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Abstract

A back scatter time of flight neutron spectrometer consisting of two
scintillation detectors is simulated in Geant4 to examine whether it
is possible to perform a proof of concept test at the NESSA facility at
Uppsala University. An efficiency of ε = 2.45 · 10−6 is shown to be
large enough for a neutron generator intensity of 1.9 · 1010 neutrons
per second to achieve a minimal required signal count rate of 10000
counts per hour. A corresponding full width at half maximum energy
resolution of 8.3% is found. The background in one of the detectors is
simulated in MCNP and found to be a factor 62 larger than the signal
for a given set of pulse height thresholds in the detectors. Measures to
increase the signal to background ratio are discussed and an outlook
for future work concerning testing the spectrometer at NESSA is
presented.
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Populärvetenskaplig sammanfattning

I början av 1900-talet insåg man att källan till energin som skapas
i solen och alla andra stjärnor kommer från olika fusionsprocesser;
processer där lätta atomkärnor slås ihop för att bilda tyngre kärnor.
En av fysikens mest välkända formler E = mc2 säger att energi (E)
och massa (m) är nära sammanlänkade och att massa kan omvandlas
till energi och vice versa. Man insåg att massan av de två lätta atom-
kärnorna innan fusionsprocessen tillsammans var större än massan av
den tyngre kärnan efter fusionsprocessen och därmed måste en del av
massan ha omvandlats till energi. Det fascinerande var att mängden
energi som skapas i en fusionsprocess är ofantligt mycket större än de
kemiska processer (till exempel förbränning av kol) som redan då var
välförstådda. Forskning för att utnyttja fusion som en energikälla på
jorden tog fart på 1940-talet och har pågått fram till idag.

Ett av de stora problemen inom fusionsforskningen har varit att fu-
sionsbränslet måste värmas upp till temperaturer på tiotals miljoner
grader, d.v.s. varmare än solens kärna. Eftersom det inte finns nå-
gra material som kan innesluta så höga temperaturer utan att smälta
utnyttjas starka magnetiska fält för att hålla bränslet på plats i ett
vakuum. Temperaturen och jonfördelningen av fusionsbränslet är
två viktiga parametrar för att förstå hur mycket energi som skapas i
en fusionsreaktor. För att mäta dessa kan man utnyttja de neutroner
som bildas i fusionsreaktioner. I detta examensarbete simuleras en
flygtidsspektrometer för bakåtspridda neutroner, en typ av neutron-
detektor som skulle kunna användas vid fusionsreaktorer som till
exempel ITER för att mäta temperaturen och jonfördelningen hos
fusionsbränslet. Syftet är att undersöka huruvida det är möjligt att
utföra ett koncepttest av spektrometern vid Uppsala Universitet.
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Chapter 1.

Introduction

The arguably most famous formula of physics, E = mc2, states that energy and
mass are related up to a constant. This realization together with the law of energy
conservation allowed physicists in the early 1900s to realize that a large amount of
energy is released in nuclear processes such as fission, where heavy nuclei are split
into lighter ones, and fusion where light nuclei fuse to form heavier nuclei. This is due
to the fact that the summed masses of the end products of a fission or fusion event is
smaller than the sum of the initial masses, so according to Einstein’s formula some of
the mass has been converted to energy. One quickly came to realize that nuclear power
could possibly be used as an almost limitless source of energy due to the amount of
energy released in fission and fusion events. To put things into perspective one can
look at the chemical reaction of burning carbon, which is the most common way of
generating electricity today, C + O2 −−→ CO2 + 4.2 eV, and compare it to the reaction
of fusing deuterium 2H + 2H −−→ 3H + p + 4 MeV which releases almost a million
times more energy.

The pursuit of creating a commercially viable fusion reactor continues to this day
through international collaboration at facilities such as the Joint European Torus (JET)
and the upcoming International Thermonuclear Experimental Reactor (ITER). At
Uppsala University the fusion diagnostics group works among other things with
studying the fusion plasma at JET through the use of neutron spectroscopy. By
measuring the neutron intensity and energy distribution of neutrons originating from
the fusion plasma it is possible to extract information about the fuel ion density,
plasma temperature and fusion power output. A neutron facility, NESSA1 (neutron

1Named after a queen of the Valar from the Tolkien universe known to be lithe and fleetfooted with
the ability to outrun the deer that follow her wherever she goes in the wild [1, p. 16].
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Introduction 2

source in Uppsala), is currently being built at Uppsala University which will house a
neutron source with a 4π steradian intensity of up to 2 · 1011 14 MeV neutrons/s. This
enables the possibility to test the response of neutron spectrometers in Uppsala. One
spectrometer concept of interest is the so called back scatter time of flight (tof) neutron
spectrometer described in section 2.2 which has been discussed as a possibility for
measuring neutron emissions at ITER [2–5]. There are plans to do a proof of concept
test of such a spectrometer when the NESSA facility has been finished. The purpose of
this report is to present the results of simulations of the back tof spectrometer to see
whether it is viable to test it at NESSA. This includes examining the energy resolution
and efficiency of the simulated spectrometer and to see how the neutron background at
NESSA will affect the proof of concept test. A signal count rate of at least 10000 counts
per hour has been assumed in order to do the test in a reasonable amount of time and
an energy resolution of less than 10% is required. Further, the geometrical constraints
of the experimental hall must be taken into account to ensure the spectrometer fits in
the available space.



Chapter 2.

Theoretical background

This chapter acquaints the reader with the background information necessary to
understand the purpose and the results of the study and the performed simulations.
In section 2.1 the fusion processes in a tokamak and the concepts of reaction rates and
the fuel ion ratio are discussed. Section 2.2 contains information on tof spectrometers
including the definition for the full width at half maximum energy resolution. Section
2.3 treats the kinematics of particles scattering in the laboratory frame. Some details
about scintillation detectors can be found in section 2.4 and the main neutron reaction
channels relevant for this work are presented in section 2.5.

2.1. Tokamak fuel ion ratio

The tokamak is a fusion device developed by a team of Russian physicists lead by
Igor Tamm and Andrei Sakharov in the 1950s [6]. It operates by encapsulating a hot
plasma in a torus shaped ring by using strong magnetic fields. The plasma can have
different compositions, one common fusion plasma consists mainly of two isotopes of
hydrogen, namely deuterium 2

1H denoted D and tritium 3
1H denoted T. There are three

main fusion reactions which occur in such a fusion plasma: one DT-reaction

2
1D + 3

1T −−→ 4
2He + n (14 MeV)

which produces 14 MeV neutrons, and two DD-reactions

2
1D + 2

1D −−→ 3
2He + n (2.5 MeV)

2
1D + 2

1D −−→ 3
1T + p

3



Theoretical background 4

which occur with equal probability, one of which emits 2.5 MeV neutrons. The fusion
reactions are generally divided into two groups: thermonuclear (th) DD and DT reac-
tions which occur between deuterium and tritium ions from the thermal population
of the fusion plasma, and beam-target (bt) DT or DD reactions which occur through
the interaction between the plasma and neutral deuterium or tritium beams which are
injected into the reactor.

