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Abstract

A prototype invasive (quasi-parasitic) thermal-neutron beam monitor based on isotropic neutron
scattering from a thin natural Vanadium foil and standard 3He proportional counters has been
conceptualized, designed, simulated, calibrated, and commissioned. As the beam monitor is inva-
sive, very low neutron-beam attenuation is a necessary characteristic. Further, response linearity
over as wide a range of rates as possible is highly desirable. The prototype was first calibrated
using radioactive neutron sources at the Source-Testing Facility at the Division of Nuclear Physics
in Lund, Sweden. Subsequently, the prototype was commissioned with beams of neutrons at the
V17 and V20 beamlines of the Helmholtz Zentrum in Berlin, Germany. Both low attenuation and
response linearity have been successfully demonstrated, indicating the concept is viable and worth
continued development efforts. In this thesis, a monographic overview of the development of the
prototype is presented.
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1 Overview

1.1 Introduction

Chargeless neutrons are excellent probes of matter. Neutron-imaging techniques are generally
viewed as complementary to photon-imaging techniques as neutrons are more sensitive to low-A
elements such as hydrogen, lithium, boron, carbon, and nitrogen while photons are more sensitive
to high-A elements such as iron and other metals. In particular, neutrons with wavelengths
on the order of atomic dimensions (∼1 Å, 1.8 Å = 25 meV) are especially useful. Neutron-
imaging techniques are presently being used in medicine (to characterize soft tissues), biology (to
characterize various proteins and DNA structures), archeology (to analyze the internal structure
of irreplacable items without damage) and in material science (to characterize novel materials) to
name a few.

The European Spallation Source (ESS), currently under construction in Lund, Sweden, is
envisioned to lead worldwide efforts in the field of neutron science for the next 50 years. To be
completed in 2025, ESS is a European Research Infrastructure Consortium (ERIC) established
to design, construct and commission a multi-disciplinary facility based upon a unique neutron
source. This neutron source originates from spallation1 when a 2.86 ms, 14 Hz pulsed 2 GeV
proton beam strikes a thick tungsten target. The peak neutron flux will be ∼30× higher than
the peak neutron flux from any existing reactor source and ∼5× higher than the flux from any
existing spallation source [1, 2]. Moderators together with beam shapers (known as choppers [3])
and neutron guides will be used to vary the energy and the energy-spread characteristics of these
neutron pulses delivered to the various instrument stations. Due to the high integrated flux and the
unique time structure of the neutron pulses, instrument stations will receive neutron beams with
rates and wavelengths never before available. This is in turn anticipated to facilitate new research
in nanotechnology, medicine, material sciences, environmental sciences and other disciplines.

1Spallation occurs when a nucleus bombarded with highly energetic protons (for example), is fragmented into
multiple particles (spall) including many neutrons.
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Figure 1.1. Overview of the European Spallation Source. A linear accelerator directs the proton beam (red
arrow) towards a tungsten target located in the bunker. Neutrons are created via spallation and moderated
and guided to instrument stations. Choppers located along the instrument beamlines are used to define the
wavelength and flux for each of the instrument stations individually. Adapted from Ref. [4].

Figure 1.1 shows the planned layout of ESS. The linear accelerator (LINAC) accelerates
protons to an energy of 2 GeV and directs them towards the tungsten target, where spallation
results in the production of large numbers energetic neutrons. A heavily shielded bunker contains
the intense radiation field created as a byproduct of this neutron production. Moderators and
beamguides will be used to select the appropriate neutron phase space to be directed towards a
given sample in a given instrument station. Choppers will be used to select the neutron energy
for each instrument station. In order to verify the alignments, fluxes and energies of the beams,
beam monitors (BM)s will be placed in the bunker and along the instrument beamlines (BL)s.
The subject of this thesis is the development of one such BM technology.

1.2 Motivation

ESS instrument BLs must reliably transfer neutrons from the bunker to the instrument stations.
Reliable transfer requires precision monitoring of the neutron beams using well-understood BMs
located at crucial points along the BLs. Figure 1.2 presents an overview of the BMs required
at ESS. In general, a BM must be able to withstand very high neutron fluxes and must not
appreciably disturb the beam it is monitoring.

1.2.1 Concept

The basic requirement for an invasive2 BM is that it disturbs the beam as little as possible.
This generally requires having as little material in the beam as possible. Further, a material with
neutron-interaction properties resulting in an easily identifiable signal is highly desirable.3 Finally,
response linearity over a wide range of rates is advantageous.

Figure 1.3 shows the basic design of an isotropic BM.4 A thin foil is placed in a beam of
2Invasive beam monitoring means that the monitor affects the beam continuously. It may not be removed.
3 Other properties of interest for the base material for an invasive BM include radiation hardness, vacuum

tolerance, and that the material isotropically scatters neutrons. Note that few materials scatter thermal neutrons
isotropically.

4This design has been inspired by a similar device at the ISIS Neutron and Muon Source at the STFC Rutherford
Appleton Laboratory near Oxford, UK [6,7].
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Figure 1.2. Beam-monitor requirements at the European Spallation Source. The pie chart shows the
monitor distribution. The BM investigated in this thesis corresponds to the red and green pie slices and has
the specifications given in the red rectangle. Adapted from [5].

neutrons and in the ideal case only a very small fraction of the incident neutrons interact by
scattering or being captured by the foil. The detector type and size as well as the distance from
the edge of the foil to the detectors must be optimized to ensure that the detectors do not become
saturated. Their geometrical acceptance and detection efficiency must be large enough to measure
the flux from the scattering or absorption reactions in the foil. The setup may then be calibrated to
provide a monitor of the beam flux incident on the foil. Symmetrically arranged detector elements
have advantages. For example, in normal operation mode, each detector will count at the same
rate if the beam is centered between them. An increase in rate in one of the detectors may thus
indicate a non-isotropic distribution of the beam.

(a) (b)

Figure 1.3. Isotropic invasive beam-monitor concept. A thin foil (blue square) is placed in the beam of
neutrons (the red arrow). A very small fraction of neutrons (green arrows) are scattered from the foil into
the detectors. (a) Quasi-oblique frontal view (b) Top view.

3



1.2.2 Material

It is well known that natV is both robust and radiation hard [8,9].5 natV is also vacuum tolerant and
is one of few materials known to scatter neutrons elastically6 and incoherently, i.e. isotropically.
In fact, next to hydrogen, only natV scatters isotropically [9–13]. natV is thus an excellent choice
for an invasive BM.

Consider a neutron beam with flux Φbeam. The total disturbance of the incident neutron beam
R is given by

R =
Φdisturbed

Φbeam

= (1− e−n·σ·z), (1.2.1)

where Φdisturbed is the number of beam neutrons lost to capture or scattering, n is the number
density of natV, σ is the total interaction cross section7 and z is the thickness of the material in
the direction of the beam. Figure 1.4 presents R as a function of the thickness z of a natV foil. The
trend is exponential for ∼mm thicknesses and linear for ∼µm thicknesses. The inset illustrates
that thicknesses less than 150 µm8 will disturb less than 1% of the beam, a desirable characteristic
for an invasive (quasi-parasitic) beam-monitor.

Figure 1.4. Neutron attenuation versus natV thickness at 1.8 Å. The inset demonstrates that for thicknesses
below 130 µm, the foil disturbs less than 1% of the beam.

1.2.3 Monitoring approaches

The detectors shown in Fig. 1.3 must be chosen to match the interaction between the beam and
the foil being investigated. Two particularly useful methods which may be exploited to monitor
neutron beams are absorption and scattering. Neutron absorption may lead to the emission of a
γ-ray, and thus, γ-ray detectors must be employed. Similarly, neutron scattering requires neutron
detectors. The underlying monitoring approaches are fundamentally different.

Absorption-based BM

A BM based on neutron capture by natV must detect γ-rays released during the post-absorption
de-excitation process. The cross section for neutron absorption (capture) at 1.8 Å (25 meV) is
5.08 b. Figure 1.5, generated using the ESS/Geant4 framework [18] and NCrystal project [19],
shows the dependence of σabsorption on the wavelength of the neutron.

5natV is a mixture of 51V (99.75%) and 50V (0.25%).
6Elastic scattering is an important consideration if the BM is to provide monitoring of the energy of the beam.
7The cross section reported in Refs. [14–16] has been used for the calculation.
8natV foils with thicknesses 125 µm, 40 µm and 20 µm are currently available [17].
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Figure 1.5. Neutron absorption cross section versus wavelength for 51V. At 1.8 Å, the cross section is 5.08
b.

The capture process is given by:

n + 51V −−→ 52V∗ −−→ 52Cr∗ + β− + νe (1.2.2)
52Cr∗ −−→ 52Cr + γ (1.434 MeV). (1.2.3)

x +
capture

51V

x

52V∗

x

52Cr∗ 52Cr

x
n

p+

β−

νe

γ(1.434 MeV)

Figure 1.6. Thermal-neutron capture and β− decay. From left: the thermal neutron is captured by the
51V nucleus. 52V* with half-life 225 s β− decays into the first excited state of 52Cr* which de-excites by
releasing a 1.434 MeV γ-ray.

