor. The
result comparison for nominal levels was within two sigma uncertainties for the major 7.724 MeV peak.
A larger discrepancy of 60% was found for the 7.693 MeV peak. The spectra were also measured using a
stilbene detector, and a good agreement between HPGe and stilbene was observed. This confirms the
validity of stilbene measurements of gamma flux. Additionally, agreement of the wide peak measure-
ment in 7e9.2 MeV by stilbene detector shows the possibility of using the organic scintillators as an
independent power monitor. This fact is valid in these reactor types because power is proportional to the
thermal neutron flux, which is also proportional to the production of capture gammas forming the wide
peak.

© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. All rights reserved. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The non-negligible part of the radiation field in the vicinity of
plants or devices utilizing neutrons is the gamma field. The main
sources of gammas in these types of environments are fission
gammas, gammas coming from radioactive decay, and prompt
gammas. Prompt gammas originate mainly from capture reactions
and inelastic scattering. Prompt gammas from neutron capture on
common structural components, e. g. stainless steel, also have very
high energies, often above 6 MeV, and are able of passing even
through the layers of the thick biological shielding; therefore, the
correct description of capture gamma production is essential, but at
the same time, generally, there is a lack of experimental data [1,2].

At some of the pool-type reactors using aluminum cladding,
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high-energy capture gammas from capture on aluminum can be
observed and then used for applications as detector testing [3], or
they can be used for independent monitoring of reactor power [4]
as well. In the case of power reactors using similar IRT type fuel
[5e7], the correct description is important for the correct calcula-
tions of gamma heating in fuel and structural components, which is
an important parameter for the long-term operation of many po-
wer reactors [8].

Besides aluminum, high energy prompt gamma rays originate at
neutron capture on other elements as H, Fe, Cr, Ni, Mn, or Mo.
However, in the case of the VR-1 reactor, the choice of one of these
elements will suffer one of the following deficiencies: low energy
for deep penetration calculations and problematic description of
source distribution; or the elements are neither part of the fuel nor
appearing close to regions with high thermal neutron flux. There-
fore the modeling of the gamma source containing their contri-
bution with low uncertainty would be extremely difficult and
impractical in our case.
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Fig. 1. Schematic figure of IRT-4M fuel.
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Apart from reactor applications, the prompt gamma analysis can
be used, for example, for earth and space explorations [9] because
the capture gammas are a signature of each material and can be
used for their identification in the earth crust [10]. Thus, the correct
knowledge of the secondary gamma lines production and transport
applies to many areas of science, but at the same time, it is not yet
extensively validated, especially with properly defined sources and
geometries [10,11]. Additionally, if the experimental data exist, it
often shows not negligible differences between measurement and
calculations [10]. The focus of the presented research is to
demonstrate the methodology for deep penetration experiments
using the fission reactor as a properly described source of second-
ary gamma radiation. The presented paper deals with validation of
the complete process: neutron capture, gamma production, and
deep gamma transport through the water.

2. Methods

Experimental work was carried out in the research reactor VR-1,
which is a pool-type reactor ideal for such experiments because
between the reactor core and the detector exists only a well-
defined water shielding layer.

The measurement of gamma fluxes above the water was per-
formed using an HPGe semiconductor detector with well-defined
geometrical parameters allowing computational determination of
efficiency curve that enables precise measurement of gamma count
rate in narrow groups enabling separate peak measurement. In
parallel, the measurements of gamma fluxes in wide groups were
performed using scintillation spectrometry with stilbene scintilla-
tion detectors. Even though the energy resolution is not ideal,
stilbene measurement is an interesting way for cross-validation. In
the upper energy region, a few peaks can be found that can simply
be evaluated using both methods, separately with an HPGe and
integrally with stilbene.

2.1. VR-1 reactor

The VR-1 reactor is a pool-type light water-moderated reactor
located at the Czech Technical University in Prague and operated by
the Department of nuclear reactors. VR-1 uses IRT-4M fuel as-
semblies with 19.7% enrichment by 235U. A schematic figure of the
IRT-4M fuel element can be seen in Fig.1. Fuel contains a substantial
portion of aluminum in the cladding alloy as well as in the fuel
matrix which is formed by uranium dioxide dispersed in
aluminum. Additional aluminum can be found in structural mate-
rials of instrumentation and irradiation channels or fuel grid plate.
That is the reason why the high energy aluminum peaks occur in
the spectrum and have been chosen for gamma spectrometry. The
core is well-accessible, and it is located about 3m below openwater
level.

