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Abstract in Swedish

Allt material i varlden bestar av protoner, neutroner och elektroner som tillsammans formar
atomer. | motsats till protoner och elektroner har neutroner ingen elektrisk laddning och kan
darfor flyga igenom atomer utan att bli paverkade av de elektriska och magnetiska falten fran
kérnorna och elektronerna.

Detta gor att neutroner kan anvéndas for att 'se igenom" vissa material. En mycket speciell
anvandning for neutroner ar att studera insidan av fusionsreaktorer. | framtiden kan plasma-
fusion mojligtvis ersatta andra satt att producera el, men mer forskning behovs for att na det
malet. Ett satt att fa information om plasman &ar att mata de valdigt energetiska neutroner
som frigors i vatefusionen.

Det har arbetet studerar hur e [eRtiv en viss typ av neutrondetektor &r pa att detektera neu-
troner i samma energiomrade som &r relevant for fusionsreaktorer. For att mata e [eRtiviteten
anvands en metod som kallas for Influence-metoden (Paverkansmetoden pa svenska). Metoden
fungerar genom att placera tva identiska detektorer framfor varandra och observera e [eKten
som den forsta detektorn har pa den andra. Ar e [eRten stérre sa ar e [ERtiviteten higre och
kan beréknas utifran antalet detekterade neutroner i forsta och andra detektorn.
Influence-metoden fungerar bast for detektorer som absorberar de neutroner som detekteras,
men i detta arbete anvands en annan typ av detektor som kallas for scintillationsdetektor.
Nar neutroner med hoga energier tra[an pa en scintillationsdetektor kan de Gverfora en viss
del av sin energi till vateatomerna i scintillatormaterialet. Den 6verférda energin kan sedan
detekteras men neutronen flyger vidare med minskad energi. Det gor att &ven fast en neutron
detekterades i forsta detektorn, sa kan den anda bli detekterad igen i den andra detektorn,
vilket inte ar beaktat i Influence-metoden. Flera satt undersoktes for att undvika eller min-
ska problem associerade med denna e [elt och en teoretisk modell utvecklades for att battre
forsta alla inblandade e [eHter. Sannolikheten for att en neutron interagerar med scintillator-
materialet ar dessutom beroende pa hur snabb neutronen &r. Snabbare neutroner med hogre
energi har en mycket mindre interaktionssannolikhet an langsammare neutroner. For att
beakta den e [eMten méttes neutronernas hastigheter och detektionse [eHltiviteten berdknades
for flera olika neutronenergier.

Resultatet av detta arbete ar att Influence-metoden mdojligtvis kan foérbattras genom att satta
en 1&g energitroskel. Det kravs dock att detektorerna ar mer lika varandra an de detektor-
erna som anvandes har var. En energiberoende detektionse [eRtivitet kunde inte bestammas
med den nuvarande uppstéalliningen for att tidsupplésningen inte ar tillréackligt bra. Dessutom
utvecklades en ny metod (som kallades for No Influence Method) som anvander samma ex-
perimentella uppstéllning som Influence-metoden, men som ger stabilare resultat, atminstone
for de valdigt tunna scintillatorer som anvandes.



Abstract

The Influence Method [1] provides a novel and simple approach to determine detection e -1
ciencies without prior knowledge of the particle flux, but has been shown to produce wrong
predictions for scintillators[2]. In this work, the Influence Method is applied to plastic scintil-
lators using fast neutrons with energies between 1:5MeV and 6:5 MeV from an Am-Be source.
The neutrons are time-of-flight tagged so that an energy-dependent e [ciehcy prediction can
be performed.

It is investigated if setting a lower detection threshold to simulate neutron removal can im-
prove the Influence Method predictions. Additionally, an alternative method (the No Influence
Method) is developed where the e [ciehcy estimator uses assumptions more appropriate for
the interactions of fast neutrons with scintillators.

The obtained results for the total detection e [ciehcy, both from the unaltered Influence
Method, as well as the new No Influence Method are close to the prediction derived from
the hydrogen scattering cross section. The energy-dependent e [ciehcy prediction of the No
Influence Method decreases with higher neutron energies, as expected for hydrogen scattering.
The experimental part is accompanied by a theoretical model which tries to recreate the In-
fluence Method predictions as closely as possible so that the predictions can be corrected
for e [edts that are not accounted for in the original Influence Method. The model predicts
an optimal lower detection threshold of 40% of the incident neutron energy to correct for
systematic errors of the Influence Method prediction for plastic scintillators over the Am-Be
energy range. This threshold could not yet be verified experimentally because the detectors
used are not equivalent enough in detection e [ciehcy and gain.
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1 Introduction

For many decades now, ssion of heavy uranium or plutonium nuclei is used in power plants
to produce energy. An alternative approach to harnessing energy from nuclear interactions is
the fusion of lighter hydrogen or helium nuclei. Nuclear fusion comes with several advantages
compared to nuclear ssion, but is technically more challenging. Currently, it is possible to
trigger certain fusion reactions in research reactors, but these reactors still cannot be used as
a replacement for power plants.