Figure 1.6 shows a diagramatic representation of neutron capture on 51V. After the neutron
is captured, 52V∗ is produced, which then β− decays to 52Cr∗ with a branching ratio of unity and
half-life of 225 s. Figure 1.7 shows a level-scheme representation of the β− decay process followed
by the 52Cr* de-excitation in more detail. Over 99% of 52Cr∗ nuclei will be in the first excited
state, eventually decaying and emitting a 1.434 MeV γ-ray. This 1.434 MeV γ-ray can be used as
the signature of neutron capture and thus as a monitor of the beam.

n + 51V

52V∗

β−

1.434 MeV

1.434 MeV99.2%

52Cr

52Cr∗

Figure 1.7. Neutron capture on 51V. The 1.434 MeV γ-ray results from the de-excitation of the first excited
state of 52Cr∗.
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Scattering-based BM

Neutron elastic scattering has two components: coherent and incoherent. Coherent (Bragg) scat-
tering is essentially a measure of the interference between the waves of the neutrons scattered by
the nuclei of the surrounding atoms. A strong interference pattern may result. The orderliness
of the pattern will increase with the increasing orderliness of the crystal of the target material.
Incoherent scattering means no interference occurs between the neutron waves scattered from
surrounding nuclei.

For natV, the neutron-scattering cross sections at 1.8 Å are σincoherent = 5.08 b and σcoherent =
0.0184 b, respectively [14–16]. The cross section for each of the reactions is energy dependent.
Figure 1.8 demonstrates this energy dependence and was generated again using ESS /Geant4
framework and NCrystal project. Incoherent elastic scattering clearly dominates, as evidenced by
the negligible coherent cross section9 and the lack of structure in the phase space plot.

(a) (b)

Figure 1.8. Neutron scattering from 51V. (a) Cross section versus wavelength. (b) Simulated scattering
angle as a function of wavelength. The lack of features in the scatterplot indicates an isotropic phase space.

In either case, the size of the active area of the detectors A and the distance r from the center
of the natV foil must be optimized as a function of neutron beam flux. The main consideration for
the optimization is the range of fluxes incident on the detector surface. It should be large enough
to be detectable but small enough not to saturate the detector. The range of fluxes for which the
detector performs well is usually provided by the manufacturer. Optimization leads to:

Φdetected =
σi
4π

A

r2 · n · z · Φ0 = 0.00358 · A
r2 · Φ0 (1.2.4)

LDR < 0.00358 · A
r2 · Φ0 < HDR (1.2.5)

where n is the number density n = 7.09 · 1022 cm−3 for natV , Φ0 the initial flux, σi is the the
cross section (for absorption in the case of γ-ray detectors and for scattering in the case of neutron
detectors), z is the thickness of the natV foil (in this case 125 µm) and LDR and HDR denote the
lowest detectable rate and the highest detectable rate, respectively.

1.3 Goal

The goal of this thesis is to investigate the feasibility of an invasive (quasi-parasitic)10 BM based
upon natV for beam diagnostics at high flux BLs at spallation sources in close proximity to chop-
pers. The project was carried out in collaboration with the Detector Group (DG) of ESS as a part
of the Common Beam Monitor Project [20].

9
σcoherent/(σincoherent + σcoherent) = 0.0036 ≈ 0.

10For the purpose of this thesis, quasi-parasitic is defined to mean that the beam is attenuated by less then 1%.
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2 Calibrations at the Source-Testing Facility

2.1 Facility overview

The Source-Testing Facility (STF) is located in the Microbeam Hall of the Physics Department
at Lund University and operated by the SONNIG Group of the Division of Nuclear Physics in
collaboration with the ESS DG. It is a user facility which provides access to neutron and γ-ray
sources. The facility also offers a variety of electronics components, detectors and data-acquisition
systems (DAQ) to the user. Figure 2.1 shows an overview of the facility. Sources are stored in the
interlocked area. Of particular use is a thermalizer which may be employed to reduce the energy
of neutrons from radioactive sources to ∼25 meV, the energy of interest for this project.

Figure 2.1. Overview of the Source-Testing Facility. Radioactive sources are stored in the interlocked area.

2.2 Apparatus

2.2.1 Radioactive sources

γ-ray

For all the measurements related to the neutron capture-based BM, 60Co and 137Cs sources were
used.60Co is a dual-mode β− emitter with a half-life t1/2 = 5.27 years. Figure 2.2(a) shows that the
daughter product of the β− emission are 60Ni* or 60Ni**. Two characteristic γ-rays result from the
de-excitation of the intermediate excited states of 60Ni to the ground state. These characteristic
γ-rays have energies 1.1732 MeV and 1.3325 MeV. 137Cs is also a dual-mode β− emitter with a
half-life t1/2 = 30.2 years. Figure 2.2(b) shows that the daughter products of the β− emission
are 138Ba* or 138Ba. One characteristic γ-ray results from the de-excitation of the intermediate
excited state of 60Ba to the ground state. This characteristic peak has energy 0.6617 MeV.
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60Co

β−99.88%

β−0.12%

2+

1.1732 MeV

1.3325 MeV

2.505 MeV

1.332 MeV

60Ni

4+

(a)

137Cs

β−94.6%

β−5.4%

0.6617 MeV

0.6617 MeV

138Ba

11/2−

(b)

Figure 2.2. Decay schemes of the γ-ray sources. (a) 60Co (b) 137Cs.

Table 2.1 summarizes the characteristic γ-ray energies for the γ-ray sources.

Table 2.1. γ-ray sources and their characteristic energies.

Source Energy [MeV]

60Co 1.1732, 1.3325
137Cs 0.6617

Neutron

The neutron source used in all the measurements related to the neutron scattering-based BM was
an 241Am/9Be [21] source with activity (1.106 ± 0.015) · 106 n/s [22].11 241Am is an α-emitter12

with a half-life t1/2 of 432.2 years. According to NuDat [22,23], 241Am decays via the emission of
25 different α-particles with a weighted-mean energy of 5.4768 MeV. For each of the α-emissions,
there are many different decay modes. The daughter products of the α-emission can be an excited
state of 237Np. Figure 2.3 shows as an example the 0.060 MeV γ-ray released from the dominant
decay branch.

241Am
α

α

∼0.060 MeV

Np†

237Np

Figure 2.3. Simplified decay scheme of 241Am. The dagger symbol represents the dominant excited state
of 237Np.

11The 241Am/9Be neutron source calibration was performed at National Physical Laboratory, Teddington, Mid-
dlesex, UK, on 24 January 2012.

12An α-particle consists of two neutrons and two protons. It is the nucleus of the 4He atom.
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The α-particles then interact with 9Be, according to:

4He + 9Be −−→ 12C(0)(1)(2) + n+ ... other products ... (2.2.1)

12C may be created in its ground(0), first(1) or second(2) excited state. The 241Am/9Be source
thus produces an additional characteristic 4.44 MeV γ-ray corresponding to the de-excitation of
12C from the first excited state to the ground state.13

Simulations of the 241Am/9Be neutron source were essential to the results reported in this
thesis. All of the simulations were performed using Geant414 [24–26] together with the NCrystal
package and the ESS simulation framework.15 The physics list used to replicate the source was
QGSP_BIC_HP, while the physics list used for the simulation of the moderator and of the natV
was ESS_QGSP_BIC_HP_TS16. Finally the physics list used for the absorption of neutrons
on natV was LBE17. Figure 2.4 shows a simulated neutron spectrum compared to the neutron
spectrum measured in Ref. [21]. The agreement is clearly excellent. This implementation of the
241Am/9Be source has thus been used for all the simulations performed in this thesis.

Figure 2.4. Geant4 241Am/9Be neutron simulation. The simulation (red) is compared to the measurement
from Marsh et al. [21] (black). Agreement is excellent.

2.2.2 Moderator
Moderation is the name for the physical process which slows down energetic neutrons. High-energy
neutrons generally interact with matter via scattering. When an incident neutron with energy E
scatters from a target, it transfers part of its energy according to:

ER =
4A

(1 +A)2 (cos2 θ)E, (2.2.2)

where ER is the kinetic energy of the recoiling nucleus, A is the mass of the target nucleus and
θ is the scattering angle. Table 2.2 shows (ER/E)max as a function of A. Clearly, the value of
(ER/E)max is highest for the lightest elements. As a consequence, hydrogen-rich materials are

13This γ-ray may be used to tag neutrons having energies lower than ∼6 MeV.
14Geant4 (for GEometry ANd Tracking) is a Monte Carlo simulation platform for the passage of particles through

matter. It was developed at Conseil Européen pour la Recherche Nucléaire (CERN).
15Geant4 treats elements as a dense gas. NCrystal and the ESS simulation framework are thus needed for realistic

scattering simulations.
16This physics list was specifically developed for neutron scattering in crystal structures.
17 LBE is one of the very few physics lists for which the activation of reaction products is allowed.
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preferentially used for thermalizing energetic neutrons as 1H is the most efficient material for
moderation. A typical hydrogen-rich moderator is polyethylene (C2H4)n.

Table 2.2. Maximum energy transfer as a function of A. Adapted from Ref. [27].

Target Nucleus A (ER/E)max

1H 1 1.000
2H 2 0.889
3He 3 0.750
4He 4 0.640
12C 12 0.284
16O 16 0.221

The relationship between the thickness of a moderator z and the number of thermalized neu-
trons I is given by:

I

I0
= e−Σtotz, (2.2.3)

where I0 is the initial intensity of neutrons and Σtot is the macroscopic cross section for compound
materials. This cross section is given by:

Σtot = ρNA(n1σ1 + n2σ2 + ...)/Mm, (2.2.4)

where ρ is the density of the compound, Mm is the molar mass, NA is Avogadro's number, σ1, σ2,
... are the cross sections for elastic scattering for each of the elements within the compound and n1,
n2, ... are the corresponding numbers of atoms. The mean-free path λ = 1/Σtot for polyethylene
is λ = 1.14 cm. The number of collisions N required to reduce the energy of a neutron from E′′

to E′ is given by:

N =
ln( E

′

E
′′ )

ξ
, (2.2.5)

where ξ is the average logarithmic energy decrement. ξ for a compound can be expressed as:

ξ =
σ1ξ1 + σ2ξ2 + ...