The fusion power output is dependent on the composition of the plasma and is max-
imised for an equal relative concentration of deuterium and tritium. The core average
deuterium and tritium number densities, nT and nD, should in other words be main-
tained such that the fuel ion ratio nT/nD = 1 [2]. There are a number of diagnostics
techniques available to measure nT/nD such as charge exchange recombination spec-
trometry, collective Thomson scattering and neutron spectrometry, all of which are
described in [7]. Neutron spectrometry as a technique to measure nT/nD is based on
measuring the neutron emission rates of DT and DD reactions. For a DT reaction the
neutron emission intensity is proportional to the reaction rate of the fusion process.
A simplified version of the reaction rate can be found by assuming deuterons and
tritons are hard spheres, as is explained in [8, p. 37]. Further, assume that the triton is
at rest and the deuteron has a velocity v directed towards the triton. In the hard sphere
model the cross section σ can be seen as the area surrounding the triton, as shown in
figure 2.1, in which fusion of the two nuclei is possible which dominantly depends
on the strong nuclear force. If we fill two volumes as shown in the right panel of the
same figure with a number density nD and nT then the total number of particles in the
two volumes is

ND = nDV = nD Adx (2.1)

and

NT = nTV = nT Adx . (2.2)

where A is the target area and dx is its thickness. Assuming there is no overlap between
the cross sectional areas in the target volume the probability of one incoming deuteron
colliding with a triton is given by the fraction of the area blocked by the sum of the
cross sectional area of tritons

dF =
σNT

A
= σnTdx . (2.3)
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Figure 2.1.: Deuteron with velocity v incident on a triton at rest where σ denotes the cross
sectional area. Figure from [8, p. 38]. Volume of deuterons incident on a volume of
tritons. Figure from [8, p. 40].

The number of deuterons passing through the target volume in a time dt is nD Adx
which if multiplied by dF gives the number of collisions. The reaction rate in units of
reactions/m3/s can now be found

I =
dFnD Adx

Adxdt
= nDnTσ

dx
dt

= nDnTσv (2.4)

In order to improve the model to better reflect reality a few aspects must be taken
into account. The first realization is that the target and incident particles will have a
distribution of random velocities. This can be taken into account using a distribution
function f (r, v, t) which contains information on how the velocities within a velocity
range dv = dvxdvydvz are distributed at a time t within a volume dr = dxdydz centered
around r. The total number of particles within the volume dr and within the velocity
range dv is given by f (r, v, t)drdv [8, p. 43]. We can thus replace the number densities
in I = n1n2σv (where we have changed from subscripts D and T to 1 and 2) with

n1 → f1(r, v1, t)dv1

n2 → f2(r, v2, t)dv2 .

This also implies that it is arbitrary which particle is the target and which is incident
particle. The velocity v thus represents the relative velocity of the two particles. We
can make the replacement

v = |v2 − v1| .
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Further, the cross section for the fusion reaction must be a function of the relative
velocity since if v is small the Coulomb barrier will have a larger influence in repelling
the two particles thus decreasing the cross section [8, p. 42]. We make the change

σ = σ(|v2 − v1|) .

The total reaction rate is then given by summing all possible velocities, i.e. by perform-
ing the integral

I12 =
∫
v1

∫
v2

f1(r, v1, t) f2 (r, v2, t) σ (|v2 − v1|) |v2 − v1| dv1dv2 . (2.5)

This can be rewritten by making use of the distribution function weighted average,
which defined for a quantity W is

〈W〉 = 1
n

∫
v

W f dv (2.6)

so we can write the reactivity as

〈σv〉 = 1
n1n2

∫
v1

∫
v2

σ (|v2 − v1|) |v2 − v1| f1(r, v1, t) f2(r, v2, t)dv1dv2 (2.7)

which inserted into equation 2.5 gives us

I12 = n1n2 〈σv〉 (2.8)

The intensities of neutron emissions for DD and DT reactions thus scale as

IDT = nDnT 〈σν〉DT (2.9)

and

IDD =
1
2

n2
D 〈σν〉DD (2.10)

where 〈σν〉 are the fusion reactivities which are known quantities [9, 10]. Since the
reactivity is a known quantity it is possible to determine nT/nD by measuring the
intensities. In this regard there are two possibilities: one can either measure neutron
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emissions from thermonuclear DD (2.5 MeV neutrons) and DT (14 MeV neutrons)
reactions as shown in [9], or one can measure the emissions from thermonuclear DT
reactions (14 MeV neutrons) and beam-target DT reactions (also 14 MeV neutrons)
as demonstrated in [11]. In the second case, which is relevant for this work, two
intensities must be measured: the thermonuclear DT neutron emission rate

Ith = nDnT 〈σν〉th (2.11)

and the beam-target neutron emission rate

Ibt = nbtnT 〈σν〉bt (2.12)

where nbt is the injected deuteron number density which is a known quantity. Com-
bining equations 2.11 and 2.12 the fuel ion ratio nT/nD is found to be

nT

nD
=

I2
bt 〈σν〉th

Ith (nbt 〈σν〉bt)
2 . (2.13)

The neutron emission rates Ith and Ibt can be measured with neutron spectrometers,
for example making use of the time of flight technique as discussed in section 2.2.

2.2. Time of flight spectrometers

A time of flight neutron spectrometer makes use of two scintillation detectors, D1 and
D2, to measure the flight times of neutrons scattering elastically in D1 into D2. Figure
2.2 shows two configurations of a time of flight spectrometer where the neutrons either
scatter in D1 in the forward or backward direction into D2. If the distance d between
the two detectors is known and the flight time tto f is measured, the non relativistic
kinetic energy of the neutron can be calculated by inserting the velocity v = d/tto f

into E = mv2/2, resulting in

E =
md2

2t2
to f

(2.14)

where m is the mass of the neutron.
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Figure 2.2.: Two configurations of a time of flight spectrometer: the forward scattering config-
uration (left panel) and the back scattering configuration (right panel).

The full width at half maximum (FWHM) energy resolution dE/E for a given spec-
trometer can be found by evaluating

dE
dv

=
d

dv

(
mv2

2

)
= mv (2.15)

which, if multiplied by dv/E, gives

dE
E

=
mv dv
mv2/2

= 2
dv
v

. (2.16)

Inserting v = s/t into the formula for uncertainty propagation

dv =

√(
∂v
∂t

)2

dt2 +

(
∂v
∂s

)2

ds2 (2.17)

one finds

dE
E

= 2
dv
v

= 2

√
dt2

t2 +
ds2

s2 . (2.18)
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The uncertainties in the measured times, dt, are limited by the electronic readout
systems and are on the order of a few hundred ps whereas the expected flight times
t are 20-100 ns. The resolution is thus in this case dominated by the uncertainty
in the flight path ds which comes from the fact that the radial position and depth
of the interaction in the two detectors are unknown. We can therefore make the
approximation dE/E ≈ 2ds/s. Since the uncertainty in the flight path is proportional
to the uncertainty in the time of flight we can define the FWHM energy resolution for
a time of flight measurement as

dE
E

= 2
dtto f〈
tto f
〉 (2.19)

where dtto f is the FWHM and
〈
tto f
〉

is the centre of the tof peak.

Equation 2.19 states that the resolution is inversely proportional to the flight time,
i.e. a longer flight time gives a better resolution, and proportional to the FWHM,
i.e. a tof peak with a smaller spread in time gives a better resolution. One way of
improving resolution is thus by using larger distances between D1 and D2 to increase
tto f . One can also decrease the size of the detectors to decrease the uncertainty in the
path length of the neutron and therefore the spread in time of flight dtto f . This will
however decrease the efficiency and coincidence count rate of the spectrometer. It is
therefore necessary to balance the efficiency and resolution of the spectrometer such
that both are acceptable.