The water acts as an excellent neutron shielding, but its gamma
shielding properties are not as extraordinary because of its low
density and low proton number. Due to this fact, the experimental
gamma to neutron ratio above the water level is about 10,000. It is
important to mention that most of the neutrons above water did
not pass through the thick water slab, but they likely traveled
through the instrumentation and irradiation channels. The gamma
radiation is streamed through these instrumentation tubes as well,
but since photons have a much higher probability of traveling
directly through the water, the contribution of photons streamed
through the channels is relatively low. This fact was verified by
dosimetry measurement, which shows comparable dose rates in a
position directly above the channel and in detector position.

The presented gamma leakage measurement was carried out
simultaneously with the irradiation experiment focused on cross-
3825
section validation [12]. In this experiment, a set of foils was acti-
vated in the core center under defined conditions. The mentioned
experiment was performed in two irradiation steps. In the first part,
when the focus was on gamma measurement, the reactor was
operated at a low power level. In the second step, when the focus
was on activation, the HPGe measurement was not performed
because the detector was supersaturated. The spectrum in both
parts of the experiments is same since the spectrum is independent
of reactor power because it is the zero-power rector [4].

Due to the simultaneous power monitoring [13] and activation
measurement in a well-defined reactor position, the total neutron
flux during the experiment can be derived. Based on the activation
measurement [12], it was determined that the equivalent thermal
power was 44.78 W during HPGe measurement. The knowledge of
power is essential for scaling of calculation of gamma leakage above
water. In the next phase, the water moderator was drained to reach
the reduced level to decrease the photon shielding, but the de-
tectors remained in the same position.

Both detectors, stilbene and the HPGe, were located on the
platform fixed to the reactor vessel (see Fig. 4). The centers of de-
tectors were adjusted to the same height. Detector bottoms were
86 cm above the water level, and a distance from the water to the
upper end of the fuel assembly active regionwas 306 cm (see Fig. 2,
which shows an illustration of the measurement geometry e green
color is for fuel assembly (the main source of aluminum capture
gamma, blue is water, red is reactor instrumentation, white is de-
tector); Fig. 3 shows detector position (yellow) compared to the
position of the core e rectangular element with different colors;
photography of the measurement from the top is in Fig. 4).

2.2. HPGe spectrometry

The precise measurement of gamma flux in selected peaks was
carried out using Canberra Big MAC coaxial HPGe detector (GC2518
type with the 2002C preamplifier). Due to the used measurement
geometry, where the gamma source is the reactor core that is about
3.5 m below the detector, the efficiency curve was determined
computationally using a validated HPGe detector model.

The computational model of the HPGe was prepared using



Fig. 2. Illustration of the measurement geometry for the case with nominal (left) and
reduced (right) moderator level (illustration is not in radio), distance A ¼ 86 cm,
distance B ¼ 306 cm, distance C ¼ 59 cm, distance D is 291 cm, and distance E is 95 cm.

Fig. 3. Illustration of the radial position of the detector (yellow disk) with respect to
the reactor core. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 4. Upper view on both detectors at measurement position.
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experimentally determined parameters. The dimensions of the
crystal were determined from radiography [14] and insensitive
layermeasurement [15]. Both parameters enable the compilation of
the computation model, which is necessary for correct efficiency
determination in such geometries. The MCNP6 model visualization
can be seen in Fig. 6.

The developed calculation model was validated by gamma
standards and in geometries comparable with those used in mea-
surements. Namely, the validation of used HPGe was performed in
3 independent geometries e Marinelli beaker on cap (marked as
“Volume source”), point source 6.7 cm above the cap (marked as “In
axis geometry”), and point sources in perpendicular position
14.3 cm below detector center (marked as “Perpendicular geome-
try”). The C/E�1 (Calculation/Experiment �1) comparison is
plotted in Fig. 5 below. The mean average deviations in these ge-
ometries are 0.9% for volume source and 1.9% for both coaxial and
perpendicular geometries. The perpendicular geometry is relatively
3826
close to used measuring geometry; therefore, C/E�1 numbers in
this geometry can be understood as uncertainty in HPGe descrip-
tion and are one of the sources of uncertainty in HPGe measure-
ment. The error bars in Fig. 5 are the uncertainty of the C/E
comparison. The uncertainty source in the experiment is uncer-
tainty in gamma emission (activity). The uncertainty in the calcu-
lation covers the uncertainty of efficiency due to HPGe description
uncertainty (detector diameter, detector length, insensitive layer
thickness, etc.). It can be seen that there are some problems in
241Am gammas (59.5 keV) e most likely some variations in the
insensitive layer. In higher energies, the uncertainty in the gamma
count rate determination is within 2%. The computed response of
the perpendicularly positioned detector is depicted in Fig. 7 in units
[cps/phot$cm�2$s�1].