σ1 + σ2 + ...
, (2.2.6)

where ξ1, ξ2, ... are the average logarithmic decrements for each atom in the molecule of the
compound. For polyethylene, ξ = 0.902 and the average number of collisions required to reduce
the energy of 10 MeV neutrons to 25 meV is N = 19.4. Thus, ∼20 cm of polythylene is needed
to thermalize a 10 MeV neutron. The moderating ratio ξΣscattering/Σabsorption is the ratio of
the macroscopic cross section for elastic scattering (desired) to the macroscopic cross section for
absorption (undesired). The polyethylene thermalizer used in this work was designed based upon
optimizing the moderating ratio and employs ∼7.5 cm of polyethylene.

Figure 2.5 shows the thermalizer. In the middle of the polyethylene block there is a hole for the
radioactive source. The polyethylene block is housed in an natAl container covered with borated18

paint. The natAl housing has a small back-side opening and a larger front-side opening. This
thermalizer was used as a moderator for all the calibrations performed at the STF.

1810B has an absorption cross section of 3850 b for 1.8 Å neutrons [23]. The paint is used to absorb moderated
neutrons escaping from the moderator in all directions save the small back-side opening and larger front-side opening
in order to define moderated neutron beams.
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(a)
(b)

Figure 2.5. The neutron thermalizer. It consists of a block of polyethylene with a hole for a neutron
source. The block of polyethylene is housed in an natAl container coated with borated paint. (a) Sketch (b)
Photograph.

Figure 2.6 shows simulations of the neutron-energy distributions associated with the 241Am/9Be
source both before and after thermalization. The simulations predict that 45% of the neutrons
radiated by the source will be captured by the polyethylene. Figure 2.6 shows the energy distri-
bution of neutrons after thermalization. The inset shows that 3.7% of the neutrons exiting the
polyethylene block are in the thermal-energy region. The total efficiency of the thermalizer is
thus 1.7%. After correction for solid angle, a thermal-neutron flux of 26 n/s/cm2 for each of the
openings is anticipated.

Figure 2.6. 241Am/9Be neutron simulations before and after thermalization. The inset shows the fraction
of the neutrons which have been thermalized.
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2.2.3 Vanadium foils
natV is a transition metal. It has has high melting point (2183 K) and high boiling point (3680
K). natV almost never occurs naturally as a pure metal, but rather as part of a compound. Very
importantly, natV is the only element in the periodic table other than hydrogen that scatters
neutrons isotropically [9–13]. This means that the crystal structure of natV does not allow the
scattered neutron waveforms to interfere with one another.19 Table 2.3 shows some fundamental
properties of natV.

Table 2.3. Fundamental properties of natV.

Property Value
Melting point 2183 K
Boiling point 3680 K

Density 6.0 g cm−3

Relative atomic mass 50.942 amu
Electron configuration [Ar] 3d3 4s2

Atomic number 23
Common isotopes 50V, 51V

The natV used for this prototype was purchased from Goodfellow [17]. It is a mixture of 51V
(99.75%) and 50V (0.25%) and other materials such as natAg, natAl and natSi. For the initial
characterization of the BM at the STF, 7 pieces of natV (6 thick foils and 1 rod) were investigated,
see Fig. 2.7 and Table 2.4. For all the STF calibrations, only the foils with thicknesses 3.15 mm
and 1 mm were used.20

Table 2.4. natV foil dimensions and calculated attenuations.

Length [mm] ±20µs Attenuation [%]
Type a b z 1.8 Å 3.35 Å
Foil 50 50 3.15 10.1 28.0
Foil 50 50 1.00 3.5 9.9
Foil 50 50 0.20 0.70 2.1
Foil 50 50 0.125 0.5 1.1
Foil 50 50 0.04 0.1 0.4
Foil 50 50 0.02 0.1 0.2
Rod 50 - 12.5 41.7 92.6

Figure 2.7. Photograph of natV rod and foils.

2.2.4 Detectors

γ-ray

The γ-ray detectors used in this thesis are scintillation detectors. Scintillation involves the incident
γ-ray exciting the electrons in a scintillation material. As these electrons de-excite, they emit
visible light. Basic properties of scintillation materials are:

• Density and atomic number. Higher density and higher atomic number are desirable for
detecting higher energy γ-rays.

19Due to the fact that natV isotropically scatters neutrons, it is often added to other metals to dampen crystal-
vibrational modes and strengthen the resulting alloy.

20The pieces tested at the STF are rather thick compared to the 125 µm foil that is suggested for use in an actual
beam of thermal neutrons. For the flux of neutrons incident on the detectors to be observed, it was necessary to
combine the thickest foils.
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• Light output. The amount of light emitted per unit of incident energy is a function of the
material. Unfortunately, this is not always constant, making the output of some scintillators
non-linear.

• Decay time. The shorter the duration of the light pulse, the easier it is to distinguish between
an initial and subsequent pulses.

• Mechanical and optical properties. Hygroscopic21 scintillators may only be used in sealed
containers to prevent degradation.

The scintillation crystals used for these measurements were CeBr3 and LaBr3:Ce, see Table 2.5.

Table 2.5. Scintillation properties of LaBr3:Ce and CeBr3 crystals. Adapted from [28].

Material Material
Density
ρ [g/cm3]

Emission
Maximum
λmax [nm]

Decay
Constant22

tγ [ns]

Refractive
Index n

Conversion
Efficiency23

Hygroscopic

CeBr3 5.23 370 18 ns 1.9 130 yes
LaBr3:Ce 4.9 380 35 1.9 140 yes

Once the γ-ray is converted to scintillation light, a photomultiplier tube (PMT) is used to
convert this scintillation light to an electrical signal. A PMT consists of a photocathode that
converts scintillation photons to photoelectrons and dynodes that amplify the photoelectrons into
a larger pulse of electrons. The resulting signal consists of a current pulse that is proportional to
the scintillation light. Figure 2.8 shows the scintillation crystal connected to the PMT which is in
turn connected to a base. The base has connections for High Voltage (HV) and the signal.

Figure 2.8. Schematic overview of a scintillation detector. A scintillation crystal (brown) is connected to
the PMT (blue) and subsequently to the PMT base (grey).

This pulse is passed to a preamplifier or amplifier depending on the data-acquisition system (DAQ)
system. Figure 2.9 shows photographs of the scintillation detectors. The PMTs used for both
scintillators were cylindrical with 1.55” diameters.

21Hygroscopic materials attract water molecules from the surrounding environment at room temperature and
retain them.

22Effective average decay time for γ-rays
23Relative scintillation signal at room tempterature for γ-rays when coupled to a photomultiplier tube
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(a) (b)

Figure 2.9. Photographs of the LaBr3:Ce and CeBr3 detectors.(a) LaBr3:Ce detector (together with pream-
plifier) (b) CeBr3 detector.

Figure 2.10. Response of a scintillation detector to a monoenergetic γ-rays.

Figure 2.10 shows the ideal response of a smaller scintillation detector to monoenergetic γ-rays.
The first- and second-escape peaks may occur when the γ-ray has energy larger than 1.022 MeV.
This energy corresponds to the spontaneous creation of a positron-electron pair. The stopped
positron can then annihilate with another electron to produce a pair of 0.511 MeV γ-rays. If
one of these γ-rays escapes the scintillator without detection, the first-escape peak results. If
both of these γ-rays escape the scintillator without the detection, the second-escape peak results.
The Compton edge and continuum correspond to γ-rays undergoing single or multiple scattering
respectively. The kinetic energy Te of a recoiling electron corresponding to a single Compton event
is given by [29]:

Te =
E2
γ(1− cos θ)

mec
2 + Eγ(1− cos θ)

, (2.2.7)

where θ is the scattering angle between the γ-ray and the electron corresponding to the Compton
edge. At θ = π:

Te =
2E2

γ

mec
2 + 2Eγ

, (2.2.8)

corresponding to the maximum electron energy.
The detector resolution R is given by:

R =
∆EFWHM

E
, (2.2.9)

where E is the mean of the Gaussian distribution fitted on the γ-ray peak and ∆EFWHM is the
full-width-at-half-maximum (FWHM) of this distribution. It is a physical quantity that charac-
terizes the response of the detector to monoenergetic incident γ-rays. When a large number of
monoenergetic events are converted to charge by a detector, resolution effects spread charges ran-
domly according to a Gaussian distribution. R may be characterized by the ratio of the FWHM
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of the Gaussian peak to the energy of the monoenergetic γ-rays. Figure 2.11 shows the “smearing”
effect of resolution. Note that this discussion of the energy resolution may be generalized to any
type of incident radiation by substituting “particle” for “γ-ray”.

(a)
(b)

Figure 2.11. An illustration of energy resolution. (a) The incident monoenergetic beam, limited only by the
binning of the histogram. (b) “Smearing” of the detected beam due to the detector energy resolution of 4%.

Thermal Neutron

The detection of thermal neutrons using a 3He detector relies on the relatively high probability
for thermal neutrons to react with 3He, σ = 5330 b at 1.8 Å [30]. The reaction is given by:

n+ 3He −−→ 3H + p+Q (0.764 MeV). (2.2.10)

The Q-value is shared by the reaction products in inverse proportion to their mass, so that 3H
recoils with 191 keV while the proton recoils with 573 keV. Figure 2.12 shows a typical spectrum
produced when a 3He tube is exposed to thermal neutrons. The full-deposition peak corresponds
to both the proton and the 3H depositing all of their kinetic energy in the gas. The “wall” effect
corresponds to when only the energy of proton is fully deposited in the gas as the 3H collides with
the detector wall or when only the energy of the 3H is fully deposited in the gas as the proton
collides with the detector wall. The smaller the detector, the bigger the wall effect.
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Figure 2.12. Response of a 3He detector to thermal neutrons. γ-rays are deposited in the low energy region
to the far left, while the 3H and proton wall effects appear at 0.191 MeV and 0.573 MeV respectively. The
full-deposition peak is shown at 0.764 MeV. Adapted from Ref. [31].

