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Abstract

The goal of this project was to determine the source strength of an Americium-Beryllium
neutron source by irradiating metal foils of different elements. The irradiated foils were then
placed on a High Purity Germanium detector and γ-decay from the decay of the neutron induced
reaction products was observed and used to deduce the neutron flux. The results have been found
to be in the order of magnitude of S = 2 · 105 neutrons/second, which is in fair agreement with
the source strength calculated from the manufacturer’s specifications. In addition, in order to
improve the reproducibility of the measurements, flexible holders have been created using 3D
printers.
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1 Introduction

This project aims at determining the source strength of an Americium-Beryllium neutron source.
The experiments made in order to determine the source strength are based on the irradiation of metal
foils. For all the experiments presented in this report, a similar protocol was employed. First, the
neutron source is placed on top of a thin foil for a given time. This irradiation causes a part of the
atoms in the foil to react to form unstable nuclei. Then the target foil is brought to a gamma detector
where a measurement starts, that allows to measure the number of decays for each nuclide. From
thereon, using the results from the measurements and computations based on the physical relations,
the source strength can be derived from each decay channel.

This report presents the results of experiments done on aluminium and indium target foils. A
subsequent goal of this project was also to determine how to optimize the gamma measurement with
respect to the number of counts for each reaction channel and geometrical positioning of the metal
foils. This was improved mainly with the use of a 3D printer to create holders that increased the
accuracy as well as the reproducibility of the experiments.

The report is organized in five parts: (2) Presentation of the experimental conditions, (3) Theory
and necessary computations, (4) The experimental setup, (5) The experiments and results and (6)
Discussion.

2 Experimental conditions

In this section, the experimental conditions will be presented in order to constrain the theoretical
part that follows. Thus, the nature of the source as well as the reactions that are observed on the
metal foils will be presented.

2.1 The neutron source

The source used in this project is an Americium-Beryllium source which is an alpha/neutron
source. A photo of the source is presented in figure 1. It is mounted on a plastic stick seen on the left
side of the picture. The source is assumed to be a point source surrounded by an aluminium cylinder,
although there are rather high uncertainties on its position, vertically and horizontally. Horizontally,
it is assumed to be located between the two blue lines, while vertically there is no such interval so
we assume the uncertainty to be the size of the black dot. The source can also be distributed over a
larger volume, but in this report we assume a limited distribution.

As seen in figure 1, the radial distance x is smaller than the distance y to the edge of the aluminium
cylinder. In order to maximize the neutron flux it was therefore decided to irradiate the metal targets
in the radial position. This decision is also based on the assumption of the source being distributed
over a limited volume.

This Am-Be source releases neutrons through the reactions:

241
95 Am →237

93 Np + α

α +9
4 Be →12

6 C + n+ energy

The reactions lead to a neutron field over the energy range 0-11 MeV, with an average energy of
about 4.2 MeV [4]. Figure 4 shows the energy distribution according to the ISO standard [4]. The
source strength is expected to be equal to S = 2.7 · 105 n/s, according to the documentation of the
source. However, this value is the one of the source strength on the 8th of February 1971, therefore
the source strength today has to be corrected according to the half life of the components. Americium

1 June 2022



Project report - 1FA565 Uppsala University

241 has a half life of 432.2 years and beryllium 9 is stable. The source strength of the neutron source
is now expected to be:

S = S0 · e−(2022−1971)λ = 2.5 · 105n/s (1)

where the decay constant λ = ln(2)
432.2

.

Figure 1: Photo of the source and its dimensions. The assumed position of the source in the aluminium
cylinder is indicated in red, as well as the uncertainty on the position.

2.2 The metal targets

Neutron irradiation has been performed on foils of two different elements. The metal chosen for the
first experiment is natural aluminium (2713Al), because of its properties of very low density that allows
it not to block the gamma rays during the measurement phase, but still has reasonable cross sections
for reactions that will produce nuclei with β decays that emit observable photons from γ-deexcitation.
The neutron activation of the sample happens under three reactions:

27
13Al + n →27

12 Mg + p (2)
27
13Al + n →24

11 Na+ α (3)
27
13Al + n →28

13 Al + γ (4)

The resulting nuclei are unstable and decay through the reactions indicated in table 1. First the
half lives of the nuclides are indicated as well as their decay modes. The specific energies indicated
are the ones expected to be observable during the gamma measurement of the aluminium foil. The
branching ratios are extracted from the data base NuDat 3.0 [1]. The efficiency of the detector is
dependent on the energy of the gammas and the geometry of each foil. It has been determined by a
combination of calibration measurements and Monte Carlo simulations [2]. The corresponding level
schemes for each decay are shown in figure 2.
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Figure 2: Decays schemes of the resulting nuclides of the neutron activation of aluminium, extracted
from [3]. (a) Decay of Na-24, (b) Decay of Mg-27, (c) Decay of Al-28. The gammas that can be
observed in the experiment are indicated with red arrows.