The two configurations of tof spectrometers shown in figure 2.2 are useful in different
situations. The forward scattering configuration is favourable when measuring 2.5
MeV neutrons from DD reactions. A plastic scintillator can be used for D1 implying
elastic scattering of neutrons on hydrogen (p) in the forward direction. The scattered
neutrons transfer a small fraction of their energy to the protons in D1 and are thus
slow enough to allow for a relatively short distance between D1 and D2 to give an
acceptable resolution. By increasing the distance between D1 and D2, thus increasing
the flight time of the scattered neutron, it is possible to also measure 14 MeV neutrons
from DT reactions with an acceptable resolution. The back scattering configuration is
however favourable in this case. To obtain back scattering of neutrons one can use a
deuterated scintillator for D1. If the 14 MeV neutron back scatters on a deuteron in
D1 it transfers a large fraction of its energy to the deuteron. The scattered neutron
is then sufficiently slow, meaning the distance between D1 and D2 can be decreased
while still achieving an acceptable FWHM energy resolution. The back scattering



Theoretical background 10

spectrometer can thus be made more compact for measuring 14 MeV neutrons than a
forward scattering spectrometer.

2.3. Kinematics

The kinetic energy of a 14 MeV neutron using classical mechanics is given by
E = p2/2m where p is the momentum and m is the mass of the neutron. The use of
non-relativistic mechanics is justified since 14 MeV neutrons have v/c = 0.17 which
gives

γ =
1√

1− v2/c2
= 1.015 (2.20)

i.e. an error in the energy determination of less than 2%.

A general two-body scattering event in the laboratory frame, m0 + m1 −−→ m2 + m3,
where m1 is initially at rest is shown in figure 2.3. The momentum p2 as a function of
the scattering angle θ can be derived by using conservation of momentum

~p0 = ~p2 + ~p3 (2.21)

together with conservation of energy

m0 +
p2

0
2m0

+ m1 = m2 +
p2

2
2m2

+ m3 +
p2

3
2m3

. (2.22)

Equation 2.21 can be split into x and y components

x̂ : p0 = p2 cos θ + p3 cos φ

ŷ : 0 = p2 sin θ − p3 sin φ
(2.23)

which if rearranged and squared become

p2
3 cos2 φ = p2

0 + p2
2 cos2 θ − 2p0p2 cos θ

p2
3 sin2 φ = p2

2 sin2 θ
(2.24)
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Figure 2.3.: Two-body collision in the lab frame. A particle of mass m0 and momentum ~p0
collides with the stationary m1 resulting in m2 and m3 with momentum ~p2 and ~p3
propagating at angles θ and φ.

Adding these together and using the Pythagorean trigonometric identity one finds

p2
3 = p2

0 + p2
2 − 2p0p2 cos θ . (2.25)

Rearranging the conservation of energy (equation 2.22) gives

p2
3 = 2m3

(
m0 + m1 −m2 −m3 +

p2
0

2m0
− p2

2
2m2

)
. (2.26)

p2 can now be found by setting the right hand sides of equations 2.25 and 2.26 equal
to each other, yielding the not so elegant expression

p2 =
p0

1 + α
cos θ +

√(
p0

1 + α
cos θ

)2

− τ

1 + α
(2.27)

where α = m3/m2 and τ = (1−m3/m0) p2
0− 2m3 (m0 + m1 −m2 −m3). p2 and φ can

now be found from equation 2.23

p3 =
√

p2
0 + p2

2 − 2p0p2 cos θ (2.28)

φ = arcsin
(

p2

p3
sin θ

)
. (2.29)
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In the case of elastic scattering, m0 = m2 = m and m1 = m3 = M, equation 2.27
simplifies to

p2 =

 M
m + M

cos θ +

√(
M

m + M

)2

cos2 θ +
m−M
m + M

 p0 . (2.30)

The kinetic energy of neutrons scattering elastically on deuterons for scattering angles
0-180◦ is shown in figure 2.4 together with the differential cross section for the same
process. For events where the neutron scatters once in D1 only large scattering angles
will result in the neutron reaching D2. The expected neutron energy for a scattering
angle close to 180◦ is 1.5 MeV which as earlier stated means the back scatter spectrom-
eter can be made more compact than a forward scatter spectrometer for measuring 14
MeV neutrons.
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Figure 2.4.: The differential cross section of 14 MeV neutrons scattering elastically on deuterons
(top panel), retrieved from the JEFF-3.2 library [12]. The scattered neutron energy
as a function of scattering angle in the lab frame for elastic scattering of a neutron
on a deuteron at rest (bottom panel).
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2.4. Scintillation detectors

Scintillation detectors operate on the principle of converting the kinetic energy of
charged particles into detectable scintillation light [13, p. 223]. The kinetic energy is
converted through the excitation of electrons in the material which the charged particle
traverses. The scintillation light is directed to a photo multiplier (PM) tube where
photo electrons are emitted from the photo cathode through the photoelectric effect.
A series of dynodes in the PM tube multiply the number of electrons giving rise to a
detectable voltage pulse.

Two types of scintillation detectors are used for the simulations in this thesis, a solid
plastic organic scintillator and a deuterated liquid scintillator. The polymer base of
the plastic scintillator is polyvinyltoluene and is shown in the left panel of figure 2.5.
The right panel in the same figure shows deuterated benzene, the molecule used in
the deuterated liquid scintillator. There are three main nuclei that a neutron incident
on such scintillators can interact with: deuterons, protons and carbon, where carbon is
a mix of 12C (99%) and 13C (1%). The emission of scintillation light depends on which
nuclei the neutron transfers its kinetic energy to. The light emission is described by
light yield response functions.

Figure 2.5.: Polyvinyltoluene (left panel), the polymer base used in the plastic scintillator and
deuterated benzene (right panel), used in the deuterated liquid scintillator.

2.4.1. Light yield response functions

A large fraction of the kinetic energy of a charged particle in the scintillator material is
lost in the form of lattice vibrations and heat [13, p. 229]. The fraction of kinetic energy
which is converted to scintillation light is dependent on the charged particle and can
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be described using light yield response functions. The absolute light yield is often
measured in terms of the unit MeV electron equivalent (MeVee). 1 MeVee of light output
is defined as the amount of scintillation light produced by a 1 MeV electron. A heavier
charged particle with an energy of 1 MeV will produce significantly less scintillation
light. The reason for this is that a heavy charged particle loses a larger fraction of its
energy to lattice vibrations and heating of the scintillator. Kinematically this can be
seen by applying equation 2.30 which says that a particle with mass m can transfer
a larger fraction of its energy to a particle with mass M if m and M are similar than
if m is smaller than M. So an electron is more likely to transfer most of its energy to
other electrons which produce scintillation light rather than to other heavy charged
particles which can dissipate energy through lattice vibrations and heating.