2.3. Stilbene spectrometry

The full photon spectra measurement was performed using the
spectrometric system NGA-01 with the use of a 45 � 45 mm cy-
lindrical stilbene organic scintillator. Such kind of crystal is sensi-
tive even to photons. An innovative active high voltage divider is
used for the measurement. It was developed to compensate for the
nonlinearity caused by the high frequency of pulses and their
amplitude. This is important, namely in the measurement of high
energy gammas. We use an internal negative high voltage source as
a bias for the Hamamatsu R329-02 photomultiplier. The negative
voltage allows fast pulse processing up to frequencies greater than
1 MHz. The NGA-01 system uses parallel processing of differently
amplified inputs from several fast ADC converters at a resolution of
12 bits and a sampling frequency of individual ADC converters of
500 MS/s. The online data processing is taken care of by the field
programmable gate array (Virtex 6), which communicates via a
network interface located on the measuring card FD-17. A server is
located inside the device. Subsequent processing and transfer of
stored data are realized by remote connection to a server with the
Linux operating system. The instrument spectra are stored on a
RAID disk array inside the NGA-01 device for possible reprocessing
or further evaluation.

As the stilbene is sensitive to both neutrons and gammas,
interacting bymeans of electrons or protons, the separation of both
signals was done by pulse shape discrimination [16]. However, in
this type of field, the gamma field can be evaluated even without
PSD because the neutron signal is negligible regarding the gamma
signal. The photon spectra are obtained from the deconvolution of
recoiled electron spectra which is performed by Maximum Likeli-
hood Estimation [17].



Fig. 5. Validation of the used HPGe detector in variously oriented gamma fields by C/
E�1 comparison of calculated and experimentally determined efficiencies.

Fig. 6. Schematic drawing of MCNP6 model of Big MAC HPGe detector used in
experiment developed from radiogram and experimentally measured insensitive layer.
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2.4. Calculations

The calculation of aluminum photon transport from the core to
the detector was carried out using MCNP6.2 code [18], combining
the ENDF/B-VIII.0 data [19] and a two-step approach with two
different physical models. In the first critical model, the source term
Fig. 7. Calculated efficiency for Big MAC HPGe detector used in the experiment in units
[cps per unit flux] using the validated model.

3827
for gamma radiation was calculated including fission gamma and
gamma production induced by neutron interactions. The calculated
source term (spatial distribution) has the physical meaning of the
fission density, and as the fission neutron yield is considered to be
identical across the core, this quantity is proportional to the spatial
density of neutron emission, which is directly related to the photon
emission due to the neutron capture in the fuel materials.

In the second part of the calculation, the transport of gammas
from fuel (fuel matrix and cladding) to the detector was simulated
using the fixed source approach in the same model without any
simplifications, where the fixed source comes from the critical
calculation and the gamma production was placed into the fuel
material according to the calculated distribution. This can be done
based on the assumption that most of the aluminum photons are
produced directly in fuel, namely in fuel matrix and fuel cladding
(containing a large amount of aluminum), because the photon flux
in these parts is almost identical to neutron flux in fuel, therefore,
they have a similar axial profile. In fact, 70% of photons come from
fuel matrix and cladding (see Table 1). Calculation shows that only
2% of photons originate in bottom structures as the fuel assembly
endings or the reactor grid. The radial profile is different, but it was
shown that it plays only a minor role.

The same approach is used for deep penetration calculations in
classical reactor dosimetry [20] issues. Although the whole gamma
spectrum transport was calculated, the validation is performed
only for 27Al(n,g) as the spatial distribution of the material in
maximal neutron flux is ensured and is well-known.

