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1 Introduction

1.1 Dark Matter, WIMPs and Searches

Studying galactic rotational curves, gravitational microlensing and cluster collisions
have provided strong evidences for presence of some non-baryonic source of matter
in the universe [1, 2]. Studying the structure formation of the universe requires the
dark matter to be cold and long-lived.
While many dark matter candidates have been proposed, with varying degrees of
justification, none of the existing observations can tell us much about its identity.
Among these candidates, WIMPs (weakly interacting massive particles) are the most
promising. WIMP refers to massive particles with mWIMP ≈ 10 to 104 GeV which
interact with normal matter only due to weak interactions and the gravity.
The standard model of particle physics can’t provide an explanation for presence of
WIMPs. This fact motivates theories behind standard model as for example, some
theories using supersymmetry (SUSY) propose particles which have the features of
WIMPs [5] e.g their mass, relic abundance, and their temperature (coldness) at
decoupling.
The nature of dark matter is still unknown. Therefore, experimental physicists
investigate ways to build up detectors in which observing dark matter interactions
is possible. These experiments are divided into two major types.
First type of experiments aim to detect not the dark matter itself, but products of
its decay, annihilation, self-annihilation or co-annihilation. Thus, they are referred
to indirect dark matter searches (see for example [3, 4]). In contrast, other type
of experiments are probing dark matter’s interaction with normal matter. Figure 1
shows the latest results of a number of direct dark matter detection experiments.
Among direct detection DM seraches, XENON100 [6, 7, 8] experiment is connected
to this work and is briefly described in the following chapters. This experiment
has an exclusion line shown with solid blue in the figure. An exclusion line means
that after some while (typically 1 year) of data taking with the experiment which is
sensitive to the phase region above the exclusion curve, no possible signal is observed
in the experiment. As it is shown in the figure, the new result of XENON100
experiment has the highest sensitivity.
There are more experiments which have their own region of exclusion. For example,
ZEPLIN-III [24] and CDMS-II [15]. However, some other experiments have possible
signal in certain regions marked with closed curves in this figure. For instance,
DAMA [13], COGENT [14], and CRESST-II [16] experiments have proposed their
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respective possible signal regions.
The gray colored section is the region of interest of SUSY models. The green and
yellow colored sensitivity regions correspond to ±1 and ±2 σ expected limit of the
last run (2012) of XENON100 experiment respectively.

Figure 1: Latest results of direct detection dark matter searches. Figure from refer-
ence [17].

1.2 Dark Matter Searches with Liquid Xenon

WIMPs, if they exist, interact with normal matter via an elastic scattering with
target nucleus which causes a low-energy nuclear recoil [18]. This is the strategy
which pursues a direct detection of dark matter. The first challenge for these studies
is that the rate of such interactions, as predicted, would be extremely low. However,
after years of scientific and technological progress, physicists able to build detectors
sensitive to these rare interactions.
The main background of these processes are gamma rays emitted from radioactive
isotopes in the materials of detector. One has to avoid the background rate to
dominate over rare signals from WIMP interactions. This fact, raises the level of
importance of choosing the proper target material in which distinguishing the back-
ground signal from main interaction is more reachable. Besides, proper shielding
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of the detectors against active materials should be considered as well as installing
detectors underground in order to avoid cosmic ray backgrounds to dominate the
signal.
Recently, LXe (liquid xenon) has come into significant interest for dark matter
searches [19, 20]. Using LXe, one can take advantage of measuring scintillation and
ionization light simultaneously [21]. This is due to the interaction of the incoming
particle with xenon atoms which produces ionized and electrically excited xenon
atoms. Some of the released ionization electrons might survive electron-ion recom-
bination and drift out of the interaction site to be collected. In addition, excited
atoms plus the recombined electron ion pairs will produce 178 nm scintillation pho-
tons [22].
LXe has several advantages as target material. First, the cross section for spin
independent interaction of WIMP elastic interaction with matter is approximately
proportional to A2 where A is the atomic mass of the target nucleus i.e. σ ∝ A2 [23].
A comparison between a few differential recoil interaction rate of different target ma-
terials is shown in the Fig. 2.