In the simulations of this work four light yield response functions are used for four
different particles: protons, deuterons, carbon and α-particles. The proton light yield
function as determined by Stevanato et al. 2011 [14] is given by the function

L(Ep) = L0
E2

p

Ep + L1
(2.31)

where L0 = 0.5909, L1 = 2.8036 are given by the weighted arithmetic mean of the
values presented by [14] and Ep is the proton recoil energy. Stevanato et al. determine
this function for a cylindrical EJ-228 plastic scintillation detector with a diameter
� = 5.1 cm and thickness t = 5.1 cm. The light output function used for deuterons is
taken from Croft et al. [15] who used a cylindrical deuterated NE-230 liquid scintillator
with � = 10 cm and t = 5 cm. According to Eljen technology the NE-230 is equivalent
to their current product EJ-315 [16]. The light output function is defined as

L(ED) =

L0 · EL1
D 0.6 MeV ≤ ED ≤ 5.50 MeV

L2 · ED + L3 5.5 MeV < ED ≤ 14.5 MeV
(2.32)

where L0 = 0.14882, L1 = 1.4867, L2 = 0.50725 and L3 = −0.91331 and ED is the
deuteron recoil energy. The light output function for carbon is taken from Lindström
et al. 1972 [17], given for a NE-102 plastic scintillator with � = 5.08 cm and t = 5.08
cm. NE-102 is equivalent to EJ-212 which has similar properties to EJ-228. The function
is defined as

L(EC) = L0 · EC + L1 · E2
C (2.33)
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for carbon recoil energies up to 5 MeV and where L0 = 0.016, L1 = 0.0004 and EC

is the carbon recoil energy. The light yield function used for α-particles is given by
Dekempeneer et al. 1986 [18] for a NE-213 liquid scintillator with � = 5 cm and t = 5
cm. The function is defined as

L(Eα) =

L0 · EL1
α Eα < 6.76 MeV

L2 + L3 · Eα Eα ≥ 6.76 MeV
(2.34)

where L0 = 0.02017, L1 = 1.871, L2 = −0.6278 and L3 = 0.1994. All light output
functions described above are shown in figure 2.6 as functions of particle energy.

2.5. Possible reaction channels

The most important and common reaction for the spectrometer is elastic scattering on
the material available in D1 and D2, i.e. elastic scattering on protons, carbon and in
the case of D1 deuterons. However 14 MeV neutrons open up a few different reaction
channels for the scintillation material in D1. Deuterons can undergo a break-up
reaction

n + d −−→ 2 n + p

where the neutron interacts with the deuteron nucleus and breaks it into its con-
stituents. The Q-value of the reaction corresponds to the deuteron binding energy
Q = −2.225 MeV. The two main reaction channels for 12C are

n + 12C −−→ 9Be + α

n + 12C −−→ n + 3 α

with Q-values -5.702 MeV and -7.275 MeV respectively. 12C also has a number of
excited nuclear states, the first excited state (denoted by 12C*) with spin-parity Jπ = 2+

lies at an excitation energy of 4.439 MeV and the second excited state, known as the
Hoyle state, Jπ = 0+ at 7.653 MeV [19]. 12C* de-excites by emitting a γ ray with
an energy corresponding to the excitation energy, whereas the Hoyle state mainly
de-excites through the emission of an α-particle to an excited state of 8Be [20]. The
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Figure 2.6.: Light yield response functions used in the simulations for protons, deuterons,
α-particles and carbon. The functions are defined for different materials and
geometries as described above.



Theoretical background 18

transfer of kinetic energy of a neutron interacting with 12C and inducing an excited
state can be found by applying equation 2.27 for a reaction of the type n + 12C −−→ n +
12C* where the mass of 12C* is the sum of the carbon mass and the excitation energy.
The kinetic energies of the end products as a function of the neutron scattering angle
for 14 MeV neutrons impinging on 12C in its ground state and first excited state are
shown in figure 2.7.
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Figure 2.7.: Energy of scattered neutrons (top panel) and recoil energy of 12C (bottom panel)
as a function of the neutron scattering angle. The recoil and scattering energy of
the ground state 12C are shown a dashed black line and the recoil and scattering
energy of the first excited state 12C∗ are shown as a black line. Both cases are for 14
MeV neutrons impinging on a stationary 12C nucleus in the lab frame.



Chapter 3.

Simulation setup and method

The current plans for the geometry of the NESSA facility are presented in section 3.1
along with the geometry of the detector setup. The implementation of the geometry in
Geant4 is described in section 3.2 along with the simulation process and analysis of
the Geant4 output. The process of estimating background spectra in MCNP is treated
in section 3.3.

3.1. NESSA facility and detector geometry

The geometry of the planned neutron facility NESSA is shown in figure 3.1 which is
in scale except for the size of D2 in the right panel which has been exaggerated. The
geometry of NESSA shown here is preliminary and is thus subject to changes. The
gray region corresponds to magnetite enriched concrete and the red and blue areas
correspond to iron and lead shielding. A 14 MeV neutron generator (represented by
a cross) is placed in the inner room, whereas users may place their equipment in the
outer room separated from the neutron generator by a shielding wall. The neutron
generator makes use of DT fusion reactions to produce up to 2 · 1011 neutrons/s in 4π

with an energy distribution centered around 14 MeV. The reaction rate can however be
decreased if there is need for a lower intensity of neutrons. The right panel of the figure
shows a close up of the neutron generator and detector area. The neutron generator is
placed 30 cm from the 40 cm thick shielding wall in which there is a collimator hole
with a diameter which can be adapted to the experimental requirements. For the case
of testing the back tof spectrometer the diameter is equal to the diameter of D1 i.e.
4.6 cm. The two detectors D1 and D2 are indicated in the figure by green colour. D1
is placed at a distance of 150 cm from the neutron generator. D2 is placed close to

20
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Figure 3.1.: Preliminary geometry of the NESSA facility at Uppsala University. Gray corre-
sponds to magnetite enriched concrete, blue to lead and red to iron. The hatched
rectangles represent doors and the cross corresponds to the 14 MeV neutron gener-
ator. The right panel shows a close up of the neutron generator and detector area
with thicknesses and lengths given in cm.

the wall separating the inner and outer room with a distance of about 70 cm from the
neutron source and 80 cm from D1. The 40 cm thick wall shields D2 from some of the
direct source neutrons.

The two detectors D1 and D2 are set up in the back tof spectrometer configuration
where a fraction of the incident neutrons back scatter on deuterium nuclei in D1, some
of which are detected in the D2 detector. Figure 3.2 shows the geometry of D1 and D2.
To kinematically allow neutrons to back scatter, D1 is a deuterated liquid scintillator,
whereas D2 is a normal plastic scintillator. D1 is a cylinder with a radius of 2.3 cm
and thickness of 4.5 cm. D2 is built using eight already existing rectangular strips
of a plastic scintillator each 2 cm wide, 10 cm long and 0.32 cm thick, placed in two
layers resulting in a shape resembling the right panel of figure 3.2. The two layers
of rectangular strips are coloured yellow and blue in the figure. The geometry of D1
is selected based on a previous project [21] and the geometry of D2 is given by the
available material.
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Figure 3.2.: Geometry of the cylindrical D1 and the square D2. Lengths are given in units of
mm.

3.2. Geant4

Geant4 [22] (Geometry and tracking) is a code developed for simulating transport of
particles through matter using Monte Carlo methods. It is used extensively in a variety
of fields of physics such as high energy physics, nuclear physics and medical physics.
Geant4 is written in C++ with an open source code making it very transparent for its
users. The implementation of the spectrometer in Geant4 is discussed in the following
sections along with a description of the output and analysis of the output.

3.2.1. Spectrometer implementation in Geant4

The simulations of this project work are based on two commercially available scintil-
lation detectors: EJ-315 and EJ-228. EJ-315 is a liquid scintillator produced by Eljen
Technology based on enriched deuterated benzene (shown in the right panel of fig-
ure 2.5). EJ-228 is a plastic scintillator produced by the same company which uses
polyvinyltoluene (shown in the left panel of figure 2.5) as the polymer base. A sum-
mary of the properties of EJ-315 and EJ-228 is shown in appendix A in tables A.1 and
A.2.