For the fixed photon source description, at first, the fission
distribution in the reactor core was calculated using tally F7 (fission
energy deposition averaged over a cell) in the critical mode.
Equation (1) describes the mathematical meaning of tally F7, and
equation (2) describes how the tally is scored by the MCNP code
[21]. Due to the dependence on microscopic fission cross section, it
can be assumed that the neutron, and therefore also photon dis-
tribution is equivalent to the tally F7 distribution. Accounting for
these assumptions, tally F7 was axially divided into 2.5 cm height
segments via tally segmentation function to obtain axial
distribution.

F7¼ ra
rg

ð

V

ð

t

ð

E

HðEÞ $F� r!; E; t
�
$ dE $ dt$

dV
V

(1)

F7¼W$TL$sf ðEÞ$Q$ra
m

(2)
Where:
� W ¼ particle weight
� Tl ¼ track length
� sf (E) ¼ microscopic fission cross section
� Q ¼ fission heating Q-value
� ra ¼ atom density
� rg ¼ gram density
� m ¼ cell mass
Table 1
Source of aluminum photons in various core components emitted
from the core.

Fuel matrix 25%

Aluminum cladding 45%
Channel in fuel 10%
Regulation elements in the fuel 3%
Mockup of fuel 8%
Channels in lattice 7%
Bottom structure 2%
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� H(E)¼ sf (E) $ Q¼ heating response (summed over nuclides in a
material)

The criticality calculation was performed using the ENDF/B-
VIII.0 neutron library [19]. The used critical model, considering all
details as positions of control rods, was previously validated many
times. The main validation was performed for: critical calculation
[22], the spatial distribution of neutron flux [23,24], kinetics pa-
rameters [25] and even neutron and gamma spectrum measure-
ment [26,27]. The result of the performed calculation was axial
distribution in each fuel plate and the total fission ratio for each fuel
plate. These results were used as a spatial distribution of photons.
The source spectrum was taken from the prompt capture gamma
database [28], only the decay gamma peak was removed.

As a consequence of the long distance between photon source
and detector, the application of variance reduction techniques was
necessary. At first, source biasing was used, making the directions
to the detector more probable. Secondly, mesh-based weight
windows were applied.

The result for the evaluated peak was then taken from the
calculation and multiplied by computationally determined detec-
tion efficiency (using the HPGe model described previously),
photon production weight, and power scaling factor. Photon pro-
duction weight for aluminum was extracted from neutron balance
results in MCNP output (MCNP indication as “table 140”). The
scaling factor used for scaling of calculation to actual power was
realized with the flux method [29]. The uncertainties caused by the
assumption of spatial distribution were estimated using MCNP
code and a modified power distribution profile. According to ex-
pectations, modification of emission profile in a radial sense has
negligible effect. This confirms the assumption of gamma produc-
tion in the fuel matrix.

In the case of the axial profile, the situation is different, as this
parameter is directly connected with a material and geometrical
parameter of gamma transport to the detector. The calculations for
estimation of uncertainties demonstrated that flattening of the
power profile to the uniform profile increases the flux above water
by about 15%. The previous work [23] states, the usedmathematical
model of VR-1 agrees in axial profile below 5%. The flattening of the
profile causes a shift in the axial profile by about 20%. Namely 20%
down in the center, 20% up in boundaries. Thus, the conservative
uncertainty of 5% in axial power profile leads to 3.8% uncertainty in
flux above water. Considering the effect of radial profile shift being
lower than 0.5%, uncertainty in keff, reflecting the fission source
uncertainty, is then below 1%, and statistical uncertainties in
calculated flux below 1%. It can be said the derived total combined
uncertainty in calculated flux is below 4.1%.

The neutron balance result also confirms the assumption that
most of the aluminum photons originate in fuel and fuel cladding.
The total balance of photon production in the aluminum can be
found in Table 1. It was obtained from the neutron balance table in
theMCNP6.2 output file (table 140 “neutron activity of each nuclide
in each cell, per source particle”), which contains data about weight
loss be different reactions for every cell and nuclide, one of the
reaction is “photon weight produced”. Results in Table 1 contain
summarized data about the total share of “photon weight pro-
duced” in 27Al in the whole model.