Figure 2.13 shows a conceptual design of a 3He detector. The 3He gas is stored in the steel
container which also acts as a cathode. A thin anode wire is located in the middle of the tube.
When HV is applied, the anode wire collects the secondary ions produced by the proton and 3H
as they ionize the gas resulting in a pulse proportional to the energy deposited in the gas.

Figure 2.13. Schematic overview of a 3He detector. The signal wire (black dotted line) is placed in sealed
volume of 3He gas (brown area) and connected to a base (black). HV is applied and the signal extracted via
this base.

Figure 2.14 shows a photograph of one of the four 3He proportional counters used in this work.
All of the 3He counters were purchased from Reuter-Stokes [32] and were 1"× 3.94" with a pressure
of 8 bar.

2.2.5 Data-acquisition system

CeBr3

Figure 2.15 shows the DAQ system for the CeBr3 detector. Operated at −710 V, the detector
produced a negative polarity current pulse that was passed to a Nuclear Instrumentation Module
(NIM) ORTEC 673 amplifier/shaper [33]. This module amplified and inverted the pulse. A Rhode
& Schwartz [34] oscilloscope was used to visually monitor the pulses periodically. The pulses were
passed to a MCA 8000D pocket MCA [35]. The MCA integrated the pulses to yield the charge
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Figure 2.14. Photograph of the 3He detector. From left: the yellow lid protects the high-voltage/signal
connector. The dark grey cylinder holds the 3He gas.

corresponding to each scintillation event and binned these charges resulting in histograms that
were stored for subsequent offline analysis.

Figure 2.15. Data-acquisition system for the CeBr3 detector. a - HV cable, b - LEMO cable, negative
polarity current pulse , c - LEMO cable, positive polarity current pulse, d - MCA-USB link. From left: The
HV power supply is connected directly to the base of the detector. The anode current pulse is then amplified,
shaped, inverted and passed to the MCA. The DAQ software histograms and displays the resulting spectra.

LaBr3:Ce and 3He tube

Figure 2.16 shows the DAQ system for the 3He and LaBr3:Ce detector. New to the circuit is the
preamplifier. Operated at +1275 for the 3He detector and +600 V for the LaBr3:Ce detector,
each detector produced a positive current pulse that was passed to an ORTEC 142PC [36] for the
3He detector and ORTEC 276 preamplifier [37] for LaBr3:Ce detector. From the preamplifier, the
current pulse was passed to a NIM ORTEC 673 amplifier/shaper [33]. A Rhode & Schwartz [34]
oscilloscope was used to visually monitor the pulses periodically. The pulses were passed to a
MCA 8000D pocket MCA [35]. The MCA integrated the pulses to yield the charge corresponding
to each event and binned these charges resulting in histograms that were stored for subsequent
offline analysis.
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Figure 2.16. Data-acquisition system for the Helium and LaBr3:Ce detectors. a - HV cable, b - LEMO
cable, positive polarity current pulse, c - MCA-USB link. From left: the HV power supply is connected to
preamplifier which is connected to the base of the detector. The current pulse from the preamplifier is then
amplified and shaped and passed to the MCA. The DAQ software histograms and displays the resulting
spectra.

Table 2.6 presents a summary of the settings used for the electronics for each of the detectors.

Table 2.6. Overview of the data-acquisition systems.

Detector LaBr3:Ce, Fig. 2.9a CeBr3, Fig. 2.9b
3He, Fig. 2.14

Crystal dimensions 1.5"x 1.5" 1.5"x 1.5" 1"x 3.94"
HV +600 V -710 V +1275 V

Preamp ORTEC 276 No preamp ORTEC 142PC
Amplifier ORTEC 673 ORTEC 673 ORTEC 673

TENNELEC TC 244
Amplifier (gain) 20 20 varied

Amplifier (fine gain) 70 70 0
Shaping time 0.25 µs 0.5 µs varied24

Input Positive Inverted Positive
Self Calibrating Peak No 1.45 MeV25 (0.764, 0.191 0.573) MeV

2.3 Measurements and analysis

2.3.1 Absorption

Activation

Measuring γ-ray spectra from neutron-activated natV when the neutron source is present in the
experimental setup is very challenging. The natV sample was thus activated by placing it next
to the source of thermalized neutrons and then moving it to a source-free environment where the
de-excitation γ-ray spectra were measured. The maximum number of particles activated in the
natV sample N is given by:

N =
Φ0(1− enσz)

λ
(1− e−λt), (2.3.11)

24While the shaping constants for the scintillation detectors were fixed, for the 3He detector the shaping constant
was varied. The best energy-resolution spectra were observed at 12 µs, but this was not optimal. See Appendix
A.1.

25
e
–
+

138La
electron capture−−−−−−−−−−−→ 138Ba* −−→ 138Ba+ γ (1.45MeV).
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where Φ0 is the initial flux, n is the number density, σ is the absorption cross section, z is the
thickness , λ is the decay constant and t is the time of irradiation, see the Table 2.7. Figure 2.17
shows the total number of activated natV atoms N as a function of irradiation time t. Saturation
clearly occurs at about 30 min.

Table 2.7. Parameters for natV activation calculations.

Quantity natV foils (1 mm + 3.15 mm) natV rod
Initial flux Φ0 [n/s] 7900 3950

Number density n [cm−3] 7.09 · 1022 7.09 · 1022

Cross section for absorption σ [cm−2] 5.08 · 10−24 5.08 · 10−24

Thickness z [cm] 0.415 1.25
Decay constant λ [s−1] 0.0032 0.0032

Figure 2.17. Activation of the natV samples as a function of time.

Figure 2.18 shows the experimental setup for the activation of natV. The 3.15 mm and 1 mm
foils were used as a single activation target. The rod was also irradiated. These targets were
placed in front of the large thermalizer opening. Water jugs and additional shielding were used to
increase the number of thermalized source-related neutrons. For most of the measurements, the
irradiation time was actually much longer, see Table 2.8.

Table 2.8. natV* de-excitation data sets.

LaBr3:Ce Tactivation [h] Tmeasurement [min] CeBr3 Tactivation [h] Tmeasurement [min]
run no. TFg TBg Tcal run no. TFg TBg Tcal

1 23 10 - - 1 12 28 50 10
2 2 100 50 - 2 2 25 100 10
3 24 100 50 - 3 2 25 70 10
4 2 20 20 20 4 2 28 50 10
5 2 20 50 20
6 12 20 10 5
7 2 20 180 5
8 2 20 100 5
9 2 20 100 10
10 2 20 10 10
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Figure 2.18. Setup for the activation of natV. (a) Overview including shielding. (b) The inset shows the
natV rod and foils positioned in front of the large thermalizer opening.

De-excitation

The activated natV samples were quickly (∼20 s) moved to a source-free environment. Figure 2.19
shows the samples placed directly in front of the γ-ray detector to maximize its acceptance. Fig-
ure 2.19(c) shows the thick lead castle that was used to shield the detector from room background.

(a) (b) (c)

Figure 2.19. Setup for the activated natV de-excitation γ-ray measurements. (a) Sketch. (b) Photograph
of the detector. (c) Photograph of the detector inside the lead castle.

For each measurement, many datafiles were obtained. These files were stored in increments of 30 s
for foreground (Fg) runs and every 5 minutes for background (Bg) runs to enable a time-dependent
analysis of the data. For the total length of each measurement see Table 2.8.

Figure 2.20 shows the data-analysis sequence for the de-excitation γ-ray measurements. The
goal was to produce calibrated γ-ray energy spectra. The Bg data were normalized with respect
to time. The Fg data were corrected using the time-normalized background data. The resulting
spectrum was then calibrated for energy and cross checked using Geant4 simulations.

20



Figure 2.20. The de-excitation γ-ray analysis. The grey diamonds represent input, the green boxes represent
processing and the blue box represents the cross check. The resulting spectrum is shown as a thumbnail and
discussed in detail in Sec. 2.4.1.

Figure 2.21 shows the data-analysis sequence for the cross check performed on the results
from the absorption measurements. A region-of-interest (RoI) containing the 1.434 MeV γ-ray
corresponding to the decay of 52Cr* was integrated and its time evolution investigated in bins of
30 s. The goal was to determine the β− decay constant for 52V* as a check of the behavior of
the γ-rays corresponding to this peak associated with the de-excitation of 52Cr*, and in doing so,
prove the 1.434 MeV peak was of interest.
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Figure 2.21. The de-excitation γ-ray analysis cross check. The grey diamonds represent input and the green
boxes represent processing. The resulting spectrum shown as a thumbnail is discussed in detail in Sec. 2.4.1.

2.3.2 Scattering

Measuring scattered-neutron spectra from natV when the neutron source is present in the experi-
mental setup is also very challenging. Therefore, a boron-coated sleeve was employed to shield the
3He detector from thermal neutrons incident upon all sides of the detector save for a very small
sleeve opening which was parallel to the symmetry axis of the gas tube. Figure 2.22 shows the natV
samples placed in front of the sleeve opening close to the small thermalizer opening. Data were
recorded both with and without the natV present. The goal of the measurements was to identify
the increase in detected thermal-neutron rate when the natV was present. As this increase was
very small, additional measurements were performed to ensure reproducibility. These additional
measurements involved systematic changes to the geometry of the setup which included:

• placing the borated sleeve to the left and to the right side of the thermalizer,

• rotating the thermalizer,

• measuring the response using the large thermalizer opening.