Table 1: Decay modes of the resulting nuclei of the Al irradiation as well as the energies of their
γ-decay, the branching ratios extracted from [1] and the efficiencies determined by [2]. The threshold
energy is the one where the cross section starts to differ from zero (see figure 5). These values will be
useful in the theoretical computations.

The second set of experiments was made using two different foils of natural indium, containing
115
49 In (95.71%) and 113

49 In (4.29%). The reactions of neutron activation are :

115
49 In+ n →116m

49 In+ γ (5)
113
49 In+ n →113m

49 In+ n′ (6)
115
49 In+ n →115m

49 In+ n′ (7)
115
49 In+ n →115

48 Cd+ p (8)
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Similarly to aluminium, the decay of the resulting nuclides are shown in table 2. Not all of these
nuclides will be observed in the measurements (part 5), because of either low detector efficiency, low
production cross section, low emission probability or long half lives. Thus, in the table below, only
gammas from the first three reactions will be seen. The corresponding level schemes for the each
decay of the three observed reactions are shown in figure 3.

Figure 3: Decays schemes of the resulting nuclides of the neutron activation of indium, extracted from
[3]. (a) Decay of In-116m, (b) Decay of In-113m, (c) Decay of In 115m. The gammas that can be
observed in the experiment are indicated with red arrows.

Table 2: Decay modes of the resulting nuclei of the In irradiation as well as the energies of their
γ-decay, the branching ratios extracted from [1] and the efficiencies determined by [2]. The threshold
energy is the one where the cross section starts to differ from zero (see figure 5). These values will be
useful in the theoretical computations.
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3 Theory

This section summarizes all the necessary computations in order to obtain the source strength of
the Am-Be source. First, an estimation of the number of nuclides produced by each reaction was
made in order to verify that the experiment would be possible. Then, the computations from the
actual measurements to the source strength are presented.

3.1 Theoretical computations

The documentation about the neutron source indicates that the source strength today is around
2.5 · 105 n/s (see 2.1). From this assumed source strength, a few parameters can be determined to
estimate what the activity of irradiated foils would be for such a source strength.

1. The total neutron flux at a distance x from the source:
This first parameter can be determined through equation 9, and estimated for a few distances
from the source.

Φ =
S

4πx2
(9)

where x is the distance from the source to the target in cm, and Φ is the neutron flux given in
n/cm2/s.

2. The energy dependent neutron flux Φ(E)

From figure 4 we get the energy distribution of the neutron source, which is the energies of the
emitted neutrons. The data are extracted from a table given in the ISO standard [4] in terms
of energy bins.

Figure 4: Energy distribution of the Am-Be source according to the ISO standard [4]. The total area
of the relative source strength is normalized to 1.0.

3. Cross sections for the selected reactions X(n,x)Y:
In order to find the reaction rates for each reaction that will lead to the number of produced
nuclides from the neutron induced reactions, the cross section of each reaction needs to be known.
These data are extracted from the International Reactor Dosimetry and Fusion File, IRDFF-II
[5] and the cross sections for every observed reaction studied in this report are shown in figure 5.
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The graph shows that cross sections of the different reactions share part of their areas with the
energy distribution of the source, which indicates that the reactions can be observed, in theory.

Figure 5: Cross sections for the different reactions studied in this report, extracted from [5]. In blue
is indicated the energy distribution for the Am-Be source as shown in figure 4.

Moreover, it is interesting to notice that the cross sections of some reactions (Al-27(n,p)Mg-27,
Al-27(n,α)Na-24, In-115(n,n’)In-115m, In-113(n,n’)In-113m) have an energy threshold where
they start to differ from zero. This will have to be taken into account when computing the
average cross section of each reaction in order to determine the flux and the source strength
in part 3.2. The only reaction without a lower threshold is In-115(n,γ)In-116m reaction, which
has very high cross sections for thermal energies. This makes this reaction sensitive to scattered
neutrons from materials surrounding the irradiation point.

4. Target dimensions and number of target nuclei:
Another important parameter to determine is the number of produced nuclides in each target.
The dimensions for each target created for the experiments are summarized in table 3, as well as
their masses and their number of nuclei N. The thicknesses and the areas are given as indications
of the shape of the targets, but only the mass is necessary to obtain the number of nuclei in the
target, through the formula :

N =
mtargetNA

Mtarget

(10)

where mtarget is the mass of the foil, Mtarget is the molar mass of the metal used and NA is the
Avogadro number.

Table 3: Target characteristics for each metal tested. The molar mass, the mass of the target, the
number of nuclei in each target, as well as the dimensions are given.
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5. The reaction rate:
Using formulas (5) and (6) from the ASTM Standard practice for determining fluence rate [6],
the reaction rate can be determined.