Second, due to its high atomic number (Z), LXe is an efficient gamma absorber
(gamma rays are the main background of these detectors as they produce electronic
recoils in the target nucleus which yields a scintillation signal). This means that
the amount of background interacting with active volume in a liquid xenon detector
is reduced by the outer layers of the volume. This effect is called self-shielding.
Additionally, there are not many long-lived radioactive xenon isotopes (only 136Xe
radiating via double beta decay measured by EXO experiment [26]), which makes
LXe preferable with respect to argon for example.
Finally, to scale up a LXe detector mass (for ten times for instance) is respectively
easy in contrast to crystal scintillators. This is a big advantage for a dark matter
experiment since more active material will increase the signal rate linearly as well
as decreasing the background by self-shielding property. Since the exact interaction
rate of dark matter in unknown, having the opportunity of scaling up a detector is
the strategy of most of dark matter experiments.
The XENON100 experiment is currently one of the most sensitive dark matter search
in operation [6]. This experiment uses LXe in a time projection chamber (TPC) to
search for xenon nuclear recoils resulting from the scattering of dark matter. The
active target of XENON100 contains 62 kg of LXe, surrounded by an LXe veto of
99 kg, both instrumented with photomultiplier tubes (PMTs) operating inside the
liquid or in xenon gas. The LXe target and veto are contained in a low-radioactivity
stainless steel vessel, embedded in a passive radiation shield and is installed under-
ground at the Laboratori Nazionali del Gran Sasso (LNGS), Italy [8].

7



Figure 2: Differential rate of interaction of 100 GeV WIMPs with different noble gas
target materials. Figure from Aaron Manalaysay.

The experiment has recently published results from a 225 livedays dark matter
search [6] resulting the best limit of a spin-independent WIMP-nucleon scattering
cross section sensitivity of σ = 2× 10−45 cm2 for 55 GeV/c2 WIMP mass.
In this detector, two signals are considered. The S1 signal, the scintillation light
caused by excitation of xenon atoms via interaction with incoming particle, and
the S2 signal is due to the electrons released by ionization of LXe and survived the
electron-ion recombination and finally, gathered in the gas phase above the liquid.
The ratio of S2/S1 signal allows for discrimination of nuclear recoils signal from
electron recoils signal caused by incoming gamma rays, and β decays which is the
background of these measurements. A schematic view of a xenon TPC together
with waveform examples of nuclear and electron recoils are shown in the Fig. 3.
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(a) (b)

Figure 3: a) Schematics of the XENON two-phase liquid-gas time projection cham-
ber (TPC). b) Sketch of the waveform of two type of nuclear recoils (down) versus
electron recoils (top). Figures from Aaron Manalaysay.

1.3 Response of Liquid Xenon to Low-Energy Nuclear Re-
coils

One important feature shown in Fig. 2 is that the cross-section is decreasing (almost)
exponentially with respect to the recoil energy. It can be seen that if a low-energy
threshold is achieved in LXe, a large rate is expected.
In addition, low-energy range of recoils is the least studied among direct dark matter
searches i.e though many direct measurements exist in the literature [9, 10, 11, 12,
43, 44, 50] , only few of these provide coverage below ≈10 keV [43, 44, 50].
However, in order to produce low-energy recoils in a detector, using WIMPs is not
possible as a beam of WIMPs in not in hand. Therefore, neutrons of few MeV are
used for this purpose as they will also scatter with target nucleus causing nuclear
recoils. Thus, to study low-energy response of LXe (or any other material) to nuclear
recoils, one has to provide a monoenergetic beam of neutrons.
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In chapter 3, it is described in detail how we take advantage of a neutron beam to
study low-energy recoils in a liquid scintillator target. Monoenergetic recoil energy
is achieved via selecting neutrons of a fixed scattering angle. Finally, an experiment
is setup at University of Zürich in which S1 and S2 signals can be measured directly
in a TPC.

1.4 Measurements of Leff and Qy

Studying S1 and S2 signals in LXe, has shown that the ionization and scintillation
energies do not represent a linear behavior with respect to number of detected elec-
trons and photons. In fact, some quenching behaviors are observed. In addition to
exciting and ionizing the target atoms, an interacting particle in the active volume,
might loose energy due to other processes which, if ignored, will cause an understi-
mation of the deposited energy.
In the case of the scintillation response of LXe to WIMPs, three processes may affect
the energy deposition procedure as the following:

• Lindhard Quenching: If the projectile and the target material are in the same
range of masses, the energy might transfer from projectile particle to tar-
get particles via elastic collisions adding heat to the target material without
any detectable emission. This pursues underestimating the energy of projec-
tile [27].