The complete set of measurements are shown in Table 2.9.
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Table 2.9. Neutron-scattering measurements on the natV foils.

Run Borated sleeve Position of the sleeve natV Opening Duration [min]
1 No Middle No Small 240
2 Yes Middle No Small 150
3 Yes Right, 135o No Small 600
4 Yes Left, 90o Yes Small 250
5 Yes Right, 90o No Small 270
6 Yes Right, 90o Yes Small 560
7 Yes Left, 90o No Small 310
8 Yes Left, 90o Yes Small 600
9 Yes Left, 90o No Large 600
10 Yes Left, 90o Yes Large 1200
11 Yes Right, 90o No Large 600
12 Yes Right 90o No Large 280
13 Yes Right 90o Yes Large 80
14 No Middle No Bare Source 840
15 Yes Middle No Bare Source 170
16 Yes Middle No Bare Source 930
17 No Middle No Large 230
18 No Middle No Large 940

(a)
(b)

Figure 2.22. Setup for the natV neutron-scattering measurements. The 241Am/9Be source (white) is shown
in the thermalizer. (a) No natV configuration (b) natV (blue) in position configuration.

Figure 2.23 shows the data-analysis sequence for the neutron-scattering measurements. The
Bg and Fg data were energy calibrated, gain matched, summed over all datafiles, time normalized
and subtracted from each other. The resulting spectrum is discussed in detail in Sec. 2.4.2.
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Figure 2.23. The neutron-scattering analysis. The grey diamonds represent input, the green boxes represent
processing and the blue box represents the cross check. The resulting spectrum shown as a thumbnail is
discussed in detail in Sec. 2.4.2.

2.4 Results

2.4.1 Absorption

Figure 2.24 shows the background-corrected γ-ray spectrum from the de-excitation of 52Cr* subse-
quent to the β− decay of 52V* measured using the CeBr3 detector. The inset shows the result of
the calibration measurements performed using 60Co and 137Cs sources. Both spectra are compared
to the Geant4 simulation. In the inset the three characteristic source-related γ-ray peaks (0.662
MeV, 1.173 MeV and 1.333 MeV) are clearly visible. A 4.5% smearing was phenomenologically ap-
plied to the result of the Geant4 simulation to account for detector resolution. The normalization
was fixed by matching the integrals of the 0.662 MeV peak in 137Cs. The main panel of Fig. 2.24
shows the background-corrected γ-ray spectrum. The 1.434 MeV γ-ray from the de-excitation of
52Cr* is clearly visible. The corresponding Compton edge at ∼1.25 MeV may also be seen and
hints of the first-escape peak at 0.930 MeV and second-escape peak at 0.412 MeV are also present.
Furthermore, there may be a peak at 0.511 MeV which could originate from the recombination of
a positron-electron pair. As in the inset, a 4.5% smearing was phenomenologically applied to the
result of the Geant4 simulation to account for the resolution of the detector. The normalization
was fixed by matching the integrals of the 1.434 MeV peak.26 The simulation matches the behavior
of the data very well.

Figure 2.25 shows the time evolution of the background-corrected data integrated over 0 < RoI
< 1.5 MeV. The time constant of the decay was extracted from both a linear fit and a logarithmic
fit of the radioactive decay law to these data which were binned in 30 s intervals. The statistically
weighted fits to the data agree excellently.

26Since thermalization in the polyethylene and de-excitation in natV required different physics lists, the post-
thermalizer neutron source-related simulation results were used as a generator for the de-excitation simulations.
The resulting phase space was filtered for events which originated with neutron capture in the natV foil.
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Figure 2.25. Time constant of the activated natV decay. Both the linear and logarithmic investigation are
shown.

Table 2.10 summarizes the results. They are very consistent and clearly demonstrate that, as
both the energy and the decay constant are as anticipated, the investigated peak corresponds to
neutron capture on natV.

Table 2.10. The decay constant for the de-excitation of natCr*. The actual decay constant is λ = 0.00308,
corresponding to T1/2 = 225 s. The data were consistent for both detectors and both methods.

Detector Decay constant λ
[s−1]

Half-life T1/2

[s]
LaBr3:Ce 0.0032 ± 0.0006 217 ± 5

CeBr3 0.0031 ± 0.0002 223 ± 2

2.4.2 Scattering

Figure 2.26 shows the gain-corrected measurements for neutron scattering on natV. The spectra
are shown when the natV is both included (natVin) and removed (natVout) from the experimental
setup. The 0.764 MeV full-deposition peak is clearly evident. The wall effects are also visible. The
Geant4 simulation reproduces the measured curves well with the limitation of the shaping-time
effects which result in the asymetry of the peak, see Appendix A.1. The simulation of the natVin
data was normalized to the height of the full-deposition peak. From the analytical calculations, the
incident flux from the thermalizer is ∼1800 n/s/cm2, from which ∼70 n/s/cm2 are thermalized
and scattered on natV. When corrected by the solid angle of the detector from the natV foil,
fewer than 5 n/s will hit the detector due to the neutron scattering. Given that the measured
“background” (the natVout setup) was ∼70 n/s, the neutron scattering effect is expected to be less
than 10% of all the events. In fact, from all the measurements with the same solid angle, 5%
of the overall events originated from neutron scattering in natV. This was also predicted by the
simulations for this case. The measurements also show the potential of such a monitor for both
low-rate applications and in the presence of a large background flux.

26



Figure 2.26. Neutron scattering on natV. The blue curve represents the scattered neutrons. The inset shows
the full-deposition peak. The simulated curves reproduce the data well.

The clear presence of the full-deposition peak over all measured spectra and the preservation of the
natVin/

natVout ratio clearly demonstrated that the events were neutrons and that they originated
from neutron scattering on the natV foil.

2.5 Summary

At the conclusion of the calibration efforts, results from the absorption-based and scattering-based
BM were carefully evaluated. It was concluded that an absorption-based BM at a neutron BL
would be difficult to calibrate. Reasons for this difficulty include:

• The number of de-excitation events is not constant over time. In fact, it is only constant in
the limit of constant neutron beam flux incident on the natV foil.

• The number of activated atoms depends on the incident beam flux, which is in general not
constant.

• The lead shielding required for the γ-ray detectors would be difficult to fit in the allocated
volumes designated for BMs.

• There is no possibility for precise timing information as the decay constant is 221 s.

In contrast, the BM based upon scattering had the following positive attributes:

• In the limit of a constant beam, the number of scattered events is constant over time. Unlike
the de-excitation events, when the beam is on or off, the response is immediate.

• Since γ-rays can be rejected by applying a suitable threshold, only boron shielding is needed,
which allows more than one detector in an allocated volume. Symmetric responses of multiple
detectors may be used to control the positioning of the beam.

Despite all the difficulties associated with having an isotropic source of neutrons, the proof of con-
cept was verified.27 It was thus decided that the absorption approach, while potentially useful for
background characterization and dosimetry purposes, was not sufficiently of interest for continued
investigation. The remainder of this thesis thus focuses on further investigation of the scattering
approach.

27In a more controlled environment where the neutron beam will be precisely defined (at the actual BL), the
scattering-based BM results are anticipated to improve dramatically.
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3 Commissioning at Helmholtz-Zentrum Berlin

3.1 Facility overview

Helmholtz-Zentrum Berlin consists of two large-scale facilities for scientific research: research
reactor BER II for neutron experiments and synchrotron-radiation source BESSY II. BER II is
located in Berlin Wannsee and has over 20 experiment stations, 10 of which are currently in use.
All the measurements reported on here were performed at BER II. Figure 3.1 shows an overview
of the BER II facility. Beamlines V17, a detector test station and V20, the ESS test beamline,
were employed.

Figure 3.1. Overview of the BER II reactor at Helmholtz-Zentrum Berlin. The V17 and V20 beamlines used
for the measurements reported on here are shown.

3.2 Apparatus

3.2.1 Beamlines

V17 [38] boasts a monochromatic neutron beam, created using a 8 × 1 cm2 pyrolythic graphite
wafer slab that is 4 mm thick.28 The approximate flux measured with a 3He detector at the
upstream end of the beamline is 2.3 · 103 n/cm2/s [38]. The beam can be collimated by moving
two sets of slits in the laboratory x- and y- directions in or out.

V20 [40] boasts variable setttings for both the flux and wavelength of the neutron beam,
see Fig. 3.2. V20 is designed to mimic the ESS pulse structure using several counter-rotating
double-chopper systems. The ESS Source Chopper is calibrated to provide 2.86 ms pulse-length
bunch with a repetition rate of 14 Hz. This emulates the ESS accelerated-proton beam which
is directed onto the ESS tungsten target. After the source chopper, a system of Wavelength
Frame Multiplication (WFM) choppers allow for the selection of a wavelength (energy) band. The

28Pyrolythic graphite is a form of synthetic graphite used to monochromate the neutron beam according to
Bragg’s law [39].
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wavelengths can vary between 1.8 Å and 10.2 Å. Neutron-wavelength resolution at this point is
rather low (4.2%), so additional Wavelength-Band (WB) choppers are used. This set of choppers
“slices” the beam pulse into six sub-pulses which enables tunable wavelength resolution. In this
work, only the settings of the ESS Source Chopper (from now on refered to as choppers 1 and 2 )
and the WB Chopper (from now on referred as choppers 3 and 4) were varied.

Figure 3.2. Layout of V20. (a) Choppers. The Source Chopper System consists of the ESS Source Chopper
and a wavelength-band (WB) chopper. (b) Illustration of the basic single-pulse mode, where the measurement
position defines the wavelength (energy) resolution and a continuous spectrum is recorded at the detector.
(c) Illustration of the six-fold Wavelength Frame Multiplication (WFM) mode, where the spectrum is divided
into sub-frames that are separated in TOF, but overlap in wavelength. Figure and description from Ref. [40].