RR(E) = Φ(E) · σ(E) (11)

N ·RR =

∫
Φ(E) · σ(E) ·NdE (12)

where σ(E) is the cross section of the reaction given in barn and N is the number of irradiated
nuclei that may react under the influence of the neutron source (obtained in the previous step).

Because the data of the cross section σ(E) has been extracted in step 3, and we have the flux
of the reaction from equation 9, the following expression of the reaction rate can be written:

N ·RR =
mNA

M

∫
S(E)

4πx2
σ(E) dE (13)

This allows to compute the reaction rates for the different reactions for both indium and alu-
minium. These reaction rates are presented in figure 6. It should be noted that the reaction
rates assume a point source in vacuum with no surrounding material that may affect the neutron
flux. Furthermore, the aluminium casing around the source is not taken into account.

Figure 6: Reaction rates for the different reactions observed in the measurements.

6. The saturation level for the produced nuclides

If the target is irradiated long enough, the saturation level is reached, which means that the
equilibrium between the produced nuclides of the neutron induced reactions and the decays of
these nuclides is reached. This makes the computations a lot easier since we do have to take
into account the increase of irradiated nuclei and can simply compute the number of nuclides at
saturation level. To compute the number of nuclides that can be produced at saturation level,
the saturation activity has to be determined. Using the following equations:

dNp

dt
= N ·RR−Npλ and λ =

ln(2)

t1/2
(14)
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where Np is the number of produced radionuclei. The activity at a given irradiation time ti can
be written as

A = Npλ = N ·RR(1− e−λti) (15)

and the saturation activity is then:

Asaturation = N ·RR (16)

Now, solving equation 14 and rearranging it, the number of nuclides produced at the saturation
level can be written as:

Np = N ·RR(1− e−λti)
1

λ
(17)

Np,sat =
N ·RR

λ
(18)

This allows to express the activity of the sample at any given irradiation time:

A(ti) = Asat(1− e−λti) (19)

The estimations for the resulting nuclide activities are summarized in table 4. This gives an
indication of the order of magnitude expected for the number of counts for each nuclide during
the gamma measurement. However, it is a rough estimation because the efficiency will vary
with the energy of each gamma transition in each reaction. It is presented here, as a first
estimate, with a very low detector efficiency, to show that even in this case, the reactions could
still be observed, although with low statistics. Therefore, these estimations confirmed that the
experiments on aluminium and indium would be possible. In this estimate the branching ratios
for the gamma energies have not been taken into account, but as there is at least one transition
with branching ratio in the range 45-100% for each decay it would, in the worst case, reduce the
anticipated number of counts to about half of the given values. In other words, there will be a
least one visible peak for each of the anticipated reaction channels.

Table 4: Activity expected for every produced nuclide, as well as the number of produced nuclei at
saturation level. Finally the number of counts expected for a 1% detector efficiency is indicated. This
efficiency is a conservative estimate for this HPGe detector in the present measurement position. It
was selected in order to estimate that there would be visible decays during the measurement.

3.2 Determining the source strength from the number of counts observed
at each energy

To calculate backwards, from the observed number of counts in the gamma measurement to the
activity of each reaction product, a few formulas are needed. The following reasoning is based on
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the ASTM standard named ”Standard Practice for Determining Neutron Fluence, Fluence Rate, and
Spectra by Radioactivation Techniques” [6].

The activity of the sample at the end of irradiation time is computed with the following
formula [6]:

A0 =
λD

(1− e−λtC ) · e−λtW
(20)

where tC is the time interval for counting of gammas, tW is the waiting time between the end of
the irradiation period, and the start of the counting period and D is the number of disintegrations
in the interval tC . D can be expressed as D = N

ϵ·BR
, where N is the number of counts observed in

the peak, ϵ is the energy-dependent geometrical efficiency of the source-detector at a given position
and BR is the branching ratio of the observed gamma transition. The values of the efficiencies are
determined through a calibration previously done of the detector [2].

The next step is to find the reaction rate of the reaction, knowing the activity. From equation 10:

N ·RR =
A

1− e−λti
(21)

The last element needed is the average cross section defined in [7] as:

σaverage =

∫∞
Ethreshold

σ(E)Φ(E)dE∫∞
Ethreshold

Φ(E)dE
(22)

The limits of the integral in this equation are defined according to the threshold energy for each
reaction, that is when the cross section start to differ from zero. This needs to be taken into account
since the integral over the flux is then lower than one because it only takes into account a part of the
energy distribution of the flux. Then the flux at the irradiation point is determined through:

Φ =
N ·RR

σaverage ·N
(23)

This correspond to only part of the total neutron flux from the reaction threshold up to the maximum
energy. Therefore, the full flux is:

Φfull =
Φ∫∞

Ethreshold
Φ(E)dE

(24)

Finally, the source strength is determined from equation 9:

S = Φfull · 4πx2 (25)

where x is the average distance of the target to the center of the neutron source, assuming that it is
a point source.