• Bi-excitonic quenching: In the situation where the density of excitons (excited
atoms) is high, the following process might happen before the particle’s de-
excitation [28]

Xe∗ + Xe∗ −→ Xe+ + Xe + e−. (1)

• Electron-Ion recombination: An escaping electron recombines with a Xe+2 ion
and lefts a double exited xenon atom [29] via the following interactions

Xe+ + Xe −→ Xe+2 (2)

Xe+2 + e− −→ Xe∗∗ + Xe (3)

Xe∗∗ −→ Xe∗ + heat. (4)

The parameter, “scintillation yield”is defined as the number of scintillation photons
produced per unit energy. This parameter is dependent on the type of incoming
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particle as well as its energy [27, 28]. The relative scintillation efficiency of nuclear
recoils (Leff ) is used to quantify the quenching. This quantity converts the scintil-
lation signals of dark matter interaction in LXe into recoil energies [44].
It is difficult to predict the light yield in absolute terms as it depends on a number of
factors, including the energy and identity of the particle. Therefore, Leff is defined
as the light yield of nuclear recoils relative to that of 122 keV gamma rays from
57Co. As mentioned above, the light yield depends on the electronic stopping power
(dE
dx

), which depends on the energy of the particle, and therefore Leff is an energy
dependent quantity [51].
The same argumentation, as we discussed about the scintillation, is true about the
ionization yield. Parameter Qy is defined as absolute ionization yield of LXe. Dif-
ferent groups studying dark matter detection in LXe, have made efforts to measure
this parameter in the interesting range of recoil energy (for example, see [12]).
The uncertainty in the nuclear recoil energy scale at low energies is the largest sys-
tematic uncertainty in the reported results from LXe WIMP searches [6, 7, 8, 24, 25].
In order to decrease the uncertainties of this parameter, many groups are running
experiments [44, 32, 50, 51, 52] and the latest results are shown in Fig. 4.
The solid line in this figure shown the best fit to the results. Results of different
experiments are marked in different colors. The blue bands correspond to 1σ and
2σ of uncertainty. The aim of these studies is to decrease the error bars shown in
this figure and to measure Leff down to the lowest possible energies.

Figure 4: Recent measured values of Leff versus recoil energy. The aim of Leff

measurements is to decrease the uncertainties which causes the errorbars become
smaller as well as moving toward lower recoil energies. Figure from reference [17].
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A small LXe prototype detector has been constructed at the University of Zürich
in order to test liquid xenon response to low-energy ionizing radiation, called the
Xürich detector [48]. The schematics of the detector are shown in Fig. 5. For detailed
technical information about the detector’s design and performance see reference [48].
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Figure 5: Schematic view of Xürich detector. Figure from reference [30].

It is decided to use this detector (actually, a modified version of Xürich detector)
for Leff and Qy measurements. This requires placing the detector in front of a
neutron beam and observe the neutrons with a detector after their scattering with
liquid xenon target. The principles of the experimental setup as well as the physics
of these studies are discussed in section 3.2.
The focus point of this work is to perform preparations for these measurements.
This includes characterizing the basic components which will be used in the final
setup such as the neutron generator,pulse shape discriminator module and detectors.
In the following chapters this works are described in detail.
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2 Pulse shape discrimination with Organic Liquid

Scintillators

2.1 Motivation

The aim of this chapter is to study the response of a liquid organic scintillator de-
tector to interacting particles and characterize their ability to distinguish a nuclear
recoil (neutrons) from electronic recoils (gammas).
This characterization is very important as two of these scintillators are to be used for
the experiment which is described in chapter 3. The gammas, producing electronic
recoil signals in scintillator, are the background of these studies and discriminating
background from the main signal caused by neutrons is vital.
EJ301 is the name of the liquid scintillator we use for our measurements and it
contains C6H4(CH3)2 as the active scintillation material, which is also known by the
proprietary names BC501A and NE213 [34] (see Fig. 8).
The target scintillator atom which is hit by an incoming particle might excite into
triplet or singlet states. If it is excited into a singlet state, it will de-excite emit-
ting a fluorescence scintillation light. However, it also often happens that due to
bimolecular interactions, the triplet state being converted to a short-lived singlet
state resulting a delayed fluorescence signal. These reactions are explained in detail
in references [33, 45, 49].
The rate of these bimolecular interactions depends on the density of triplet states,
which in turn depends on the rate of energy loss dE

