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Abstract. Aim of this work is to study the effect of NaCl on neutron flux through graphite block.
Graphite block had 39 channels drilled through it and filled with NaCl. Au and In foils and In wire
was used for neutron activation measurement of the neutron flux. AmBe neutron source with nominal
activity of 92.5 GBq was used. The results were compared with MCNP simulations with channels filled
with salt and air. Twelve different locations for Au and In foils were used and In wires were place in
three locations to measure vertical profile of neutron flux.
Keywords: HPGe, NaCl, chloride salts, neutron flux.

1. Introduction

2. Experimental setup

Molten salts were first considered for application in
nuclear reactors in late 1940s as part of the Aircraft Reactor Experiment. Molten salts were chosen because
of the high power density requirements for the reactor
and multiple other reasons [1, 2]. The research continued with Molten Salt Reactor Experiment (MSRE),
which was considered a success [3, 4]. However the
research of MSRs was discontinued after MSRE due
to other priorities, lack of funding and other political
reasons [5]. Since fluorides were chosen as primary
coolant, most of the research to date focused on these
mixtures [1, 3]. Nevertheless chlorides were considered
as well and therefore some Cl based mixtures were
studied too [2].
Main advantages of MSRs compared to PWRs are
higher fuel burn-up, higher operating temperature and
low operating pressure usually around 0.3 MPa. There
is also theoretical possibility of breeding fuel from
both uranium and thorium. Among the challenges
are higher neutron flux, corrosive behavior of salts,
more difficult maintenance and inspection [6].
The interest in MSRs was renewed in 21st century.
Even though most concepts are based on fluorides,
some concepts, especially fast reactors, rely on chloride
mixtures. Among the concepts that plan to utilize
chlorides are MSFR by Terrapower, LLC and SSR
by Moltex Energy Ltd [7, 8]. Apart from usage in
MSRs, chlorides can also be used in accelerator-driven
systems [9].
Since the data for neutronics of chlorides are not as
well studied as fluorides, the goal of the work was to
construct the experimental setup and determine how
the NaCl affects neutron flux density and to determine
whether the experiment provides any useful data. This
experiment was conceived to be the first in the series
of experiments aimed at gathering more data about
chloride neutronics.

The equipment used for the experiment consisted of
graphite block, AmBe neutron source, sodium chloride
and golden and indium threshold activation detectors
(TAD).
Dimensions of the graphite block were 506 × 300 ×
300 mm (length x width x height). Altogether 39
channels were drilled all the way through the block,
these were filled with NaCl. One hole was drilled at the
center of the shorter side of the block to accommodate
neutron source. This hole was drilled to the depth
of 175 mm. The layout of the channels can be seen
in Figure 1. The diameter of the NaCl channels was
29.3 mm and the diameter of neutron source hole was
22 mm.
The block was placed on the 5 mm thick steel plate,
which was attached to 600 mm tall wooden base.
AmBe neutron source with neutron emissivity of
5.6 · 106 s-1 was used. It is made of 833 mg of AmO2
and 7374 mg of 9 Be encased in stainless steel cylinder
which has diameter of 19.1 mm and height of 48.6 mm.

3. Methodology
Preliminary calculations were made to determine suitable diameter. Eventually it was decided to drill
channels with diameter of 29 mm based on the practical feasibility. The 29 mm drill was the largest
readily available and smaller diameters would mean
more channels which would be time consuming. One
channel took about 20 minutes to drill.
Due to the concerns about graphite fragility it was
decided that distance between edge of the holes and
the block should be at least 15 mm and keeping sufficient distance between edges of holes meant that
there would be actually less volume of salt if bigger
diameter was used.
The channels are 0.3 mm wider due to drill vibrations. The hole for neutron source was drilled to the
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Figure 1. Layout of drilled channels.

depth of 175 mm in order to vertically center the
source. SolidWorks 2014 software was used to create model of the block and the base. Each of the
29 mm channels was filled with 99.5 % purity NaCl
salt, the salt was put into polyethylene bag for easier
manipulation.
Neutron activation measurement was used to measure the neutron flux density. 197 Au (Figure 4) and
115
In (Figure 3) foils were used as activation detectors, which have high cross section for thermal neutron
capture.
Foils were placed in paper wrap in the selected
channels as seen in Figure 2. Foils were placed at the
3 o’clock side of the holes, approximate placement of
the foils is designated by red dots in Figure 2. All of
the In foils had same diameter of 16 mm, thickness
of 0.5 mm and 99.99 % purity. Au foils had square
shapes but their dimensions differed as can be seen in
Table 1. Apart from the foils, In wires were used in
channels IIα, IIγ and IIη, right in front of the neutron
source. This was used to determine neutron flux over
the entire height of the block. The diameter of In wire
was 1 mm and length was 300 mm.
The Au detectors were placed lower than 150 mm
from the base and In detectors were placed above
150 mm because the foils could not be placed side by
side in the vertical center of the channels at height of
150 mm.
In addition to the detectors in the channels, other
detectors were placed on the external sides of the
block. Both Au and In detectors were placed in the
center of the respective sides of the block. Detectors
with cadmium shielding were added to the left and
rear sides (From the source point of view) of the block
to detect ratio between thermal and fast neutrons. In
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Hole