3.3 Error propagation

The error propagation on the source strength was computed using the variance formula:

sf =

√(
∂f

∂x

)2

· δs2x +
(
∂f

∂y

)2

· δs2y +
(
∂f

∂z

)2

· δs2z + ... (26)
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For instance, the first uncertainty needed is the one on the number of disintegrations D. Applying the
formula 26 to the definition of D (see 3.2), the uncertainty on D is:

δD =

√(
δN

ϵ ·BR

)2

+

(
N · δϵ
ϵ2 ·BR

)2

taking into account that the uncertainty on the branching ratio (BR) is negligible. The same formula
is applied for every parameter.

4 The experimental setup

4.1 Irradiation and measurement setup

The experiments are divided into two steps, the first one being the irradiation of the foils as
represented in figure 7, the second one being the measurement of the γ from the β decay, using the
High Purity Germanium detector (HPGe) and the data acquisition software MAESTRO (figure 8) [8].
This detector consists of a single crystal of germanium inside an aluminium cover [8]. It is surrounded
by a box of lead to reduce the contribution of background radiation.

The paraffin shielding represented in figure 7 was used in the irradiations of the aluminium target
and in the first irradiation of the indium target. Then the conditions of the experiment were changed
by removing the setup from the paraffin shielding in order to reduce the contribution from low energy
neutrons. The same aluminium foil was used in experiments Al 1 and 2, and the same indium foil
was used in experiments 2.1-2.2. Each experiment was performed several days apart so that the
produced nuclides would have decayed away to insignificant levels, thereby not affecting the following
experiments.

Figure 7: Schematic drawing of the setup of the source on the foil. The source geometry is described
in part 2.1. The source is placed in a paraffin shielding in order to reduce the irradiation of the
environment. The source is located in an aluminium cylinder attached to a 30 cm plastic stick.
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Figure 8: Schematic drawing of the setup of the irradiated foil on the High Purity Germanium detector.
The target is placed on the detector which is connected to an amplifier. The signal is then analysed
by MAESTRO.

4.2 Holder for the AmBe source

During the project, a few issues were encountered, such as how to hold the foils close enough to
the source while not manipulating the foils too much between the end of irradiation and the beginning
of the measurement. This was especially important for the second and third experiments made on
indium, where one goal was to see the effect of self absorption of gammas by the foil. In order to see
this effect, the foil had to be able to turn upside down between the irradiation and the measurement
(i.e. the side that had faced the source had to be put directly on the detector).

This process was made easier by creating a holder made by 3D-printing. This allowed to have
reproducible positioning of the target on the source and on the detector. The softwares used are
Tinkercad [9], to design the holder, and Ultimaker Cura [10], to print it. In figure 9a, the coloured
parts of the model are the ones that will be printed whereas the grey areas are inserted to remove
material from an initial shape.

The models were printed on an Ender 3 S1 Pro printer, and the final piece is presented in figure
9c.

Figure 9: (a) Screenshot of the model made on Tinkercad for the base of the holder. (b) Screenshot
of the entire holder ready to print on Cura. Above the holder are the two attachments that hold the
source. (c) Top: Final holder with the indium target. Bottom: Am-Be source on the holder.
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5 The experiments and results

5.1 Result of aluminium irradiations

The main purpose with the first irradiation of aluminium was to check that the peaks would be
visible at all during the gamma measurement. The foil was shaped as a rectangle of 19.6*15.9 mm
and a thickness of 1.2 mm. The irradiation lasted a little more than a day, and then 3 gamma
measurements were made with different time spans, one after the other. Only the ones with the best
statictics were taken into account in the final results presented in figure 12 and in table 6.

The second irradiation of aluminium was done for a time of about 15 hours. Every thing else was
done in a similar manner. The waiting time is about the same as before and the three measurements
have been stopped and started at about the same time, see table 6 for details. The gamma spectra of
the measurements of the irradiation on aluminium are presented in figures 10 and 11. The results of
these measurements are presented in figure 12 and in table 6.

Figure 10: Gamma spectrum of the first measurement done for Al 2, for 802 seconds. The peaks for
each relevant energy are indicated in red as well as the decay from where they originate.

Figure 11: Gamma spectrum of the third measurement done for Al 2, for 86600 seconds. The peaks
for each relevant energy are indicated in red as well as the decay from where they originate.
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The uncertainty of the deduced source strength has been derived through error propagation on
equation (23), with all parameters of relevance in equations (17-22). The uncertainties for each
parameter is given in table 7. The weighted averages indicated on the graphs for all experiments have
been calculated in order to take into account the uncertainty of each point, using the variance-defined
weight:

x̄ =

n∑
i=1

xi

σ2
i

n∑
i=1

1

σ2
i

; σx̄ =

√√√√√√
1

n∑
i=1

1

σ2

(27)

where, in our case, xi is the source strength at a given energy, σ is the known uncertainty for each
value and σx̄ is the error of the weighted average.