The most promising three reactions are the deuterium-deuterium, the deuterium-tritium and
the deuterium-helium-3 reactions. All of these reactions rely on deuterium and therefore the
deuterium-deuterium reaction (D-D reaction) is present in all reactors [3].

The D-D reaction has two branches with about equal probability, leading to either the cre-
ation of a helium-3 nucleus and a free neutron or to a tritium nucleus and a free proton|3].
The Q-value of the rst branch is 3:3 MeV [4] and the neutron carries away most of the excess
energy due to its lower mass compared to the helium-3 nucleus. This neutron is of central
importance for investigating the fusion reaction. This is because, unlike all the other fusion
products, the neutron is not electrically charged and can therefore escape the reactor without
being a ected by the magnetic con nement of the reactor, the electromagnetic elds inside
the plasma or the reactor material itself. The neutron can then be detected outside of the
reactor and allows a characterization of the inside conditions of the fusion plasma.

For the neutron to be detected, it has to somehow interact with the detector material. For
neutron energies in theMeV region, the primary interaction is through elastic collisions. If the
neutron collides, e.g. with the proton of a hydrogen atom, the proton, in most cases, takes up
way more kinetic energy than the binding energy of the electron and the hydrogen atom gets
ionized. Now the free proton can be detected. One detector type that uses this mechanism is
a scintillation detector. The proton creates scintillation light in the detector material, which
can be detected by a photomultiplier. Other detector types rely on the capture of the neutron
and secondary reactions following the capture.

A big problem with neutron detectors is calibrating them so that their output can be inter-
preted correctly. Normally, this is done with a calibrated neutron source, which is not always
available. This makes it desirable to test new approaches of calibrating neutron detectors
that do not require knowledge of the neutron ux incident on the detector.

About ten years ago, a new method for determining neutron detection e ciencies was pro-
posed, called the In uence Method, where two identical detectors are placed behind each other
and the decrease in ux in the second detector is used to calculate the detection e ciency [1].
Another study then tried to apply this principle to scintillation detectors and found discrep-
ancies between the prediction of the In uence Method and the expected results [2].

This work is a new attempt at applying the In uence Method to scintillation detectors and
correcting for e ects that the scattering mechanism introduces, which are not present in neu-
tron detectors based on capture reactions. The goal is to make the e ciency prediction of the
In uence Method as good an estimator for the true detection e ciency as possible.



2 Theory

One way to determine the neutron detection e ciency of a detector is by placing a second
identical detector in between the neutron source and the rst detector and observing the
e ect on the count rate. Correctly interpreting the results from such a setup requires a
good understanding of the ways the neutrons interact with the detector material of both
detectors. Neutrons scatter with hydrogen in the detector and transfer part of their kinetic
energy and carry on to possibly get detected in the next detector. Some neutrons scatter on
much heavier carbon atoms, depositing on average a much smaller fraction of their kinetic
energy. The neutrons incident on the detector span a range of energies, which a ects the
scattering cross section and thereby the detection e ciency. This makes it necessary not
just to understand the overall detection e ciency, but to determine an energy-dependent
detection e ciency. Additionally, the neutron source emits gammas, which can be detected
as well and leave almost indistinguishable pulses. The neutrons have to be separated from
the gammas and assigned an energy label by measuring their time of ight from the source
to the detectors, which is only an order of magnitude above the actual time resolution of the
setup and the data acquisition system. All of these e ects have to be understood in order to
make any predictions about detection e ciencies from the rather small in uence of the rst
on the second detector.

2.1 Am-Be neutron source

There are di erent sources available for creating neutron beams, each with di erent energy
spectra. Of special interest for testing detectors used to investigate fusion plasmas is the Am-
Be neutron source because its energy spectrunspreads out over a range of 1.5 t6:5MeV [5]
with an intensity peak at around 3 MeV (see Fig. 1). This is close to the neutron that can be
emitted in the Deuterium-Deuterium fusion in fusion plasmag.

Figure 1: Neutron energy spectrum of Am-Be source in coincidence with a gamma. Original
data from[7]. Data digitized from a gure in[5] using the WebPlotDigitizer [8].