3.2.2 Data-acquisition system

Figure 3.3 shows the DAQ system employed for the 3He detectors. This setup was used at both
the V17 and V20 beamlines. Operated at +1275 V, each detector produced a positive current
pulse that was passed to a Cremat preamplifier [41]. From the preamplifier, two of the signals were
passed to NIM ORTEC 673 amplifiers/shapers [42] while the other two were passed to Tennelec
amplifiers/shapers [43]. A Rhode & Schwartz [34] oscilloscope was used to visually monitor the
pulses periodically. The amplified and shaped pulses were passed to a FAST ComTec MCA4
MCA [44]. The MCA integrated the current pulses to yield the charge corresponding to each
event and binned these charges resulting in histograms that were stored for subsequent offline
analysis.

Figure 3.3. DAQ system for the 3He detectors. a - HV cable, b - BNC cable, c - MCA-USB link. From
left: four channels of HV power supply are connected to four preamplifiers which are connected to the base
of each of the four detectors. The current pulse from the preamplifier is then amplified, shaped and passed
to the MCA. The DAQ software histograms and displays the resulting spectra.
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Furthermore, a fission chamber purchased from LND, Inc. [45] was used as a reference neutron-
beam monitor for the V17 measurements.

(a)

(b)

Figure 3.4. Fission chamber from LND. a) Overview: The incident neutrons (red) hit the active area (blue).
The fission products are collected on the cathode/anode. b) Photograph.

The fission chamber relies upon induced fission in a neutron-rich material, see Eq. 3.2.1.

n+ 235U −−→ 3n+ Fission products Q ∼200 MeV (3.2.1)

These detectors are essentially ionization chambers coated with fissionable material. This chamber
contained 13 mg of 235U and was filled with 90%/10% Argon/methane gas. The detection depth
was 19.1 mm.

(a)
(b)

Figure 3.5. Fission-chamber response. (a) Principle of operation. (b) Typical response adapted from
Ref. [46].

Figure 3.5 shows the typical response of a fission chamber. The fission products, as an example
in this case 90Rb and 143Cs, ionize the gas. The secondary ions are collected on the cathode and
anode resulting in current pulses which may be analyzed.
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3.3 Measurements and analysis

Figure 3.6 shows the experimental setup for neutron scattering on natV. This setup was the same
for both beamlines. natV samples with several different dimensions (recall Table 2.4) were placed
at the center of the setup and aligned with a laser. The 3He detectors were placed around the
natV foil and connected to readout channels 1-4 as shown. Save for the entrance/exit windows
corresponding to the natV foils, the entire setup was shielded with a 3 mm thick Mirrobor [47]
mask (B4C) to reduce the background sensitivity of the device.

(a)

(b)

Figure 3.6. Setup for the natV neutron-scattering measurements. (a) Sketch. natV samples (blue) are
surrounded by four 3He detectors (brown). The entire setup was shielded by a B4C mask (grey) with a
window corresponding to the natV samples in the center. (b) Photograph of the experimental setup with the
front part of B4C shielding (black) removed. The 3He detectors (silver) surround the natV sample. The laser
alignment is shown in red.

V17

Figure 3.7 shows the experimental setup for neutron scattering on natV at V17. The reference
fission chamber was placed upstream of the natV foil. The monochromatic neutron beam was
collimated using two sets of slits. While the first set of slits was fixed at 3 × 3 cm2, the opening
between the second set of slits was varied to study the response of the 3He detectors which
comprised the prototype BM as a function of neutron beam intensity on the natV sample. Table 3.1
shows the complete set of neutron-scattering measurements. Table 3.2 shows the complete scan
of the settings used for each of the measurements and the corresponding calculated neutron rate
incident upon the natV foil. For each measurement, many datafiles were obtained. The files were
stored in increments of 90 s.
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Figure 3.7. Beamline at V17. The incident beam (red) passes from the right to the left through two sets of
(x,y) slits and a fission-chamber monitor before striking the natV sample (blue).

Table 3.1. Neutron-scattering measurements at V17.

Run
no.

Thickness
[mm]

Fission
Chamber

Duration
[h]

1 3.15 Yes 4
2 3.15 No 26
3 1.00 No 5
4 0.20 No 10
5 0.20 No 15
6 0.125 No 10
7 0.125 No 15
8 0.040 No 14
9 No natV No 13

Table 3.2. Slit openings and the corresponding flux.

Slit X
opening
[mm]

Slit Y
opening
[mm]

Area A
[mm2]

I [103 n/s]
= 2.3 · 103A

0 0 0 0
2 2 4 0.1
4 4 16 0.4
6 6 36 0.8
8 8 64 1.5
10 10 100 2.3
12 12 144 3.3
14 14 196 4.5
16 16 256 5.9
18 18 324 7.5
20 20 400 9.2
22 22 484 11.1
24 24 576 13.2
26 26 676 15.5
28 28 784 18.0
30 30 900 20.7

Figure 3.8 shows the data-analysis sequence for the V17 measurements. Since the configuration
of the slits was changed every 20 min but the measurements were stored every 90 s, a sorting
algorithm was applied to distinguish between the slit settings. Once the datafiles were sorted, the
runs were summed, energy calibrated and the resulting spectra were integrated. The rate in a 3He
detector of the prototype BM for each slit setting was plotted as a function of the neutron-beam
intensity corresponding to the illumination area according to Table 3.2, see the thumbnail. The
resulting spectrum is discussed in detail in Section 3.4.1.
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Figure 3.9. Beamline at V20. The incident beam (red) passes from right to the left through two sets of
choppers and (x,y) slits before striking the natV sample (blue). The residual beam is monitored with an
invasive 3He BM.

Figure 3.8. The analysis of the V17 data. The grey diamonds represent input and the green boxes represent
processing. The resulting spectrum shown as a thumbnail is discussed in detail in Sec. 3.4.1.

V20

Figure 3.9 shows the experimental setup for neutron scattering on natV at V20. The reference
Eurisys Mesures 3He BM was placed downstream of the natV foil. The neutron beam was colli-
mated using a set of slits with the opening fixed at 3 × 3 cm2. The phase opening of choppers 1,
3 and 4 were set at values of 0◦, -42◦ and 157◦ respectively. This corresponded to a 3.0 Å (∼9 eV)
wavelength setting. The phase of chopper 2 was varied to study the response of the 3He detectors
in the prototype BM as a function of neutron-beam intensity on the natV sample maintaining the
same illumination area. Table 3.3 presents an overview of the measurements performed at V20.
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Table 3.3. Neutron-scattering measurements at V20. A portion of the measurements at V20 which were
analyzed are shown. Ch2 stands for the Chopper 2 angle setting.

Run Ch2 [◦] natV [mm] Run Ch2 [◦] natV [mm] Run Ch2[◦] natV [mm] ± 20 µm
1 40 3.15 22 30 No natV 43 36 0.125
2 40 No natV 23 29 3.15 44 35 0.125
3 39 3.15 24 29 No natV 45 34 0.125
4 39 No natV 25 28 3.15 46 33 0.125
5 38 3.15 26 28 No natV 47 32 0.125
6 38 No natV 27 27 3.15 48 31 0.125
7 37 3.15 28 27 No natV 49 30 0.125
8 37 No natV 29 26 3.15 50 29 0.125
9 36 3.15 30 26 No natV 51 28 0.125
10 36 No natV 31 25 3.15 52 27 0.125
11 35 3.15 32 25 No natV 53 26 0.125
12 35 No natV 33 24 3.15 54 25 0.125
13 34 3.15 34 24 No natV 55 24 0.125
14 34 No natV 35 23 3.15 56 23 0.125
15 33 3.15 36 23 No natV 57 22 0.125
16 33 No natV 37 22 3.15 58 31 0.02
17 32 3.15 38 22 No natV 59 31 0.04
18 32 No natV 39 40 0.125 60 31 0.20
19 31 3.15 40 39 0.125 61 31 1.00
20 31 No natV 41 38 0.125 62 31 rod
21 30 3.15 42 37 0.125

Figure 3.10 shows the data-analysis sequence for the V20 measurements. The spectra were
energy calibrated and integrated. The neutron rate in a 3He detector of the prototype BM for
each slit setting was plotted as a function of the flux corresponding to the absolutely calibrated
3He Eurisys Mesures BM. The resulting spectra are discussed in detail in Section 3.4.2.

Figure 3.10. The analysis of the V20 data. The grey diamonds represent input and the green boxes represent
processing. The resulting spectrum shown as a thumbnail is discussed in detail in Sec. 3.4.2.
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3.4 Results

3.4.1 V17

Figure 3.11. Prototype beam-monitor results for V17. Neutron rate in a 3He detector as a function of
neutron-beam intensity. The intensity was varied by changing the natV foil illumination area. Filled points:
rate in a 3He detector with natV present. Open points: rate in a 3He detector with natV not present. The red
x’s and fitted line correspond to the measurements with the reference fission chamber. The linear relationship
between the measured rate in the detectors and the beam intensity is clear.

Figure 3.11 shows the measured neutron rate in a 3He detector of the prototype BM as a function
of thermal-neutron beam intensity at V17 with and without the natV foil in the beamline. The
results shown are for the 3He detector of the prototype BM placed 5 cm beam left of the center
of the natV foil.29 Plotted statistical uncertainities are not visible. The relationship between
measured rate and beam intensity is clearly linear for all of the foils. In general, the slope of
the fitted line increases as the thickness of the foil increases, which is expected from Fig. 1.4 in
Sec. 1.2.2. The fission-chamber curve lies slightly below the results for the 3.15 mm natV foil. The
fission chamber is known to attenuate the neutron-beam intensity by 4% [46]. Table 3.4 shows the
theoretically calculated attenuation for different thicknesses of natV foil for the conditions of V17
(3.35 Å).