Figure 12: Source strength computed from the two experiments on the aluminium foil. The results
of the second measurement have been slightly shifted (+40 keV) so that they do not overlap. The
weighted average has been computed according to the uncertainty on every value (equation 27)

The value obtained for the first measurement is S = (2.18 ± 0.12) · 105 n/s, and for the second
measurement S = (2.02±0.11) ·105 n/s, to be compared with the expected source strength of 2.5 ·105
n/s.

5.2 Result of indium irradiations

5.2.1 First measurement on indium

For indium, the foil was first shaped into a rectangle of 13.7*17.9 mm2 and a thickness of 2.2 mm.
The setup for this experiment is the same as for aluminium, presented in figure 7. The irradiation
lasted a little bit less than a day, and a long measurement was made of about 5 hours. All other
relevant information are indicated in table 6.
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Figure 13: Source strength computed for the first irradiation on indium foil In 1 at average distance
from the source to the target, 1.735cm. The weighted average has been computed according to the
uncertainty on every value (equation 27).

The values obtained for the first measurement on indium are: (3.58±0.15) ·105 n/s for the average
over all values and S = (4.61± 0.23) · 105 n/s for the average excluding the first two values of energies
336.24 and 391.70 keV, which are not affected by the low energy neutron effect. The reason for the
high values for the gammas from the In-116m decay are very likely due to backscattering of low-
energy neutrons from the paraffin surrounding the experimental setup. The two gamma transitions at
336.24 and 391.79 keV are not affected by low energy neutrons because the associated reactions have
thresholds at 0.4 MeV and 0.45 MeV. The deduced neutron source strength from those reactions are
S = (2.71± 0.26) · 105 n/s and S = (2.79± 0.35) · 105 n/s, respectively.

5.2.2 Second set of measurements on indium

Here, the target was shaped into a disc of 1.6 cm in diameter and 0.3 cm in thickness. Every
irradiation in this section were done for a time of approximately 15 to 16 hours.

For the second set of experiments on indium, one of the goals was to determine whether the role
of self absorption of gammas by indium is significant or not. The indium foil is 3 mm thick, which
may result in a larger neutron flux in the top layer than in the bottom layer. When the foil is placed
on the HPGe detector for the gamma measurement, one side of the foil is closer to the detector than
the other side. Depending on which side is closer to the detector, there could be a difference in the
number of detected gammas due to the combined effect of more nuclides created on the side facing the
neutron source, and different amount of absorption of gammas due to different path lengths through
the indium foil. This absorption is energy dependent, and as there are gammas over the energy range
336-2112 keV there may be a visible difference, with the largest effect for lower energies. If such a
difference was to be found a correction could be applied using the self absorption formula I = I0e

−µx,
where I is the intensity of the gamma rays, I0 is the incident intensity, µ is the attenuation coefficient
and x is the thickness of the foil.

In order to check this effect, two sets of experiments were conducted. Both involved the same
process. The first irradiation (In 2.1) was done on the side named ”up” of the target, meaning that
the side up is the one closer to the source during the irradiation. The target was then placed on the
detector such that the other side of the target ”down” is directly on the surface of the detector. The
experiment was repeated (In 2.2) with the side ”up” again closer to the source during irradiation,
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but then the side ”up” was placed directly on the surface of the detector. The results from these
measurements are shown in figure 15.

Thereafter the two experiments were repeated, this time reversing the up and down sides, to verify
if the effect observed could be due to an inhomogeneity in the shape of the target (In 3.1 and 3.2).
The results from these measurements are shown in figure 16. For better understanding, a schematic
drawing of these experiments is presented in appendix A, figure 20.

In the first set of experiments, the target in its frame was placed on a wood desk, without sur-
rounding paraffin. This is in order to reduce the thermal neutrons effect, which will affect the number
of neutrons detected on the In-115(n,γ)In-116m channel. In the second set of experiments, an attempt
at reducing even more this effect was done by placing the whole setup (target and source) on a carton
box, therefore elevating the setup at a distance of about 10 cm from the desk.

The gamma spectrum of the experiment In 3.1 is presented in figure 14. The results of the two sets
of experiments are presented in table 5 and on the graphs in figure 15 and 16, specifying the average
over all values as well as the average excluding the first two values at energies 336.24 and 391.70 keV.