A visual representation of the simulated detectors D1 and D2 is shown in figure 3.3.
The detector material in D1 and D2 is defined in Geant4 using the G4NistManager
class through which one can access the internal Geant4 material database. Natural
carbon and hydrogen are added to D1 and D2 using the number densities provided
by the manufacturer of EJ-315 and EJ-228 to calculate the mass fractions. Deuterium is
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Figure 3.3.: Visual representation of the detector geometry simulated in Geant4. The arrow
shows the direction of the neutron beam.

defined using the G4Isotope and G4Element class and added to D1 using the number
density provided by the manufacturer.

Air is added to the surrounding world using the G4NistManager class. The Geant4
material database is listed in [23, p. 368]. The two detectors are placed with a distance
of 80 cm between the centre of D1 and the downstream edge of D2. In the simulation
the neutron source is defined using the G4GeneralParticleSource class. It is placed 70
cm from the upstream edge of D2 as shown by the cross in figure 3.1. The source is
defined as a 14 MeV monoenergetic neutron source distributed on a circular disk with
a diameter equal to the diameter of D1, i.e. 4.6 cm. Neutrons are fired perpendicularly
to the circular front surface of D1.

Geant4 requires the user to select a physics list containing the physical processes
relevant to the simulation. The physics list QGSP_BIC_HP was chosen for this work.
QGSP_BIC_HP is similar to the basic QGSP physics list which models neutrons,
protons, pions, kaons and nuclei. It is however built to better describe the production of
secondary particles produced in interactions of protons and neutrons with nuclei [24].
It also includes the high precision neutron package which is required to get a reliable
result for transport of neutrons below 20 MeV. Problems with certain reactions can
emerge using the high precision package for cases when for example cross sections
are missing or there is no information on the angle-energy correlation of the reaction
products [23, p. 195]. Unphysical results can then be produced where for example
energy is not conserved.
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3.2.2. Geant4 output parameters

The volumes corresponding to D1 and D2 discussed in section 3.1 are made into
sensitive detectors using the G4SDManager class. A charged particle filter is applied
to the detector volumes. Four parameters are set to be saved for any charged particle
interacting in each sensitive detector volume, namely

• Energy deposition

• Interaction time

• Particle ID

• Track ID

The energy deposition of the particle is given for each step in the simulation process.
For example if a neutron interacts with a proton in the detector volume, then the total
energy transferred in the process is found by summing the energy deposition of each
step of the proton. An interaction time is given for each step of the particle being
transported within the detector volumes. The particle ID displays which particle is
produced in the interaction and the track ID gives information on each unique particle
track, i.e. if a proton interacts with another proton the particle ID does not change but
the track ID does.

3.2.3. Analysis of Geant4 output

From the output parameters defined in the previous section information about the
interactions in D1 and D2 can be obtained. The kinetic energy transferred from the
neutron to the particles in the detector material is determined for the main constituent
nuclei in the detector. For D1 this corresponds to protons, deuterons and carbon and
for D2 it corresponds to protons and carbon. Below an example is presented of the
output parameters which are produced for a specific event history.
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Example

A neutron interacts with one deuteron and two protons in D1 and is scattered into
D2 where it interacts with a proton. This produces nine non-zero parameters which
are listed from 1-9 and described below. Three energy deposition parameters are
produced:

1. deuteron energy in D1: energy transferred from the neutron to the deuteron.

2. proton energy in D1: the sum of the energy transferred to the two protons.

3. proton energy in D2: energy transferred from the scattered neutron to the proton.

The energy deposition to all other particles which are included is set to zero. If
interactions have occurred in both D1 and D2, as in this example, the tof is calculated
as the difference between the mean interaction times in D1 and D2:

4. time of flight: difference between mean interaction times in D1 and D2.

The number of interactions in D1 and D2 is also of interest. By taking advantage of
the particle ID and track ID the number of interactions can be determined. In the
case of this example we get:

5. number of interactions in D1: one deuteron interaction + two proton interac-
tions→ three interactions.

6. number of interactions in D2: one interaction with a proton.

Using the scintillation light output functions (as defined in section 2.4.1) produces
five additional parameters, one for each energy deposition in the detectors. However
since the light output functions are non-linear as shown in figure 2.6, the energies
must be sent through the appropriate light function before being summed. In the
case of this example we get:

7. deuteron light yield D1: deuteron energy is sent through its light yield function.

8. proton light yield D1: the energy of the first proton is sent through the proton
light yield function, followed by the energy of the second proton. The two light
yields are then added together.

9. proton light yield D2: proton energy is sent through its light yield function.
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The Geant4 output parameters provide a basis for performing further analysis on the
simulated data. Specific selection of events, so called cuts, can be performed using any
combination of the parameters, a few examples include selecting events where

• neutrons have interacted only once in D1 with a deuteron and once in D2 with a
proton.

• the light yield is above some lower limit in D1 and D2.

• interactions have occurred in both detectors.

• neutrons have scattered more than once on carbon in D1.

• . . . or any other combination of the parameters.

A number of different cuts have been used to perform the analysis of the Geant4
output and some of the cuts are presented in the results.

3.3. MCNP

MCNP (Monte Carlo N-Particle Transport Code) is similarly to Geant4 a software
package for transporting particles through matter and simulating nuclear processes
extensively used within multiple fields of physics. For this work MCNP was used
to estimate the background in D2. The full geometry of the NESSA bunker has
been implemented in MCNP in accordance to the left panel of figure 3.1. A volume
corresponding to D2 is added with the same material properties as implemented in
Geant4. MCNP allows for the direct use of light yield response functions, saving the
user the step of converting deposited energy to light output. The same light yield
response functions as defined in section 2.4.1 are used. In order to increase the speed
of the background estimate carbon is disregarded which is motivated by the fact that
carbon contributes with only a small amount of scintillation light compared to the
other particles. The light yield of gammas, alphas and protons are tracked within the
detector volume of D2. The background pulse height spectrum presented in section
4.2 can be normalised and compared to the Geant4 data as is done in section 5.2. An
estimate of the background in D1 was not performed due to time restrictions.



Chapter 4.

Results

The results of the simulations are presented in this chapter. In section 4.1 the spectra of
the deposited energy in the detectors are presented. In section 4.2 the light yield spectra
are shown including the background spectrum. Section 4.3 presents the FWHM energy
resolution and efficiency of time of flight spectra for different light yield thresholds.

4.1. Energy depositions

Figure 4.1 shows the energy deposited by carbon, protons and deuterons in the detector
volume of D1 following interactions with 14 MeV monoenergetic source neutrons. A
total of 800 million neutrons were launched towards D1 with the geometry described
in section 3.1 and each neutron reaction resulting in a charged particle in D1 and/or
D2 was saved with no coincidence requirement. The peaks indicated by (a) and (b)
correspond to neutrons back scattering at large angles and are located as expected
for 12C at 4 MeV and for deuterons at 12.4 MeV respectively. The energy tails of
deuterons and carbon observed above 12.4 MeV and 4 MeV indicated by the black
and blue shaded areas are due to the summation of the energy transferred by neutrons
interacting with multiple nuclei in D1. The proton tail and deuteron tail marked by (c)
and (d) above 14 MeV are artefacts due to missing energy-angle correlations in Geant4
for the reactions products of deuteron break up n + d −−→ 2 n + p. This is discussed
further in section 5.1.