In total, cladding contains 44.8 kg of aluminum and fuel matrix
21.3 kg of aluminum. That is the reason why gamma production
from cladding is higher by a factor of almost 2, although the
neutron flux is comparable. Other structural components (channels
in fuel and lattice grid, fuel dummies) contain about 16.2 kg of
aluminum. The contribution of these components is comparable to
the fuel matrix contribution. The slightly higher gamma production
per mass unit is caused by better moderation (due to water gaps)
3828
and thus the higher thermal neutron flux.
Other materials present in the reactor core were not validated

by calculation due to the very problematic scaling of calculated data
to the experiment. As, for example, in the case of prompt gamma
production via neutron capture at hydrogen in water - a large
volume of water is present in the core and around it. Thus the
gamma source is much more difficult to describe. Conversely, in
case of the IRT-4M fuel, the simple assumption that all photons are
produced directly in the fuel and their production is proportional to
the fission density can be used. The gamma production in other
structural materials, yielding high-energy prompt gamma radiation
(iron, nickel, chromium, etc.) and are present around the core, is
burdened with large uncertainties due to the geometrical and
material uncertainties and the necessity to properly simulate the
neutron transport to these structures (deep penetration problem).
All these facts can be solved in futurework but are not suitable from
the methodology point of view.

3. Results

3.1. Photon spectra above reactor pool measured by stilbene
scintillator

For estimation of reliability of stilbene, the calculated photon
leakage spectra were compared with measurement e see Fig. 8
[30]. The calculation was performed using the same two-step
approach described above. At first, the fission distribution in the
actual core was determined. It was assumed that the capture dis-
tribution is identical to the fission distribution. Using the spatial
distribution of gamma production and the spectrum calculated
over fuel assembly, the deep gamma transport through axial water
shielding was performed.

As stated above, in this measurement geometry, it is generally
difficult to scale up a calculation to a measurement (except for
specific cases like aluminum in this article); thus, the whole mea-
surement was focused on spectrum shape. Due to that reason,
calculations were normalized to the experiment in the 1e3 MeV
range (see details in Ref. [30]).

The calculated and measured spectra are in good agreement,
which implies that even the organic scintillator measurements are
suitable for precise monitoring of radiation background in these
types of reactor environments. The effect of water decrease on
gamma transport is well-visible in comparison tomeasured photon
fluxes in position 392 cm above the core.

If thewater level decreases, the photon spectrum is not only less
attenuated, but some shift in the lower energy region is apparent in
comparison with nominal measurement. This shift in gamma
spectrum shape can be quantified bymeans of spectral indexes. It is
the dimensionless unit, namely the ratio of gamma fluxes in various
energy regions. Ratios of fluxes are listed for energies above 1 MeV
(see Table 2 and Table 3) and compared to flux over some higher
threshold energy. The observed increase in the spectral index re-
flects the decreasing character of gamma spectra, namely higher
values of spectral index meaning lower average gamma energy.

In the comparison of measurements with nominal and reduced
levels (see Fig. 9), it is notable that the spectral index in the reduced
case is about five times higher than in the nominal case. This re-
flects the lower share of photons in the 7e9.2 MeV peak in the case
with a reduced level regarding the nominal level. The explanation
can be found in the fact that the water has a much higher attenu-
ation of lower energy gammas than in the case of higher energies.

The comparison through spectral indices enables simple com-
parison with different experiments described in other works (see
references in Table 2). The interesting one is in the case where the
simulator of stainless-steel structural components [31] was



Fig. 8. Comparison of measured gamma spectra above water pool with various water shielding thicknesses, 392 cm above the core, together with calculation normalized to
experiment [30].

Table 3
Calculated spectral indexes.

Nominal case Reduced case

>1 MeV/>2 MeV 1.4 2.0
>1 MeV/>3 MeV 2.0 4.1
>1 MeV/>5 MeV 4.2 13.8
>1 MeV/>7 MeV 9.9 34.8
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attached to the core boundary. It consisted of 3 dummy assemblies
containing 105 stainless steel pins (D ¼ 8 mm, L ¼ 60 cm) in total
with a total mass of 25 kg of steel with 10 %Ni and 18% Cr. The
addition of steel to the reflector region highly increases the pro-
duction of high energy gammas. This effect is well visible on the
spectra above the core and is measurable even with a stilbene
scintillation detector [30]. This result also answers the question
about the similarity of gamma spectrum above VR-1 and other
reactor types (e.g., TRIGA). Based on similarity between spectrum in
nominal case and spectrum in the case with the amount of steel
adjoining the core, it can be concluded that the spectra above the
pool of various pool reactors will be similar as the structural
components are mostly very similar. The main difference will be
driven by the height of the water shielding above the core.
3.2. Validation of scintillation detectors response