Figure 14: Gamma spectrum of the experiment In 3.1 recorded for 32304 seconds. The decay from
where they originate are indicated as well as their energies. Only one measurement was made for each
experiment on indium, because the half life of the nuclides are of the same order of magnitude.
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Figure 15: Source strength computed for the second two experiments on indium (2.1 & 2.2) at
average distance from the source to the target, 1.65cm. The averages are calculated according to the
uncertainty of every value (equation 27). The averages without the first two values are also indicated
to check the eventual influence of the thermal neutron effect.

Figure 16: Source strength computed for the last two experiments on indium (3.1 & 3.2) at average
distance from the source to the target, 1.65cm. The averages are calculated according to the uncer-
tainty of every value (equation 27). The averages without the first two values are also indicated to
check the eventual influence of the thermal neutron effect.
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Table 5: table summarizing the averages of the source strength computed for the experiments 2.1,
2.2, 3.1, 3.2. Every value is indicated in neutrons per second.

The raw data as well as the computed source strength for all experiments and for each energy
channel are summarized in table 6. The averages over all values for each measurements are presented
in figure 17.

Figure 17: Summary of the averages over all values computed for each measurement. In red are
indicated the averages over all energy values of the decays. In blue are indicated the values of the
336.24 keV peaks, which are not affected by the thermal neutron effect
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Experiment Reaction ti (s) E (keV) tw (s) tc (s) N dN S (n/s) dS (n/s)