Figure 4.2 shows the energy deposited by protons and carbon in D2 following inter-
action with a neutron which has scattered in D1. 28 billion neutrons were launched
towards D1 to produce sufficient statistics. In the red line corresponding to the energy
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Figure 4.1.: Energy transferred by 14 MeV neutrons to protons (red line), deuterons (blue line)
and carbon nuclei (black line) in D1. The tails at 15-30 MeV are due to missing
energy-angle correlations in Geant4 for the reaction products of the deuteron break
up reaction.

Figure 4.2.: Energy deposited in D2 by carbon (black line) and protons (red line) through the
interaction with a neutron which has back scattered in D1.
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deposited by protons three distinct peaks are marked by (e) at 1.5 MeV, (f) at 6.3 MeV
and (g) at 10.0 MeV. (e) corresponds to neutrons that have back scattered in D1 on
deuterons and (g) corresponds to neutrons that have back scattered on carbon in D1.
The peak marked by (f) corresponds to neutrons that interact with 12C in D1 and
induce the first excited state 12C* at 4.4 MeV. If the neutron back scatters it receives an
energy of 6.3 MeV as can be read from the top panel of figure 2.7. Similar peaks are
visible in the black line corresponding to back scatter on deuterons (h) at 0.4 MeV, the
first excited state of 12C (i) at 1.8 MeV and the ground state of 12C or 13C (j) at 2.9 MeV.

The top panel of figure 4.3 shows the energy deposited in D1 with the same coincidence
requirement as above. The back scatter peaks visible in figure 4.1 are still visible with
the coincidence requirement. Some additional features can be seen in the carbon
energy spectrum in the bottom panel. Back scatter on 13C at 3.8 MeV and 12C at 4.0
MeV indicated by (m) and (n) respectively is now visible. Additionally the first excited
state of 12C marked by (l) can be seen at 3.3 MeV which corresponds well when using
equation 2.28 which is displayed in figure 2.7 showing the recoil energy of the ground
state and first excited state of 12C. The centre of the peak located at 2.7 MeV (k) seems
to lie where one would expect the second excited state of 12C to be, the so called Hoyle
state [25] which has an excitation energy of 7.66 MeV. However, the Hoyle state mainly
de-excites through the emission of an α-particle meaning we should not be able to see
this peak in the carbon spectrum. This is discussed further in section 5.1.
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Figure 4.3.: The top panel shows the energy deposited in D1 with a coincidence requirement.
The bottom panel shows the black line displayed in the top panel, i.e. the energy
deposited by carbon in D1 with a coincidence requirement.
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4.2. Light output

The light output pulse height distribution for coincident events is shown in figure 4.4
for D1 (top panel) and D2 (bottom panel) where the light yield functions defined in
section 2.4.1 are used. The blue lines show the light output with no thresholds except
for the coincident requirement. Comparing them to the energy deposited for coincident
events (figure 4.3) it becomes apparent that a lot of the features disappear when
the light yield response functions are taken into account. All features corresponding

Figure 4.4.: Light output for coincident events in D1 (top panel) and D2 (bottom panel). The
red line in the bottom panel corresponds to the light output given for a lower
threshold of 5.4 MeVee in D1 (shown as the red hatched area) and a lower threshold
of 40 keVee in D2.
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to carbon have disappeared since the light yield response of carbon is small, as can
be seen in equation 2.33 and figure 2.6. The peaks in D2 corresponding to neutrons
scattering off carbon and deuterons in D1 are less accentuated but are visible as steps
in the pulse height spectrum. The red line in the bottom panel corresponds to the light
output given for a lower threshold of 5.4 MeVee in D1 (thereby excluding all events in
the red hatched area of the figure) and a lower threshold of 40 keVee in D2.

The pulse height spectrum of the background in D2 simulated in MCNP is shown in
figure 4.5. The spectrum is given for protons, gammas and alpha-particles as described
in section 3.3 and is further discussed and compared to the Geant4 simulations in
section 5.2.

Figure 4.5.: Background pulse height spectrum for D2 for protons, alphas and gammas given
as the number of events per emitted source neutron.
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4.3. Time of flight

The time of flight spectrum shown in the top panel in figure 4.6 is displayed with no
thresholds applied to D1 and D2. Four tof peaks are visible in the spectrum where
the first peak at 19 ns corresponds to neutrons back scattering on 12C and 13C. The
second and third peak at 23 ns and 31 ns correspond to neutrons inducing the first and
second excited state in 12C and then scattering in the backwards direction into D2. The
peak at 47 ns, which is the peak of interest, corresponds to neutrons back scattering
on deuterium in D1. The bottom panel in the same figure shows the time of flight
spectrum with thresholds set in the same way as in figure 4.4, i.e. a lower threshold on
the light output in D1 and D2 at 5.4 MeVee and 40 keVee respectively.

Figure 4.6.: The top panel shows the simulated time of flight spectrum with no thresholds
applied to D1 and D2. The bottom panel shows the same time of flight spectrum
but with the requirements that the light output is larger than 5.4 MeVee in D1 and
larger than 40 keVee in D2.
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Figure 4.7 displays the same time of flight spectrum as shown in the bottom panel
of figure 4.6 but magnified. The FWHM energy resolution for the peak is evaluated
using equation 2.19 and is found for the given thresholds in D1 and D2 to be 8.3%.
The signal efficiency is found by integrating over the peak from 45.2-48.9 ns to find
the number of events and dividing by the number of particles launched towards D1,
resulting in an efficiency of 2.45 · 10−6. Due to the finite size of the detectors in the
simulation there is a smallest and largest possible neutron flight time for neutrons
scattering once on deuterons. The lower integration limit 45.2 ns corresponds to the
smallest possible flight time and the upper limit 48.9 corresponds to the largest flight
time increased by 1% to include the full peak.

Figure 4.7.: The same time of flight spectrum as the bottom panel of figure 4.6, i.e. a tof
spectrum with the requirement that the light output is larger than 40 keVee in D1
and larger than 5.4 MeVee in D2.

The same process can be repeated for any pulse height threshold, including additional
thresholds such as upper limits on the light output of D1 and D2. In order to test the
efficiency and resolution dependency on the thresholds set on D1 and D2 different
combinations of upper and lower light yield limits on D1 and D2 are evaluated. A
lower light yield threshold is evaluated on D1 in the range 0.5− 5.4 MeVee and on D2
in the range 0.04− 0.3 MeVee. Additionally, an upper light yield threshold is evaluated
on D2 in the range 0.35− 4.6 MeVee. 25 evenly distributed points are selected in each
range and combined in every way possible such that 253 resolutions and efficiencies
are calculated. In order to find the optimal points of the resolution and efficiency a
multiobjective optimisation, known as Pareto optimisation [26], is performed. The
point of the Pareto optimisation is to go through the 253 efficiencies and resolutions



Results 35

Figure 4.8.: Panel A shows the efficiency and resolution of four Pareto optimised points. Panel
B shows the evaluated lower light yield thresholds in D1 and D2. Panel C shows
the evaluated lower and upper light yield thresholds in D2.

and pick out the points with the highest efficiency for a set of ranges of resolutions.
Figure 4.8 shows the result of the Pareto optimisation. Panel A shows the resolution
and efficiency of the five Pareto optimised points where the blue circle corresponds
to the best resolution and the points labeled 1-3 are Pareto optimised points with
different efficiencies and resolution. Panels B and C show the different evaluated light
output thresholds, where the marked points correspond to the points in panel A. The
three points are summarized in table 4.1.

Table 4.1.: Summary of the minimal resolution and three enumerated points in figure 4.8.