LFor neutrons emitted in coincidence with a gamma
2The Q-value of the D-D reaction is 3:3MeV [6] and most of the energy is taken up by the neutron.



The working principle behind the neutron source is the reaction
Be+ | BC+n (1)

or
9 12 0 12 0
Be+ | 2C +n°% 2Cc+ +n )

The americium undergoes an alpha decay and the alpha particle can be absorbed by the Be-9
nucleus. Due to the excess energy of the alpha, the reaction does not create a stable C-13
nucleus but rather a C-12 nucleus with a free neutron. The C-12 nucleus can be created in the
rst excited state ( 13C ) or in the ground state (*2C) with about equal probability each. In

the case of the ground state, the neutrom can have energies up td 1.0 MeV whereas for the

rst excited state, the neutron n%is limited to energies from1:5MeV up to 6:5MeV [5]. The
excited carbon state decays to the ground state, emitting a:44 MeV gamma in the process.
As a result, in about half the cases, a neutron betweeid:5MeV and 6:5MeV is emitted in
coincidence with a4:44 MeV gamma.

2.2 Interaction of fast neutrons with matter

The dominant interaction mechanism of fast neutrons with matter is via elastic scattering
on atomic nuclei. The reaction kinematics for neutrons in the MeV region can, in good
approximation, be treated as classical collisions between rigid solids. From this picture, one
can gain valuable insight into how one should expect neutrons to interact with the nuclei in
the detector material. From simple conservation of momentum, one can understand directly
that a neutron hitting a single proton head-on must give all of its energy and momentum to
the proton, as the two patrticles have (in good approximation) the same mass. This also shows
that a neutron hitting a proton can never get scattered backwards. In the other extreme, a
neutron might scatter o a very heavy nucleus and get scattered backwards, keeping almost
all its initial kinetic energy and transferring almost twice its momentum onto the target.

2.2.1 Kinematics of elastic neutron scattering

More quantitatively, for a target nucleus with mass number A and a CM scattering angle
, the ratio of the neutron energy (in the LAB system) after the scattering E° compared to
before E can be derived from basic kinematic principles to be [4]

EC A2+1+2Acos

E (A+1)2 ®)

Note that the fraction is only a function of and A and not of the neutron energy or the
scattering cross section. If one is only interested in the maximum amount of energy transferred
(i.e. the minimum of E?O), one can choose such that it minimizes the cosine term. This
happens for =180 , which corresponds to backscattering in the CM system. This simpli es
(3) to[4]

EC A 12

- = 4

E A+1 @
This now sets the boundaries for the energy fraction of the scattered neutron to be within

the interval [(ﬁﬂl)z; 1], but it does not yet give any insight into the distribution between

these values. The probability distribution is zero outside the allowed interval and can, in-
terestingly, in good approximation be assumed constant in the allowed interval[4]. The de
Broglie wavelength for the neutrons considered in this work is still much larger than the size
of the encountered nuclei. The scattering is dominated by s-wave scattering, which makes it
independent of in the CM frame [4].




This means that when only scattered neutrons within a certain solid angle interval are de-
tected (e.g. backscattered neutrons) and the angle region is converted into an energy region
through application of (5) and (3), then the total number of scattered neutrons can be cal-
culated. This allows the prediction of the neutron scattering cross section even though only
a fraction of the solid angle was covered.

2.2.2 Hydrogen- and Carbon scattering

The two important scattering processes for the scintillators used for this work are hydrogen-
and carbon scattering. For neutrons with energies of a fewleV, both have cross sections in
the region of 1 to3b (see Fig. 2). The hydrogen cross section is smooth, whereas the carbon

Figure 2: Scattering cross section for carbon[9] and hydrogen [10] scattering

cross section displays several distinct resonances. As mentioned before, kinematically it is not
possible for the neutron to backscatter on hydrogen. For carbon, however, the neutrons can
backscatter, and for the later analysis, it will be interesting to know at which energy fraction
this happens. For that, one has to convert the LAB backscattering angle .ag =90 into the
CM angle to use (3). The conversion is [4]

sin CcM
tan LAB = ————— (5)
CoOS cm +
where is de ned as S
mpym?Q T
n 8 n - (6)
mcmc Tn + Q(1+ W

with primed variables referring to the value after scattering, m, and m¢ referring to the
neutron and carbon mass;T, referring to the initial kinetic neutron energy and Q referring to
the Q-value of the reaction. This drastically simpli es for elastic collisions Q =0, m, = m¢,
mc = m2) to
1
= — 7
elast A ( )

Solving (5) can be done numerically or graphically, although forA 1 it simplies to
LaB = cm. For carbon (A = 12), the backscattering CM angle become®4:78 , which,



together with (3), gives an energy fraction of

EO
— =0:846 8
2 E s =90 ®
For a head on collision with | ag =180 this gives
EO
— =0:716 9
! E LAB =180 ( )

Therefore, assuming a constant probability density for theE © values, slightly more neutrons
will get scattered forward at carbon than scattered backward. This is an e ect that drastically
increases for lighter target nuclei.