Al 1 27-Al(n,p)27-Mg 92100 843.76 142 802 63 8 2.98E+05 4.55E+04

92100 1014.52 142 802 20 4 2.80E+05 6.07E+04

27-Al(n,α)24-Na 92100 1368.626 2694 72204 1048 40 1.93E+05 1.48E+04

92100 2754.007 2694 72204 572 30 1.95E+05 1.65E+04

Al 2 27-Al(n,p)27-Mg 54120 843.76 128 860 71 9 2.31E+05 4.26E+04

54120 1014.52 128 902 14 6 2.92E+05 7.40E+04

27-Al(n,α)24-Na 54120 1368.626 2967 86600 813 39 2.13E+05 1.65E+04

54120 2754.007 2967 86600 450 33 2.18E+05 2.08E+04

In 1 In-115(n,ɣ)In-116m 81720 416.9 3773 20500 560 31 4.48E+05 4.42E+04

81720 818.68 3773 20500 140 25 4.16E+05 8.42E+04

81720 1097.28 3773 20500 630 31 4.86E+05 4.62E+04

81720 1293.56 3773 20500 772 32 4.62E+05 4.20E+04

81720 1507.59 3773 20500 56 17 3.21E+05 1.05E+05

81720 2112.29 3773 20500 116 16 5.80E+05 9.55E+04

In-113(n,n')In-113m 81720 391.7 3773 20500 356 27 2.79E+05 3.45E+04

115In(n,n’)m115In 81720 336.24 3773 20500 15819 130 2.71E+05 2.63E+04

In 2.1 In-115(n,ɣ)In-116m 60300 416.9 215 29000 804 36 2.32E+05 1.98E+04

60300 818.68 215 29000 217 28 2.31E+05 3.33E+04

60300 1097.28 215 29000 857 37 2.36E+05 1.99E+04

60300 1293.56 215 29000 993 37 2.10E+05 1.72E+04

60300 1507.59 215 29000 79 21 1.62E+05 4.28E+04

60300 2112.29 215 29000 98 21 1.74E+05 3.78E+04

In-113(n,n')In-113m 60300 391.7 215 29000 538 34 2.05E+05 2.28E+04

115In(n,n’)m115In 60300 336.24 215 29000 23264 157 2.31E+05 2.14E+04

In 2.2 In-115(n,ɣ)In-116m 57120 416.9 210 29000 862 38 2.48E+05 2.11E+04

57120 818.68 210 29000 169 23 1.80E+05 2.69E+04

57120 1097.28 210 29000 955 36 2.63E+05 2.15E+04

57120 1293.56 210 29000 1106 40 2.34E+05 1.91E+04

57120 1507.59 210 29000 151 16 3.09E+05 3.87E+04

57120 2112.29 210 29000 126 17 2.23E+05 3.32E+04

In-113(n,n')In-113m 57120 391.7 210 29000 533 31 2.03E+05 2.20E+04

115In(n,n’)m115In 57120 336.24 210 29000 24605 162 2.47E+05 2.28E+04

In 3.1 In-115(n,ɣ)In-116m 60000 416.9 210 32204 681 35 1.96E+05 1.74E+04

60000 818.68 210 32204 193 28 2.05E+05 3.23E+04

60000 1097.28 210 32204 775 33 2.13E+05 1.79E+04

60000 1293.56 210 32204 893 36 1.89E+05 1.57E+04

60000 1507.59 210 32204 63 20 1.29E+05 4.03E+04

60000 2112.29 210 32204 106 21 1.87E+05 3.81E+04

In-113(n,n')In-113m 60000 391.7 210 32204 612 36 2.31E+05 2.50E+04

115In(n,n’)m115In 60000 336.24 210 32204 25453 164 2.40E+05 2.23E+04

In 3.2 In-115(n,ɣ)In-116m 60660 416.9 260 27600 651 35 1.90E+05 1.70E+04

60660 818.68 260 27600 222 27 2.39E+05 3.29E+04

60660 1097.28 260 27600 722 35 2.01E+05 1.75E+04

60660 1293.56 260 27600 964 34 2.06E+05 1.67E+04

60660 1507.59 260 27600 97 17 2.01E+05 3.68E+04

60660 2112.29 260 27600 89 20 1.59E+05 3.62E+04

In-113(n,n')In-113m 60660 391.7 260 27600 572 34 2.21E+05 2.40E+04

115In(n,n’)m115In 60660 336.24 260 27600 23988 159 2.45E+05 2.27E+04

Table 6: table summarizing all the experimental data acquired and the deduced source strengths, for
each experiment and gamma energy.
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5.3 Parameters uncertainties

The data on MAESTRO were collected in the following way. First, one needs to select for each
relevant peak a Region of Interest (ROI). This ROI uses the first and the last three channels of
the area selected to compute an average background over the peak, which is then subtracted by the
software. Thus, the number of counts for each peak is given relative to the background. This presents a
challenge since a high background could swallow the peak of short half life nuclides with low statistics.
Therefore, the measurements have to be long enough so that the detector can record a good amount
of counts but not too long in order to avoid that the uncertainty of a given peak increases.

This was more of an issue for the experiments made on aluminium. For example, in figure 18 the
spectrum was recorded for a very short time (less than 15 min), so there is almost no background
for this peak. This was done because the half life of the reaction responsible for this peak, the decay
of 27Mg, is very short (9.5 min) so the peak would have gotten swallowed by the background if the
measurement would last several hours. As the second reaction product, 24Na, has 15 hours half life,
it was necessary to perform a short measurement for 27Mg followed by a much longer measurement
for 24Na.

Figure 18: Screenshots of the spectra obtained for the first aluminium measurement on MAESTRO.
Both are the 1014.52 keV peak, except the one on the right is in logarithmic scale.

Another interesting thing to notice is that indium allowed to obtain much better statistics on the
number of counts. This can be seen on figure 19, where the peak is better defined, which make the
selection of the ROI easier and less biased by the observer.

Figure 19: Screenshots of the spectra obtained for the third indium experiment. Both are the 336.52
keV peak, except the one on the left is in logarithmic scale.
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Finally, the uncertainties for each parameter taken into account in our computations can be seen
in table 7.

Table 7: Summary of all the uncertainties for each parameters. Some are extracted from the data
bases IRDFF [5], NuDat3 [1] or from the ISO standard [4]. Others are estimated via the accuracy
of the instrumentation (scale, MAESTRO). The uncertainties indicated in bold are the ones taken
into account when computing the error propagation. The others have been considered negligible in
comparison with the others.

6 Discussion

The two experiments made with aluminium are a good first estimation of the source strength of the
Am-Be neutron source. The values of these two measurements are in the expected order of magnitude
and are in agreement with each other (S = (2.18± 0.12) · 105 n/s and S = (2.02± 0.11) · 105 n/s), as
can be seen in part 5.1, in figure 12.

However, aluminium provides very low statistics on the number of counts because of its low density
and low reaction cross sections that leads to very few reactions to occur. This is improved with indium
which is much denser and has higher cross sections, although the increased density can also lead to
higher self absorption of gammas.

The first experiment on indium presents very well the thermal neutrons effect. The overall averages
are (3.58± 0.15) · 105 n/s for the average over all values and S = (4.61± 0.23) · 105 n/s for the average
excluding the first two values (figure 13). We can see clearly that the first two points (336.34 MeV
and 391.7 MeV on figure 13) at lower energies give a lower source strength (S = (2.71 ± 0.26) · 105
n/s and S = (2.79 ± 0.35) · 105 n/s). This is because they are not affected by the thermal neutron
effect. Neutrons that first do not interact with the target can scatter in the paraffin shielding and lose
energy. A small portion of these scattered neutrons will interact with the target therefore enhancing
the measured number of counts for the reactions with no threshold energy. This effect is minimized in
the next experiment by moving the setup away from paraffin or any other material that could interact
with the neutrons.