Table 3.4. Theoretical neutron attenuation in natV at V17.

natV foil thickness [mm] (±20 µm) Attenuation [%]
3.15 28.0
1.00 9.9
0.20 2.1
0.125 1.3
0.04 0.4

Recall that a desirable characteristic of an invasive BM is that it affects the smallest portion
29This was the detector with the highest statistics. Several other distances between the 3He detectors and the

centers of the natV foil were measured with similar results. The neutron rate observed in the 3He detector decreased
with the increasing distance from the natV foil as expected.
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of the beam possible while monitoring it with a response that scales linearly with intensity. The
0.125 mm natV foil attenuates the beam by ∼1%. Clearly, the relationship for the 0.125 mm
foil remains linear over a reasonable range of beam intensity while disturbing 75% fewer beam
neutrons than the fission chamber which is typically used to monitor the beam. The 0.04 mm foil
performs equally linearly and the attenuation is reduced even further.

When the natV was removed from the setup, a linear increase of the rate observed in the 3He
detectors resulted from an increase in beam intensity. In an ideal environment, where the 3He
detectors would be perfectly shielded and there would be no other materials in close proximity to
the beamline, the natVout response would be zero. Ideal environments rarely exist. Further, every
environment in which this type of BM is employed is likely to be unique. Thus, in situ background
runs without the natV foil in the beam would need to performed on a case-by-case basis to obtain
the background-corrected rate in the 3He detectors. This is a relatively simple task. Regardless,
since both rates scale linearly, the non-corrected rate can in principle be used for the calibration
of the natV-based BM.

3.4.2 V20

V20 prototype results first required the determination of the neutron-beam intensity as a function
of chopper phase-angle opening.

Figure 3.12. Chopper phase-angle opening and neutron-beam intensity.

The absolutely calibrated30 reference 3He BM from Eurisys Mesures was employed to relate
the Chopper 2 phase-angle opening to the neutron-beam intensity. The measurements were per-
formed when no natV was present. Figure 3.12 shows the results of this calibration. The rate
measured by the invasive 3He BM was corrected for efficiency at each chopper phase-angle open-
ing. The intensity-to-phase-angle relationship was determined using a linear fit to the data. The
statistical uncertainities were lower than ±2 n/s, which resulted in the statistical uncertainities
in the corresponding intensities being smaller than ±50 n/s. For example, a chopper phase-angle
opening of 10◦ corresponded to a neutron-beam intensity of (312 860 ± 50) n/s. The χ2/dof=0.05
of the fit over the chopper phase-angle opening range presented indicated that a linear functional
relationship between the neutron-beam intensity and the 3He BM count rate was appropriate.

30The efficiency of this invasive BM was 3.9 · 10−3.
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Figure 3.13. Prototype beam-monitor results for V20. Neutron rate in a 3He detector of the prototype
BM as a function of neutron-beam intensity. The intensity was varied by adjusting the chopper phase-angle
opening. Filled points: rate in a 3He detector with natV present. Open points: rate in a 3He detector with
natV not present. The black x’s and fitted line correspond to the measurements with the Eurisys Measures
BM. The linear relationship between the measured rate in the detectors and the beam intensity is clear.

Figure 3.13 shows neutron rate in a 3He detector of the the measured prototype BM as a
function of thermal-neutron beam intensity at V20 with 3.15 mm and 0.125 mm thick natV foils
and without natV foil in the beamline. 3×3 cm2 of the foil were illuminated. The results shown
are for the 3He detector of the prototype BM placed 5 cm beam left of the center of the natV foil.31

Statistical uncertainities are not visible in the plot. The relationship between measured rate and
beam intensity is clearly linear for both of the foils. Again, the slope of the fitted line increases
as the thickness of the foil increases, which is expected from Fig. 1.4 in Sec. 1.2.2. Just as in case
of V17, when the natV was removed from the setup, a linear increase of the rate observed in the
3He detectors resulted from an increase in neutron-beam intensity. At V20, the highest measured
intensity was ∼ 600 · 103 n/s for which the 3He detectors did not show any sign of saturation.

31Again, this was the detector with the highest statistics. Several other distances between the 3He detectors and
the centers of the natV foil were measured with similar results. The neutron rate observed in the 3He detector
decreased with the increasing distance from the natV foil as expected.
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Figure 3.14. Absorption and scattering cross section extracted from the V20 data. Fit to the transmitted
intensity recorded by the Eurisys Mesures invasive 3He BM is shown in blue. Fit to the scattered events
recorded by 3He detector of the prototype BM is shown in red.

Figure 3.14 shows the dependence of the transmitted neutron-beam rate (blue) and scattered
neutron-beam rate (red) as a function of the thickness of the natV foil. The chopper opening for
all these measurements was fixed at 14◦, recall Fig. 3.12. Thus, the neutron-beam intensity was
fixed at I0 = (418 820± 50) n/s and the thickness of the natV foils was varied. The blue crosses
show the neutron rate recorded by the 3He Eurisys Mesures invasive 3He BM for the six different
thicknesses of natV foils. The blue fitted function for the transmitted neutron rate has exponential
dependency, recall Eq. 1.2.1. The total interaction cross section estimated from this fitted function
was (14± 1) b. The red crosses show the rate of scattered neutrons recorded by a 3He detector of
the prototype BM placed 5 cm beam left of the center of the natV foil. From the fitted function,
the scattering cross section was determined to be (5.2 ± 0.1) b. This is in excellent agreement
with the accepted value of 5.1 b [14]. Finally, by subtracting the scattering cross section from the
total interaction cross section, an absorption cross section of (∼9±1) b may be extracted, which
is consistent with the expected value at a wavelength ∼3 Å, see Fig. 1.5.

From the transmission measurements, the attenuation in each natV foil was estimated. This
was done by expressing ratio of Ifoil/I0 where Ifoil is the intensity recorded by the Eurisys Mesures
invasive 3He BM for every thickness and I0 is the intensity recorded by the Eurisys Mesures
invasive 3He BM when the natV was removed from the setup. The results are summarized in
Table 3.5.

Table 3.5. Measured neutron attenuation in natV at V20.

natV foil thickness [mm] Measured attenuation [%]
3.15 19.0
1.00 7.0
0.20 1.4
0.125 1.1
0.04 0.5

3.5 Summary

At the conclusion of the commissioning efforts, the results from the measurements at beamlines
V17 and V20 were carefully evaluated. It was concluded that the prototype natV-based BM is
already a fully functioning BM. In particular, the prototype has been successfully employed over
a wide range of neutron-beam intensities. The measured responses were convincingly linear as a
function of variations in neutron-beam intensity. These variations were achieved by changing both
the beam-spot size and chopping. The thicknesses of the natV foil which appear most promising
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are 0.04 mm and 0.125 mm. For example, at a wavelength of 3 Å, the beam attenuation for the
0.125 mm foil is ∼1% while for the 0.04 mm foil, it is ∼0.5%. Attenuation decreases with decreasing
wavelength, so for 25 meV thermal neutrons with wavelength 1.8 Å at ESS, the attenuation
is guaranteed to be even lower. Further, this attenuation is already even lower than the vast
majority of the commonly used BMs. It appears that the concept is sound and worth further
detailed development for the purpose of deployment at ESS.
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4 Closing Remarks

4.1 Summary

The goal of this thesis was to investigate the feasibility of an invasive quasi-parasitic thermal-
neutron BM for beam diagnostics at high flux BLs at spallation sources in close proximity to
choppers. The BM was to be based upon a thin natV foil and standard 3He proportional counters.
Both absorption-based and scattering-based BMs were conceived. The project was divided into a
calibration phase performed at the STF and a commissioning phase performed at HZB. The goal
of the calibration phase was to determine which of the two methods was the most promising. At
the conclusion of the calibration phase, results from the absorption-based and scattering-based
BMs were critically evaluated.

The BM based upon absorption had the following attributes which raised concerns:

• The number of activated atoms and thus de-excitation γ-ray events is only constant in the
limit of constant neutron beam flux incident on the natV foil. This makes monitoring the
beam much more difficult as the properties of the monitor are continuously changing.

• The rather substantial amount of lead shielding needed to protect the γ-ray detectors from
the intense γ-ray backgrounds associated with spallation would be difficult to fit in the
allocated volumes designated for BMs at the BLs in question.

• There is no possibility for beam pulse timing information as the decay constant on the
per-pulse scale for 52Cr* is 221 s, far too long for any fast feedback applications.

The BM based upon scattering had the following attributes which were considered advantageous:

• In the limit of a steady neutron beam, the number of scattered events is also steady. Response
in hardware to the changes in the beam is immediate as there is no decay constant to consider.

• Since γ-rays can be rejected easily by applying a suitable threshold to the detectors, only
boron shielding is needed to shield them from unwanted thermal-neutron background. This
potentially allows for more than one BM in an allocated volume at a BL in question.

• Uniform responses of multiple symmetrically aligned detectors may be used to monitor and
even control the positioning of the beam if a suitable fast-feedback systems are developed.

It was determined that an absorption-based BM at a neutron BL would be difficult both to
calibrate and employ while a scattering-based BM at a neutron BL would be far easier both to
calibrate and to employ. It was thus decided that the absorption approach, while potentially
useful for background characterization and dosimetry purposes, was not of sufficient interest for
continued investigation in the subsequent commissioning phase.