Resolution Efficiency (10−6) D1 range [MeVee] D2 range [MeVee]

Minimum 8.29% 2.45 > 5.40 0.04− 0.52
Point 1 9.16% 2.87 > 0.50 0.04− 2.43
Point 2 9.58% 2.08 > 0.50 0.10− 2.43
Point 3 10.45% 0.98 > 0.50 0.20− 0.35
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Discussion and conclusions

In this chapter the presented results are discussed and some conclusions about the
feasability of testing the back tof spectrometer at NESSA are drawn. In section 5.1
features in the pulse height spectra and time of flight spectra are discussed. Section 5.2
discusses the expected count rates for the spectrometer and in section 5.3 conclusions
are presented including an outlook.

5.1. Spectral features

One of the more eye catching features in figure 4.1 is the high energy tail in the
proton energy distribution ranging from 14-28 MeV which breaks energy conservation.
Similar events are present in the deuteron spectrum. These events most likely stem
from the way Geant4 treats nuclear reactions where there are multiple neutrons in
the final state such as in the deuteron break up reaction n + d −−→ 2 n + p. If there
is no information in the Geant4 database regarding the energy-angle correlation of
the reaction products each particle in the final state is sampled independently which
can result in some cases where all the products receive the maximal amount of energy
thus breaking energy conservation [23, p. 194].

Figure 4.2 shows the deposited energy in D2 with the coincidence requirement. Since
carbon has such a small light yield compared to protons (as can be seen in figure 2.6)
the light yield spectrum will be dominated by interactions with protons. The three
peaks of interest are thus found in the proton energy distribution marked by (e), (f) and
(g) and correspond to neutrons that have back scattered on deuterons, 12C* and 12C in
D1. The step-like shape of the energy distribution is due to the fact that the neutron
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and proton are almost of equal mass. A neutron can thus transfer anything from none
to all of its energy to the proton. This means that a 10 MeV neutron contributes to
the whole proton energy spectrum whereas a 6.2 MeV neutron only contributes with
events below 6.2 MeV, thus giving the step-like shape that can be seen in the figure.

In figure 4.3 the deposited energy in D1 with a coincidence requirement is displayed.
Protons with unphysical energies due to the deuteron break up reaction are still visible.
In the bottom panel of the figure the energy deposited to carbon is shown. The back
scatter peaks on 12C and 13C are visible at the expected energies 4.0 MeV and 3.8 MeV.
The peak located at 3.3 MeV corresponds well with the recoil energy expected to be
transferred to a carbon nucleus for the reaction n + 12C −−→ n + 12C* (as is shown in
figure 2.7) where 12C* has an excitation energy of 4.439 MeV. The peak is approximately
220 keV wide which is an effect of Doppler broadening, discussed in [27]. 12C* de-
excites by emitting a 4.439 MeV gamma, however since in the scattering process 12C*

receives a momentum the energy of the gamma depends on the angle between the
momentum direction and the emitted gamma. This also means that the kinetic energy
of the de-excited 12C depends on the direction of the gamma which is noticeable
as a broadening of the peak. The kinematics of the de-excitation can be found in a
similar way as is done in section 2.3 but for a system 12C* −−→ 12C + γ where 12C*

has an initial kinetic energy of 3.3 MeV. Equations 2.21 and 2.22 can be used with the

modifications m1 = m2 = 0 and since Eγ = pγ we replace E2 =
p2

2
2m2
→ pγ. The two

extreme cases are when the gamma is emitted parallel and anti-parallel to the direction
of the momentum of 12C* resulting in a minimal and maximal kinetic energy of the
de-excited carbon nucleus. The resulting kinetic energies for the two extreme cases
are E(0◦) = 3171 keV and E(180◦) = 3387 keV giving a difference of ∆E = 216 keV
which is consistent with the width of the peak.

The second excited state, the so called Hoyle state, has an excitation energy of 7.65
MeV. Repeating the exercise above one finds that the maximal recoil kinetic energy
of the Hoyle state carbon nucleus is 2.7 MeV, right where the centre of a peak in
the figure 4.3 is located. However, the main decay mode of the Hoyle state is by
α-emission to an excited state of 8Be (which subsequently decays to 2 α-particles)
and the branching ratio for radiative decay into bound 12C states is very small [20].
Therefore we should not see such a peak in the carbon spectrum. One possible
explanation for this is that the decay mode of the Hoyle state is missing in Geant4.
We should see α-particles, both from this process but mainly from the process of
n + 12C −−→ n + 3 α which has a Q-value of -7.3 MeV [19, p. 45] and a cross section
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of 200 mb according to the CENDL-3.1 library (retrieved from [12]), approximately a
fourth of the elastic scattering cross section on 12C. Geant4 however uses the ENDF-6
cross section library in which this cross section does not exist so this reaction probability
is set to zero. This should not affect our results much since the reaction has a Q-value
of -7.3 MeV there is 6.7 MeV left to be distributed among the resulting particles. From
the light yield function for α-particles, defined in equation 2.34, we find that in the
unlikely case that all the available energy goes to one of the α-particles the light yield
is L(Eα = 6.7MeV) = 0.72 MeVee which is below the lower light yield threshold set on
D1. Even if the neutron from this reaction manages to reach D2 to create a coincidence
it will be disregarded due to the applied threshold. The α-particles do thus not affect
the efficiency of the signal events of the spectrometer.

The time of flight spectrum shown in figure 4.7 consists mainly of neutrons which have
scattered on a deuteron in D1 into D2 where interactions with protons have occurred.
This is due to the thresholds set on the light yield in D1 and D2, neutrons which interact
with carbon in D1 produce a small light output which is filtered out with the lower
pulse height threshold in D1 and neutrons which interact with protons in D1 cannot
back scatter into D2. The shape of the tof peak displayed in the figure can be explained
by the geometry of the spectrometer. If one calculates the shortest and longest flight
path available for the given spectrometer geometry one finds that a neutron scattering
once in D1, at the depth and with the angle resulting in the longest/shortest flight
path, can have a flight time anywhere between 45.2-48.4 ns which corresponds well to
the figure. The peak has a steep left edge determined by the maximal energy available
for the scattered neutrons and shortest possible flight path. The shape of the right
edge has to do with the fact that a longer flight time translates to a longer flight path
which in turn means the neutron has interacted deeper within D1. Since the neutron
beam is attenuated as it traverses the thickness of D1 the probability of reaching D2
decreases both for the incident and scattered neutron resulting in the shape of the right
edge of the tof peak. Another notable feature of the tof peak is that more than half the
events in the peak disappear when the light yield threshold is applied, as can be seen
when comparing the top and bottom panel of figure 4.6. The reason for this is that half
the number density of D2 consists of carbon. A neutron scattering off a deuteron in
D1 can interact with a carbon nucleus in D2 generating a coincident event. However
given the small amount of scintillation light yield of carbon most of these events are
filtered out when the light yield threshold is applied.
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5.2. Signal and background count rates

One of the requirements for the proof of concept test of the back scatter tof spec-
trometer at the NESSA facility is that the count rate of the signal events is large
enough to generate at least 10000 events per hour so as to ensure that data can be
collected in a reasonable amount of time. To determine the count rate of coincident
signal events, the simulated data must be normalised to the neutron emission rate
of the neutron generator. The intensity of the neutron generator can be set between
2 · 109 < S < 2 · 1011 neutrons/s. For the purpose of this calculation the neutron gen-
erator is assumed to emit neutrons isotropically in 4π steradians. Given the distance
D = 150.64 cm from the neutron generator to D1, the flux (neutrons/s/cm2) at D1 can
be calculated by

J =
S

4πD2 . (5.1)

The neutron intensity directed towards D1 can then be calculated from the area
AD1 = πr2

D1, where rD1 = 2.3 cm,

I = AD1 · J . (5.2)

The count rate of the signal events κs can now be found by multiplying I by the
efficiency ε for signal events as found by the simulations for the given light yield
threshold

κs = ε · I =
εAD1S
4πD2 . (5.3)

The signal count rate scales linearly with the neutron generator intensity and is dis-
played in figure 5.1 for a signal efficiency of ε = 2.45 · 10−6. In order to generate at
least 10000 signal events for such a signal efficiency a source intensity must be larger
than 1.9 · 1010 neutrons per second which is well within in the limit of the neutron
generator capability.