The second set of experiment on indium, made in order to evaluate the self absorption effect,
gives interesting results. Firstly, the error bars are, for most of the points, much smaller than for the
aluminium measurements (figure 15). This is due to a higher number of gammas measured, because of
the higher density of indium and higher reaction cross sections. The results are all in the same order
of magnitude (table 5). For the first set of experiments (2.1 up up and 2.2 up down), the average
values obtained seem to agree with a self absorption effect, although the uncertainties do not allow to
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rule out the possibility of a random effect.
For the last set of experiments on indium (the most isolated from any material), the values are in

better agreement with each other. The weighted averages for these two measurements (experiments
3.1 and 3.2 indicated in table 5 and in figure 16) are very close, which does not allow to conclude
that the self absorption effect is present. Although the self absorption effect cannot be verified, the
thermal neutron effect is very clear. For all experiments the source strengths for the first two points
(336.34 MeV and 391.7 MeV) are not affected by the this effect. However, comparing the rest of the
points and their averages, we can see clearly that elevating the setup from the desk lead to a smaller
thermal neutrons effect. Furthermore, another explanations for the differences observed between the
two sets of experiment could be an unhomogeneity in the indium target. The target was molded by
hand, which gives room for the density of the foil to not be perfectly uniform.

These experiments are subject to a number of uncertainties. The measurements errors are due to
uncertainties on: the count rate, the efficiency of the detector, the cross sections, and on the distance
to the point source. In addition, errors can also occur in the selections of region of interest for each
peak in the pulse height spectra.

Overall, the values found are lower than the first estimation given, S = (2.07± 0.07) · 105n/s (for
the experiments 2 and 3 on indium, see table 5) against S = 2.5 · 105 n/s as calculated from the
source data provided by the manufacturer. This corresponds to a relative error of about 20%. This
is most likely due to a systematic error on the measurements. However in the last experiments made
on indium (In 3.1 and In 3.2), when looking only at the first point (at 336.34 keV), which gave the
best statistics on the number of decay detected N, the value obtained for the source strength becomes
S = (2.43± 0.25) · 105 n/s. This corresponds to a relative error of about 3%.

This experimental setup could be improved in different ways. First, lowering the waiting time
(between the end of irradiation and the beginning of the measurement) would allow to increase the
number of events detected. Although the waiting time is corrected for in our calculations, this could
help to have better statistics on the number of counts for the reaction products with short half life and
low production cross sections. Then, as we have noticed during this project, the thermal neutrons have
an important impact on the final value of the source strength. For this reason the setup should be as
isolated as possible from other materials. The geometry of the setup can also play an important role in
the final results. Here, with the use of holders for the last experiments, we reduced the possible errors
on the positioning of the target and we improved the reproducibility of the experiments. However,
this does not correct for a possible systematic error on the estimation of the position of the point
source and does not allow to verify the assumption that our source is indeed a point source and not
dispersed in the aluminium cylinder that surrounds it. Having a better idea of the geometry of the
source and of the detector would be a useful improvement to reduce the errors as it affects a lot of
our assumption and simulations done to determine the efficiency of the detector used.

To summarize, despite the large uncertainties in our measurements, the values obtained are in the
right order of magnitude, which makes the protocol presented in this report a good way to estimate
the source strength of a neutron source.
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7 Conclusion

In this project, the source strength of an Americium-Beryllium source was determined using irradi-
ation of aluminium and indium foils. In total, 7 neutron irradiations and subsequent γ measurements
were made, using a High Purity Germanium detector and the software MAESTRO. The data col-
lected allowed, through a number of computations, to determine the source strength of each γ decay
of the irradiated nuclei. The experiments were improved in accuracy and reproducibility by making
modifications in the experimental setup, in particular through the use of a 3D printer to make source
and target holders.

By computing the averages over all values, the final value of the Am-Be neutron source was
evaluated at S = (2.07± 0.07) · 105 n/s according to the last and most accurate measurements
made on an indium foil (table 5, exp In 3.1 and In 3.2). This result has a 7 σ difference with the
expected value of S = 2.5 · 105 n/s. On the other hand, when using the peak at 336 keV, which has
better statistics on the number of counts N, the value is S = (2.45± 0.25) · 105 n/s (figure 17) which
overlaps well with the expected source strength.

Overall, the low energy results seem to be in better agreement with the expected value. This
can be due to a number of things. First, the detector used in this project has a better efficiency in
the low gamma energy range, which allows to get much better statistics on the number of counts N.
Although the uncertainty on the number of counts does not seem to be the predominant one, it might
have been underestimated because of the difficulty in the selection of the region of interest for the
low statistic peaks, mostly in the high energy range. Furthermore, the efficiency has proven to be a
difficult parameter to determine as it has to be computed for each shape and each material of the
target used on the detector. There could be here, if not an overestimation of the efficiency in the high
energy range, an underestimation of the uncertainty on this parameter.

To get a better idea of the cause of this difference in the source strength between the high and low
gamma energy ranges it would be interesting to improve the results of the high energy range. In the
case that this improvement could not be made, it seems that the results found from the low gamma
energies are the ones that should be trusted.
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