Fission reactor-produced gamma field shielded by thick water
layer is convenient for the validation of spectrometric devices since
it contains a very low share of neutrons and thus enables the use of
semiconductor detectors or detectors whose sensitive volume can
be easily activated by neutrons. The experimentally determined
gamma to neutron ratio in interval >1 MeV is about 10,000. Thanks
to such properties, the simultaneous measurement of gamma
spectra with a stilbene scintillation detector and HPGe could be
performed.

The comparison of evaluated gamma flux density measured by
stilbene and HPGe response is plotted in Fig. 10. The aim of this
comparison is to show the components of the wide peak. The list of
individual peaks contributing to the broad stilbene peak between 7
and 9 MeV in measurement with 3 mwater above core determined
from HPGe measurement can be found in Table 4.

Narrow peaks were evaluated using the net peak areas (NPAs)
from HPGe measurement, and the gamma flux density in the wide
Table 2
Comparison of measured spectral indexes.

Nominal case Reduced case

>1 MeV/>2 MeV 1.5 1.9
>1 MeV/>3 MeV 2.1 4.4
>1 MeV/>5 MeV 4.0 14.7
>1 MeV/>7 MeV 8.4 42.4

3829
peak was determined as a sum of NPAs in the energy region
7e9 MeV. The peaks are prompt capture gammas separated by
subtraction from the continuum (fission reaction photons, Comp-
ton continuum of peaks of higher energies). Then each contribution
to the wide stilbene peak was calculated as the fraction of the NPA
in the current peak to the sum of all NPAs in the given energy
region.

It is worth noting that the major contributor is the 7724 keV
peak from 27Al(n,g) reaction. It reflects the high neutron flux on the
high amount of Al. The relatively large share of the other capture
peaks of structural component materials reflects a high capture
cross section of these materials regarding aluminum. This is sup-
ported by the fact that the weighted microscopic cross-section for
capture reaction on 27Al is 0.23 b, while captures in other materials
are much higher e namely for 56Fe is 2.6 b and for 50Cr 15.4b.

The flux in wide peak during power level of ~45 W using HPGe
was determined to be 5.806 photons$cm�2$s�1 whereas the same
quantity determined by stilbene was 5.776 photons$cm�2$s�1 due
to the small difference between both values, being lower than 1%, it
can be noted that the stilbene measurement corresponds well to
HPGe results. In the second phase of the experiment, the activation
in the core was performed and thus the reactor power level was
increased to ~646 W. At this power level, measurement by the
HPGe detector was not possible due to the detector over-saturation,
but the stilbene detector measurement was carried out. The
Fe pins in reflector region [30] In radial channel [26]

1.4 2.1
1.9 4.7
3.3 12.4
6.8 23.5



Fig. 9. Comparison of gamma spectra above core with nominal water level and the
case with attached reflector core [30].

Table 4
Contribution of individual measured prompt capture gamma lines to total flux in
7e9.2 MeV broad peak determined from HPGe measurement [30].

Nuclide Eg [keV] Share

56Fe(n,g) 7630.9 13.5%
56Fe(n,g) 7645.5 12.7%
27Al(n,g) 7693.4 4.7%
27Al(n,g) 7724.0 42.9%
52Cr(n,g) 7939.1 2.6%
50Cr(n,g) 8484.2 7.6%
58Ni(n,g) 8534.4 2.5%
53Cr(n,g) 8884.4 6.9%
58Ni(n,g) 8999.9 6.6%
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resulting flux in wide peak at increased power totals 84.5 photo-
ns$cm�2$s�1, which apparently proves the linearity of the relation
between photon flux above the reactor pool and the reactor power.
This also confirms the suitability of this gamma field for calibration
testing of stilbene detectors for studies of high energy gamma.