Discussion and conclusions 40

Figure 5.1.: Signal count rate as a function of neutron generator intensity for a signal efficiency
of 2.45 · 10−6. The dashed line corresponds to the point where 10000 signal events
per hour are achieved, anything below this (red area) results in an insufficient
signal count rate.

We can estimate the total count rate in D1 and D2 by setting appropriate thresholds
in the light yield. If we assume that the sensitivity of the scintillators is 40 keVee
we can set this as a lower limit for the light yield and integrate over the rest of the
spectrum. Comparing this number to the total number of neutrons emitted towards
D1 we achieve an estimate of the fraction of neutrons that interact with the scintillation
material in such a way that sufficient light is produced to generate a signal. Doing this
we find that approximately 16% of the neutrons interact such that a light yield over
40 keVee is produced. If we can now perform the same calculation as above to find
the total count rate in D1 (without including background) as a function of the neutron
generator intensity (equation 5.3) but with ε = 0.16 we find the relationship shown in
figure 5.2
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Figure 5.2.: Total count rate in D1 (excluding background) as a function of the neutron genera-
tor intensity. The dashed line corresponds to the point where 10 000 signal events
per hour are achieved, anything below this (red area) results in an insufficient
signal count rate.

The main contribution to the count rate in D2 comes from background events, i.e.
neutrons that have scattered in the collimator hole, through the plastic door or gone
straight through the concrete shielding. To estimate the count rate in D2 we integrate
over the spectrum shown in figure 4.5 from 40 keVee which gives us the fraction of
emitted source neutrons which generate a background event in D2. This can be used
to calculate the count rate as a function of the source intensity which is shown in figure
5.3.
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Figure 5.3.: Background count rate in D2 as a function of the neutron generator intensity. The
dashed line corresponds to the point where 10 000 signal events per hour are
achieved, anything below this (red area) results in an insufficient signal count rate.

The total count rate from background events in D2 for the smallest possible source
intensity is 2.4 MHz, almost a factor 106 larger than the signal count rate. We can
normalise the background spectrum (figure 4.5) to the signal spectrum (figure 4.4)
simulated in Geant4. This is done by multiplying the background spectrum by the
required number of neutrons to be emitted in 4π steradians to produce the signal
spectrum. Figure 5.4 shows the simulated background in D2 compared the signal in
D2 with and without thresholds. The blue and red lines are identical to the lines in the
bottom panel of figure 4.4 with the exception that the bins of the three histograms in
figure 5.4 have been divided by the bin widths in order to make them comparable.

Given that we now have a total count rate in D1 and D2 (though the count rate in
D1 does not include background) we can make an estimate of the amount of random
coincidences. The random coincidence rate is given by

rR = r1r2∆T (5.4)
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Figure 5.4.: Background (black), total signal (blue) and signal with thresholds (red) in D2. Each
bin has been divided by its bin width to make the three data sets comparable.

where r1 and r2 are the count rates of the two detectors and ∆T is the time window in
which you expect to find the true events. Since r1 and r2 depend linearly on the source
intensity we can from equation 5.4 find that the random coincidence rate increases as
the square of the source intensity. The signal count rate however increases linearly
with the source intensity and thus it is beneficial to have as small a source intensity as
possible. We use the same time window which we integrate the tof peak over ∆T = 3.7
ns. Setting a lower and upper threshold on the light yield of D1 from 4 to 6 MeVee
which encompasses the entire peak we get r1 = 2 · 104 s−1 and thresholds on the D2
of 40 keVee and 400 keVee we find r2 = 2.35 · 106 s−1 giving us a random count rate
of rR = 173 s−1. Given a signal count rate in the same time window of 2.8 s−1 we
find that for each signal count approximately 62 background events are counted. This
amount of background is likely too high, especially since the background in D1 has not
been taken into consideration. If the background in D1 is not too large however some
actions can be taken to decrease the amount of random coincidences. The simplest
way is to decrease the source intensity. In figure 5.5 the random coincidence rate as a
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function of the source intensity is shown for a source intensity less than 1.9 · 1010. Due
to the square relationship between the random coincidence rate and source intensity
it is possible to decrease rR by a factor 4 by decreasing the source intensity by half.
This would decrease the signal count rate by a factor two which means data gathering
must go on twice as long to achieve the same number of counts as for the larger source
intensity.

Other actions that can be taken is to improve the shielding wall which separates the
user room from the room housing the neutron generator. Replacing the concrete
material by some other higher density material would decrease the background in
D2 by a few factors. If it is possible to decrease the background to half the current
value, then together with half the current source intensity a random coincidence rate
of rR = 173/8 = 21.6 giving us 7.7 background events per signal event.

Figure 5.5.: Random coincidence rate as a function of source intensity for source intensities
smaller than the smallest required intensity to achieve 10 000 counts per hour.
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5.3. Conclusions and outlook

It is in principle possible to test a back tof spectrometer of the given geometry at

the NESSA facility. An efficiency of ε = 2.45 · 10−6 was found such that more than

10 000 counts per hour are generated with a corresponding FWHM resolution of

8.3%. However the background in D2 is too high for the current design of NESSA

for a neutron generator intensity such that 10 000 counts per hour are achieved. It

may however be possible to decrease the background sufficiently to test the back tof

spectrometer. This can be accomplished by for example decreasing the source intensity,

increasing the shielding or changing the shielding material. One could also move the

spectrometer further from the shielding wall and add additional shielding to the back

of D2. Moving the spectrometer and decreasing the source intensity however implies

that the signal count rate decreases and data gathering must go on for a longer time.

One important factor which should be addressed in future work is the background in

D1 and in fact the general radiation environment in the user room of the NESSA facility.

It may be of interest to investigate where most neutrons are coming from through

the shielding wall and how the collimator hole affects the neutron field. Most of the

background in D2 consists of low energy neutrons, investigating ways to increase

shielding from low energy neutrons would thus be interesting. Additionally it would

be valuable to assess the importance of the contribution of gammas to the background

compared to neutrons.



Appendix A.

EJ-315 and EJ-228 specifications

Table A.1.: Properties of EJ-315 deuterated liquid scintillator, taken from http://www.
eljentechnology.com/products/liquid-scintillators/ej-315
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http://www.eljentechnology.com/products/liquid-scintillators/ej-315
http://www.eljentechnology.com/products/liquid-scintillators/ej-315
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Table A.2.: Properties of EJ-228 plastic scintillator, taken from http://www.eljentechnology.
com/products/liquid-scintillators/ej-315

http://www.eljentechnology.com/products/liquid-scintillators/ej-315
http://www.eljentechnology.com/products/liquid-scintillators/ej-315
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