2.3 Interaction of gamma radiation with matter

Photons can interact with matter through many di erent physical e ects. The dominant
e ects for photons in the keV to MeV region are the photoelectric e ect, Compton scattering
and pair production. The relative contribution of these e ects for both carbon and lead can
be seen in Fig. 3.

(a) carbon (b) lead

Figure 3: Contributions to the total photon cross section of carbon and lead. Original data
from[11]. Data digitized from a gure in[12] using the WebPIotDigitizer [8].

2.3.1 Photoelectric e ect

The photoelectric e ect describes a process in which a photon transmits almost all of its
energy onto an electron bound in an atom or molecule. For the gamma energies relevant for
this work, the transferred energy greatly exceeds the binding energy and the atom/molecule
gets ionized. The cross section for this e ect is proportional taZ °>=E where Z is the atomic
number of the material in question andE the energy of the incident gammal|6]. For lowZ
materials like carbon or hydrogen and at photon energies at or above thMeV region, the
photoelectric e ect is negligible compared to other e ects.

2.3.2 Compton scattering

Compton scattering is the dominant e ect for gamma radiation in plastic scintillators. This

e ect refers to the relativistic scattering of a photon with an electron. Depending on the
scattering angle, the photon can transfer a certain amount of its energy onto the electron up
to a maximum value which occurs when the photon backscatters o the electron. Assuming



a photon with energy E  scatters o an electron at a LAB angle , then the energyE?° of the
scattered photon can be calculated from energy- and momentum conservation as [4]
0_ E
1+ (E=mec?)(1  cos)

(10)

with the electron massme and the speed of lightc. Since the collision is elastic, the energy of
the electron is then simply E EC. In the case of backscattering ( = 180 ), (10) becomes
minimal, which corresponds to the maximum amount of transferred energy to the electron.
In that case, the kinetic electron energy becomes[4]

2E?

Te= —0
¢ mc2+2E

(11)

In an energy histogram, this leads to a characteristic edge called the Compton edge. If the
gamma energy before scattering is known, the Compton edge provides an easy way to perform
an energy calibration for a plastic scintillator in the absence of photopeaks. The Compton
edge energy for the most important gamma energies encountered in this work are tabulated
in Tab. 1.

Isotope | gamma energyMeV | Compton edgeMeV
Cs-137 0.662 0.478
Co-60 1.173 0.993
Co-60 » 1.332 1.118
Co-60 averaged 1.253 1.040
Am-Be (rst excited C-12 state) 4.44 4.20

Table 1: Compton edges of relevant gammas calculated with (11), gamma energies from[13]

2.3.3 Pair production

Pair production describes an e ect where the photon decays into an electron-positron pair
within the nuclear electric eld 3. This means that the photon must at least have twice the
electron rest energy 2 511 keV) for the process to be allowed. Just like the photoelectric

e ect, pair production needs the presence of the nucleus in order to conserve energy and
momentum. The cross section for this interaction is proportional [6] toZ 2 In(E). For organic
scintillators and at gamma energies encountered in this work, it does not play a signi cant
role in the total cross section of carbon (see Fig.3a) and even less so for hydrogen with a six
times lower Z-value. The electron released in the pair production event can be detected in
a scintillator. The positron will quickly annihilate with another electron from the material,
releasing two gammas in the process.

2.4 Detection of fast neutrons in Scintillators

Scintillators emit light when a charged particle travels through them. This is why a neutron
cannot be detected directly via scintillation. For that, the neutron has to interact with the
material to create a charged particle, which can then be detected. For neutron energies in
the MeV region, this happens through ionization after an elastic scattering event, where the
neutron collides with either a hydrogen or a carbon nucleus. Interestingly, for a hydrogen ion
and a carbon ion with the same energy, the hydrogen ion produces much more scintillation
light. In practice, the carbon ion cannot be resolved and all detectable scintillation events
stem from hydrogen scattering.