Purity
(%)

Thickness
(mm)

Dimensions
(mm)

IIα

99.95

0.25

10x10

IIγ

99.95

0.25

10x10

IIη

99.90

0.02

13x13

3A

99.95

0.25

10x10

3C

99.90

0.02

13x13

3E

99.90

0.02

12x12

IIIα

99.95

0.25

10x10

IIIγ

99.90

0.02

12x12

IIIη

99.90

0.02

13x13

4A

99.90

0.02

13x13

4C

99.90

0.02

12x12

4E

99.90

0.02

12x12

Table 1. Au detectors characteristics.

foils had same dimensions as the ones in the channels
and Au foils are described in Table 2.
HPGe detector was used to measure activation of
the foils. GAMWIN software was used to evaluate
measurements.
The reaction rate RRC (As seen in Equation 1)
was calculated after the area of measured peaks was
manually determined using results from GAMWIN
software. Intensities and detector efficiency for designated gamma energies can be seen in Table 3.
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Figure 2. Layout of detectors.

Figure 3. Indium-115 radiation capture cross-section [10].

Figure 4. Au-197 radiation capture cross-section [10].
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Side

Purity
(%)

Thickness
(mm)

Dimensions
(mm)

Source

99.95

0.250

10x10

Left Cd

99.95

0.250

25x25

Left

99.95

0.125

25x25

Right

99.95

0.125

25x25

Rear Cd

99.95

0.500

25x25

Rear

99.95

0.500

25x25

Figure 5. Vised visualisation.

Table 2. Outside Au detectors characteristics.

Material

Eγ (keV)

Iγ (%)

γ (-)

In

416.860
1097.326
1293.558

27.7
56.2
84.4

0.03484
0.00833
0.00559

Au

411.802

96

0.03525

3.1. MCNP simulation

Table 3. Measured energies and characteristics.

RRC =

S(Eγ ) · λ ·

treal
tlive
−λtirr

γ (Eγ ) · Iγ (Eγ ) · (1 − e
)·
· (1 − e−λtreal ) · e−λtdelay

(s−1 ) (1)

MCNP 6 was used to simulate the experiment [15].
Polyethylene was neglected in the model given that
combined weight of the bags was approximately 100 g
compared to the weight of the entire setup which was
approximately 90 kg. The model contained additional
300 mm thick wall on the side of neutron source, this
could have some impact on the results. Activation
detectors were not placed within the channels but simplified approach was taken which evaluated neutron
flux density through designated sections of channels.
Channels were separated into four sections, the two
evaluated sections were at heights between 140 to
150 mm and 150 - 160 mm. Then the reaction rate
was calculated using calculated neutron fluxes, atomic
density and cross sections of Au and In. Simulations
were done for holes filled with air and NaCl.

Where S(Eγ ) is area of measured peak of selected energy
level, λ is decay constant of particular isotope, treal is measuring time, tlive live time of measurement, γ (Eγ ) is detector
efficiency for given energy level, Iγ (Eγ ) is intensity of gamma
line, tirr is duration of irradiation and tdelay is time between
the end of irradiation and beginning of measurement.

Afterward the weighted average of reaction rates
for different energies for In was calculated. Then
reaction rates per gram of material was calculated using dimensions of detectors and densities of materials
[11],[12],[13].
The irradiation lasted for 7 days and measuring
intervals were 15 mins for In wire and 20 mins for
In and Au foils. The irradiation lasted for 7 days to
ensure sufficient degree of activation because half-life
of 198 Au is 2.694 days [14].
Because samples could not be reinserted into the
setup without disrupting the experiment, it was not
possible to conduct multiple measurements of the
samples.
Reaction rates measured and calculated on outside
detectors with and without cadmium shielding were
used to calculate cadmium ratio 2

rCd =

Rr
RrCd

(2)