The HPGemeasured response plotted in Fig. 10 can be converted
to photon flux in peak by division of NPA by efficiency curve, rep-
resenting detector response per unit flux, displayed in Fig. 7, and
the resulting quantity is then directly comparable with stilbene
measurement. Thanks to this fact, in combination with good dy-
namic range, reflecting the fast response of organic scintillators, the
stilbene measurement can be used for absolute power measure-
ments. This fact is valid for pool-type reactors like VR-1 or TRIGA.
The possibility to use prompt capture gamma measurement for
absolute power measurement is in accordance with the observa-
tion by Ref. [4].

3.3. Peak analysis of the photon flux

The comparison of selected peaks in measured spectra and their
calculated values are listed in Table 5. The reported uncertainties
cover both calculational uncertainty, being 4.1%, and experimental
uncertainty covering uncertainty in efficiency calibration and sta-
tistical uncertainty in pulse rates. The higher uncertainty in the
7.693 MeV peak is caused by the lower NPA, which has higher
uncertainty than the 7.724 MeV peak. The best agreement was
Fig. 10. Comparison of stilbene measured photon flux density above the VR-
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reached in the case of nominal water level and 7.724 MeV peak,
which is the most visible one. In the same geometry, the C/E�1
discrepancy grows to 61.2% for peak 7.693 MeV, which is about four
times more than related uncertainties. This might imply problems
in the ratio between yields in 7.724 MeV and 7.693 MeV peaks in
the nuclear data library.

The agreement in case with reduced moderator level measured
at lower power (approx. 0.154W) is worse than in the nominal case.
This might imply both problems in the description of gamma
transport of 7.724 MeV photons and problems in the correct
description of gamma scattering in instrumentation tubes. How-
ever, as the shift in C/E is about 20%, it can be deduced that the
water is relatively well-defined for deep gamma penetration
because from the opposite point of view, the introduction of 2.05 m
of water layer leads to the improvement in C/E�1 by 20%. The
7.693MeV peak could not be evaluated at a reduced level due to the
bad statistics during measurement.
4. Conclusions

It was shown that the gamma field above the pool of the VR-1
reactor is well-measurable. The calculated gamma flux in the
most visible aluminum peak, 7.724 MeV, formed by capture
gammas from 27Al(n,g) reaction, is in satisfactory agreement with
measurement. The agreement in this peak implies the combination
of both captures on aluminum accompanied by gamma production
and transport through the thick water shielded geometries are
reliably described through the current nuclear data libraries.

In the case of the thinner shielding layer (reduced moderator
1 pool and HPGe response at the same position (power approx. 45 W).



Table 5
Results for photon flux measurement by HPGe and calculation.

Moderator level Energy [MeV] Measurement [cm�2s�1] Calculation [cm�2s�1] C/E�1 Uncertainty

Nominal 7.693 2.618E-01 4.221E-01 61.2% 16%
Nominal 7.724 2.374Eþ00 2.659Eþ00 12.0% 5%
Reduced 7.724 8.929E-02 1.185E-01 32.7% 9%
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level), the agreement worsens, however considering only slight
bias from the nominal case, the determined discrepancy still fits
into the uncertainty range.

The validation of gammas produced from 27Al(n,g) reaction is
useable not only for verification of calculations of gamma fluxes in
core components of reactors using IRT type fuel but also for the
verification of the PGNAA (Prompt gamma neutron activation
analysis) calculations in earth and space exploration because large
amount of Al based compounds are contained in Earth's crust
(aluminum is the thirdmost abundant element in the Earth's crust).

Integral gamma flux in region 7e9 MeV measured by HPGe and
presented in chapter 3.2 is in good correspondence with the net
peak area in wide peak in stilbene measurement, which confirms
the validity of stilbene measurements of gamma flux. This is a
valuable result because it implies that the stilbene is a useful de-
tector for independent power monitoring at open pool reactors
using aluminum or steel structural components (e.g., TRIGA). It
reflects the fact that the power is proportional to thermal neutron
flux, which is also proportional to the production of capture
gammas forming the wide peak in regions 7e9 MeV.

Another important conclusion is confirmation of the usability of
stilbene for precise measurements of gamma fluxes in mixed N/G
fields where other detector types cannot be used due to high
neutron background.

Additionally, it can be observed that a very high gamma to
neutron ratio ensures the usability of this kind of mixed neutron-
gamma field for testing of semiconductor detectors together with
neutron sensitive ones and simultaneous validation of their
response functions.
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