3The cross section for pair production in the electric eld of the electron is much smaller (see gure in[12],
original data from [11])



2.5 The In uence Method

The In uence Method (from now on IM) is a remarkably easy method to determine the de-
tection e ciency for neutron detectors where the detection mechanism is based on absorption
of the neutron. The method and a detailed error analysis are described in two papers by
Rios and Mayer[1][14]. The goal is to obtain a ux-independent measure of the detection
eciency for a detector A (det-A) by placing another identical detector B (det-B) behind
it (see Fig.4). The neutrons rst have to pass through detA to reach detB and some of the

Figure 4. Conceptual setup for the IM

neutrons will get removed from the beam through interactions in detA. The idea of the IM
is to use this reduction in ux to determine the detection e ciency of det- A.

2.5.1 Derivation

Assume in a certain time interval a total number N of neutrons are incident on detA and
assume that every neutron that interacts with the detector and is removed also causes an
event in the detector. If det-A removes neutrons from the beam with an e ciency , then
it will remove and detect (on average)Na = N neutrons. This leavesN N neutrons
for det-B which detects (on average)Ng = (N  Np)  neutrons. To get rid of the ux
dependency, one can subtracNg from Na, which givesNa Ng = Na , which then leads
to the nal IM e ciency prediction of [1]
Na Npg

= N (12)
Until now, both detectors were assumed to be equivalent, but the method also works if
A 8 . The proportionality constant k between the two e ciencies (as introduced in[1]) is
given by

A=kg (13)
An analysis of the e ect of k on and on its error gives[14]
S
Na KkNg kZNB(NA+ Ng)
= 14
A NA Ng ( )

One of the central assumptions of the IM is that every neutron that is detected is also removed
from the beam, which is no longer the case for scintillation detectors. In the case of twb00%
e cient scintillation detectors placed closely together without backscattering, every neutron
would get detected twice, once by detA and once by detB. This would lead to a predicted
e ciency of 0%. With this simple thought experiment, one can directly see that blindly



applying the IM for scintillation detectors might lead to erroneous results for the e ciency.
Another important detail of the calculation is the exact interpretation of . Itis a measure of
the likelihood of an interaction of the neutron with the scintillator, which is not necessarily
equivalent with a detection likelihood. The likelihood of an interaction for scintillators is
determined by the density of scattering centers, the thickness of the scintillator and the
respective scattering cross section. The detection probability, on the other hand, not only
requires an interaction, but also that a detectable pulse is created. This is not the case for
carbon scattering and not for very shallow hydrogen scattering with small energy transfer.
The goal of the project is to make as good an estimator for the true detection e ciency as
possible.

Until now, the interaction probability of a neutron with the detector has been assumed to be
equivalent for all neutrons, but in reality, this would only be the case for a monoenergetic
neutron beam. For neutron sources with a di erent energy distribution (and therefore di erent
cross sections), the IM still gives a detection e ciency, but it is only valid for the neutron
spectrum of the source that was used to determine. In a setup where the neutrons can be
selected by their energy (e.g. via time of ight), the IM can be applied to separate slices
of the neutron energy spectrum, which results in an energy-dependent e ciency prediction.
Then, the expected detection e ciency for a di erent source can be estimated if the spectral
distribution of the new source is known.

2.5.2 No In uence Method

For this work, an alternative method was developed which utilizes the same experimental
setup as the IM, but determines the detection e ciency in a way that might be more suited
for scintillators. While the central assumption of the IM is that every detected event is
removed, the central assumption behind this alternative method is that a detection does not
a ect the patrticle in any way. Therefore, neither the ux nor the energy distribution is a ected
by the presence of the rst detector. This assumption is the complete opposite to the IM, but
it might prove to be the more sensible assumption for detecting neutrons with scintillators.
To emphasize the contrast in the underlying assumptions, the method will from now on be
referred to as No In uence Method (NIM).

The e ciency can be reconstructed by counting the number N5 of events detected in det-
A relative to the number of coincidence eventdNag between detA and det-B. If the true
amount of neutronsN passing through both scintillators is detected with an e ciency , then
Na=Ng =N andNapg = Na =N Z,SO

_ Nas
Na

In reality, the energy distribution will be a ected by scattering in det- A, which a ects the
detection probability in det- B, but to keep the method simple, this e ect is ignored.

If the two detectors are not equivalent and the count rate in detB has to be corrected with
a factor k, then the detection e ciency of det-B is given by g = 2. Additionally, to get

a more stable estimate of the singles count rate, instead of usinga, one can use%.
Putting these two modi cations together, the e ciency can be predicted via

(15)

NaB

=(k+1) ——— 16

G Mo v (16)
which reduces to (15) for the cas&k = 1. A Galbssian propagation of the three error sources

in the equation, with no error for k and N; = * Nj, gives the nal prediction of
S
Nag NZg Nas
=(k+1)——— (k+1 + 17
N = )NA + Np ( ) (Na+ Ng)®  (Na+ Np)? a7
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