At the conclusion of the commissioning phase, results from the measurements at HZB BLs V17
and V20 for the scattering-based approach were critically evaluated. The BM was successfully
employed with a linear response over a wide range of neutron-beam intensities. These variations
in intensity were achieved by changing both the beam-spot size and the time structure of the beam
using choppers. The thicknesses of the natV foil which appear most promising are 0.04 mm and
0.125 mm, with attenuations at 3 Å of ∼0.5% and ∼1.0% respectively. While the attenuation of
1.8 Å neutrons (25 meV) at ESS will be even lower, this attenuation is already much lower than
the vast majority of commonly used BMs. It was thus determined that the prototype natV-based
BM is already a fully functioning BM.
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4.2 Conclusions

The scattering-based prototype employing a natV foil and standard 3He detectors in a configuration
symmetric around the foil functions excellently as an invasive quasi-parasitic BM. This conclusion
is based upon the minimal measured beam attenuation with demonstrated linearity over a neutron-
beam intensities ranging from 100–500K n/s. As variations in the neutron-beam intensity were
obtained by both varying the beam-spot size with slits as well as altering the time structure of
the beam with choppers, confidence in the response performance of the BM to widely varying
beam conditions is high. The definition of quasi-parasitic employed in this work was that the
BM should attenuate no more than ∼1% of the neutron beam. Based upon this definition, the
maximum natV foil thickness cannot exceed 0.125 mm, where the attenuation is 1.3% at 3 Å.
As the prototype demonstrated both low neutron-beam attenuation and response linearity over
a reasonable dynamic range, it appears that the concept is sound and worth further detailed
development for the ultimate purpose of deployment at ESS.

4.3 Outlook

Further detailed development of the prototype is suggested for the ultimate purpose of deployment
at ESS. These investigations should include:

• Simulating the HZB results.

• Determining the high-flux limitations of the device at facilities such as J-Parc or Dubna.

• Incorporating both time stamping and neutron-energy monitoring. This should be done at
HZB, since the chopper settings there may be used to produce a neutron beam that closely
resembles the ESS pulse.

• Performing long-term exposure measurements in intense fields of neutrons and γ-rays to
benchmark the lifetime of the prototype. This benchmarking should result in an estimated
performance stability over the lifetime of the device.

• Optimizing the thickness and mounting of the prototype-related shielding.

• Developing non-modular electronics fully dedicated to the prototype.
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A 3He Detector Studies

A.1 Shaping Time and resolution

To understand the shapes of the spectra from the 3He detector, data were taken with 12 different
settings for the amplifier/shaper shaping constant to study its effect on the energy resolution.
These were recorded both when it was placed next to the bare neutron source and next to the
thermalizer with the source inside. Figure A.1 shows the data-analysis sequence for dependence
of the energy resolution on the shaping time of the amplifier. For each run, the shaping time

Figure A.1. Shaping-time analysis. Grey diamonds represent input and green boxes represent processing.
The resulting spectrum shown as a thumbnail is discussed in detail in Fig. A.3.

was set and the collected data were energy calibrated. A Gaussian function was fitted to the
full-deposition peak allowing the FWHM of the peak ∆EFWHM for each of the shaping times to
be approximated. The energy resolution R was determined according to:

R =
∆EFWHM

E
· 100%, (A.1.1)

where E was the mean of the fitted Gaussian distribution.
Figure A.2 shows the thermal-neutron responses of the 3He detector obtained using different

amplifier shaping times. In general, as the shaping time increased, the full-deposition peak became
narrower and the energy resolution increased. For the shortest shaping times (0.75 µs and 1 µs),
the full-deposition peak was barely visible. In fact, the 0.75 µs spectrum does not even demonstrate
wall effects (see the inset). In order to determine the shaping time for the best possible energy
resolution, Gaussian functions were fitted to the spectra shown in Fig. A.2. From each FWHM,
the energy resolution at 764 keV was calculated and plotted as a function of the shaping time.

Figure A.3 presents a discussion of the concept of amplifier shaping. The left inset shows a
typical pulse leaving the preamplifier. This inset was generated by using the preamplifier signal
obtained using a digital oscilloscope and applying Eq. A.1.2. The shaping amplifier shaped the
signal from the preamplifier. According to the ORTEC 673 manual [33] (see also Ref. [48]), the
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Figure A.2. Full-deposition peak as a function of shaping time.

Figure A.3. Resolution of the full-deposition peak as a function of shaping time.

preamplifier signal V0 was transformed according to:

Vout(t) = V0 · e
−t/τ , (A.1.2)

where Vout(t) was the output voltage at time t and τ was the amplifier-shaping time. The middle
inset shows an analytical example of such a transformation on the data from the left inset for
different shaping times. Finally, the right inset shows the post shaping-amplifier pulse. Since a
change in V0 will result in a change in Vout given by Eq. A.1.2, the resolution of the detector will
have the same exponential dependency. The main panel of Fig. A.3 shows an exponential fit that
was performed to the measured resolution data to illustrate the shaping-time dependence. The
fit qualitatively describes the data well. Note that the provider of the 3He detector states the
resolution of the full-deposition peak to be 5%. It can be clearly seen that this level of energy
resolution is reached at shaping times higher than 8 µs.
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A.2 Simulated response

Figure A.4 shows the output of the Geant4 simulation when the 241Am/9Be source was placed
within the thermalizer and the 3He detector was placed in front of the large thermalizer opening.
The red curve is the reference spectrum provided by Reuter Stokes. The Geant4 simulation is

Figure A.4. Response of the 3He detector. Simulated using Geant4 (black) and measured by the provider
(red). Agreement is poor.

clearly "sharper" compared to the reference spectrum. This is due to the lack of "smearing" based
upon detector energy resolution in the simulated spectrum.

The most common approach to smearing is to apply an energy-dependent energy resolution
function to the simulation distribution. Each simulated event is smeared by the FWHM of a
Gaussian distribution representing the energy-resolution function. The result of applying such
a smearing algorithm to the simulated response is shown in Fig. A.5. The simulated spectrum
provides an improved match in the lower-energy region, but the agreement with the full-deposition
peak is still poor.

To better understand the difference between the resolution-smeared simulated response of
the 3He detector and the response measured by the provider, a new simulation algorithm was
developed. While the majority of the stopping power of the 3He gas is due to ionization, some of
the stopping power is due to nuclear scattering. The algorithm was based upon the assumption
that some of the stopping power of the 3He gas was due to this nuclear component. The nuclear
component of the stopping power is not deposited in the detector at these energies as the intact
3He atom simply recoils. Figure A.6 presents a visualization of the regions of the particle track
for which the probability of losing energy via nuclear scattering instead of ionization increases to
a non-negligible level.
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Figure A.5. Energy-resolution smeared response of the 3He detector. Simulated using Geant4 (black) and
measured by the provider (red). Agreement has improved in the wall regions.

Figure A.6. Visualization of the 3H and 1H trajectories inside the 3He detector. The tracks of the 1H
(red dashed line) and the 3H (grey dashed line) are shown. The dashed circles highlight the end of the
charged-particle paths where β → 0 and nuclear scattering energy loss takes over from ionization energy loss.

Tanabashi [49] explains that for 0.01 < β < 0.05 (where β = v
c ), the Beta-Bloch equation [27]

fails and semi-empirical methods [50] are necessary to explain the energy loss of the 1H and the
3H. Figure A.7 illustrates this semi-empirical evaluation. For the 3H, the effect of the nuclear-
scattering component of the energy loss is as large as that of the ionization component at 20 keV.
For the 1H, the effect of the nuclear-scattering component of the energy loss is as large as that of
the ionization component at 10 keV.
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(a) (b)

Figure A.7. Stopping powers of 3Hs and 1Hs in the 3He. The ionization component of the energy loss is
shown in orange and the nuclear component is shown in blue. The green curve represents the total stopping
power.

A new smearing algorithm was developed to include the nuclear-scattering energy loss effects,
see Fig. A.8. The implementation was performed as follows.

• The Geant4 spectrum (black distribution in Fig. A.4) was divided into three sub-spectra: a
1H sub-spectrum in the energy interval [0.573,0.764) MeV, a 3H sub-spectrum in the energy
interval [0.191, 0.765) MeV and full-energy deposition sub-spectrum with energy 0.764 MeV.

• Consider the 3H sub-spectrum32 and refer to Fig. A.8. Each of the 3H events generated
using Geant4 can have energies from 0 to 191 keV, depending on kinematics of the reaction.
Consider a 3H event that has 60 keV. A stopping power curve is generated in the range
(0,60) keV and this energy range is divided into small steps. When the 3H loses enough
energy to cross the boundary between two steps, the normalized probability pi of the energy
being deposited due to ionization and the normalized probability pn of the energy being
deposited due to nuclear scattering pn were determined. The computer then generated a
random number between 0 and 1. This output was used to determine if the differential
energy loss was due to ionization or nuclear scattering. The process was then repeated for
the next energy-loss step and the process continued until the particle stopped. In the end,
the differential energies that were deposited due to ionization were summed and the original
60 keV event was placed in the corresponding energy bin.

• The process was then repeated for all the events in all the bins in the entire spectrum.

The results of the newly created algorithm compared to the response measured by the provider
are shown in Fig. A.9. The area under the full-deposition peak is well approximated with the new
algorithm. However, the simulation does not agree as well in the region below the full-deposition
peak. Here, the standard approach of Gaussian smearing worked much better.

32The 3H spectrum is representative.
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Figure A.9. Simulation-smeared response of the 3He detector. Simulated using custom algorithm (black)
and measured by the provider (red). Agreement has improved in the full-deposition region.

In a conclusion, the new algorithm redistributes the energies in the full-deposition peak to
the lower-energy region. Compared to the crude approach of addressing resolution effects using
Gaussian smearing, this approach matches the measured response better in the full-deposition
region around 764 keV. It does not replicate the balance between the counts in the wall regions as
well. More work beyond the scope of this thesis is necessary.
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