Where Rr is reaction rate of all of the neutrons, RrCd is
reaction rate of fast neutrons
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4. Results
The results of experiment and simulations can be seen
in graphs Figure 6 to 13. Some results have substantial
error margins, this is due to low intensity of neutron
flux of neutron source and relatively short time of
measurements. The short measuring time was caused
by high number of samples because there was only one
HPGe available. The measuring time could not be
longer, because the activity of samples would decrease
too much and the setup did not allow to reinsert foils.
Cadmium ratio in Table 4 shows that neutrons were
not very well moderated, for future research would be
useful to have higher volume of graphite.
As can be seen in the graphs Figure: 6 to 9, the
trend of In foils is similar to MCNP simulation results,
however most of the reaction rates are higher in the
experimental samples than in simulations. This could
be due to aforementioned simplifications and also due
to high degree of uncertainties. The result for In foil
in position αIII (Figure 8) is different, but the error
margin for that sample is also substantial, therefore
it cannot be concluded that the model is inconsistent
with the experiment.
The results for golden foils of 0.02 mm thickness
differ substantially from simulations because reference
reaction rate was calculated for thickness of 0.25 mm
in MCNP simulations. The experimental results for
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Figure 6. Results for In foils in positions II.

Position

Indium
rCd (-)

Gold
rCd (-)

Left

1.4090

1.5579

Rear

1.3243

1.6416

Table 4. Experimental results.

5. Conclusions
The paper studies neutron flux density within graphite
block with drilled channels that were filled with NaCl.
The aim of the work was to design and construct experimental setup and get some experience with chloride
salts. Another goal was to see whether the MCNP

ε

Figure 7. Results for In foils in positions 3.
Reaction ates of Indium in channels in position III

60

MCNP-salt
MCNP-air
Experiment

50

RRc (s(1g−1)

0.25 mm thickness is much more similar to the simulation, whereas reaction rate for 0.02 mm is much
higher, this is caused by self-shielding of the thicker
foil material.
The difference between simulations with salt and
air is not very pronounced. This is due to relatively
small amount of salt in the system, however all simulations show slightly higher reaction rates for air in
the farthest positions, indicating that NaCl captures
small amount of the neutrons.
Wire measurements Figure 14, Figure 15, Figure
16 showed high degree of uncertainty because of short
half-life of In wire and short measuring time. Each
wire was divided into five segments, each 6 cm long.
The wires could not be reinserted, therefore they were
cut into 5 pieces due to short half-life [14] and these
segments were measured. The first wire showed expected results with higher rate in the middle, other
two wires showed different results with no clear trend.
This was most likely caused by short measuring time,
low activity of the samples farther from the neutron
source and short half-life of Indium. The results for
In wire are not reliable and require further measurements.

γ
Location

40

30

20

10
α

γ
Location

ε

Figure 8. Results for In foils in positions III.

model is reasonably accurate compared to the experiment and to find out ways in which we could
improve the experimental setup. The main purpose
of the setup is to provide students with opportunity
to measure and evaluate real life data and get hands
on experience with scientific work. Neutron activation measurement was used to determine neutron flux.
Twelve Au and In foils were used and three 30 cm long
In wire were used as well. The wire measurement had
high error margin due to short measuring time and
only the wire at the closest position to the neutron
source showed expected trend with regard to vertical
distribution of neutron flux.
Both In and Au foils showed similar trends to the
simulation, reaction rates were higher than those of
the simulations in all cases except one and this could
be attributed to measuring error. The self-shielding
effect of gold affected the results significantly and measured values for thinner, 0.02 mm thick foils diverged
from simulation considerably. This was caused by
simulation input which used thicker 0.25 mm thick
foils for normalisation.
Despite the fact that 0.02 mm foils showed significant divergence in values compared to model, it
nevertheless showed similar trends. Given the error
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Figure 9. Results for In foils in positions 4.
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Figure 10. Results for Au foils in positions II.

margins it is sufficient indication that the model is in
good agreement with the experiment.
The measuring errors were quite large, this was due
to limitations of experimental setup which did not
allow for reinsertion of the foils. This was particularly
visible on In wires which were separated to 5 segments,
but because of short half-life of indium could not be
measured for a long time. In the future it is planned
to upgrade the setup to allow for better manipulation
of salt and also reinsertion of detectors.
The samples could not be reinserted because they
were inserted simultaneously with the polyethylene
bags. Once they were removed the polyethylene bag
would not allow for the sample to be put back in. In
the future it is planned to use vessels that could keep
their shape, probably aluminium tubes. Thus allowing
for continuous measurement. After the upgrade of
the experimental setup it is planned to repeat the
experiment, perform another experiment with empty
channels to compare the results and adjust the MCNP
model. It is also planned to measure the effects of
other chloride salts, such as LiCl, KCl, CaCl2 , MgCl2 .
It is also possible to add another layer, approximately
200 mm of graphite between neutron source and the
block to get higher amount of thermal neutrons.
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Figure 11. Results for Au foils in positions 3.
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Figure 12. Results for Au foils in positions III.
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