dx
of the recoiling particle. Thus,

the tails of pulses resulting from nuclear recoils (high dE
dx

) will be characteristically
longer than those from electronic recoils (low dE

dx
)[33].

This fact motivates to study the pulse shape as a discrimination parameter. For
example, the response of a liquid scintillator is plotted for a gamma particle to-
gether with the response to neutrons with three different energies (see Fig. 6). The
difference in the shape of the tail of the pulses corresponding to nuclear and electron
recoils is used to distinguish them.
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Figure 6: Response of an example liquid scintillator to a gamma particle and a
neutron particle with three different range of energies. The pulses are normalized
for comparison. Figure from reference [37].

2.2 Experimental Setup

The schematic setup for pulse shape analysis is shown in the Fig. 7. A detec-
tor (EJ301) is placed in front of a radioactive source. The photomultiplier tube
(PMT) that is detecting scintillation from EJ301 is powered by a high-voltage mod-
ule (HV=−1400 V) and the signal goes to electronic readout. Each part is shortly
described in the following.

2.2.1 Sources

As mentioned in section 1.4, neutrons are used to produce nuclear recoils in the
target. Gamma rays are the background of these studies. However, they are also
often used for calibration of the recoil energy.
Thus, we need sources providing gammas and neutrons. There is no radioactive

14



Figure 7: Schematics of the experimental setup for pulse shape discrimination stud-
ies.

source which produce only neutrons (no gammas). However, there are sources radi-
ating neutrons and gammas simultaneously. 241AmBe source is used as a the neutron
source in this work. As gamma sources, 22Na and 57Co are used (137Cs is used also
for calibration). The interactions describing activities of the sources are described
individually below:

241AmBe : Americium emits an alpha particle first which might be absorbed by the
beryllium and emits neutrons plus the stable carbon. The half life of the
alpha emission is 432 years. Each of these two interactions emit an additional
gamma [35]. This process is called (α,n) reaction. The resulting neutrons are
used for production of nuclear recoils.

241
95Am −→ 237

93Np + 4
2α + γ (5)

4
2α

+4
9Be −→ n + 6

12C + γ (6)

22Na : This isotope emits gamma rays at 511 and 1275 keV [36]. The half life of this
isotope is 2.6 years. The 1.275 MeV gamma follows to the β+ emission which
leaves the nucleus in an excited state at this energy and the 511 keV gamma
is due to the electron positron annihilation.

22Na −→ 22Ne∗ (1 · 275 MeV) + e+ + ν (7)
22Ne∗ −→ 22Neg.s + γ (8)

e+ + e− −→ 2 γ (9)
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57Co : This isotope decays into excited 57Fe state by electron capture which then
de-excites by emitting a 122 keV gamma ray (85 %) or 136 keV gamma ray
(11 %) to the ground state [38]. The half life of the isotope is 271.79 days [39].

137Cs : Through the following reaction, this isotope will produce an excited state
137Ba via β emission. The half life of 137Cs is around 30 years. The excited
atom then relaxes to ground state emitting a 662 keV gamma.

137Cs −→ 137Ba∗ (662 keV) + e− (10)
137Ba∗ −→ 137Ba + γ (11)

2.2.2 Liquid Scintillator Detector

For these measurement an EJ301 detector is used which is built particularly for fast
neutron detection and excels for pulse shape discrimination purposes [40]. More
technical details exists in the product’s data sheet [40]. The schematics of the de-
tector is shown in Fig. 8.

Figure 8: Schematics of EJ301 Liquid Scintillator. The active volume is kept inside
metallic holder (left). The container is connected mechanically to a PMT and then
an electronic base (right) for signal readout and powering the PMT.

This detector contains a volume of liquid scintillator active material C6H4(CH3)2
which is called commercially as NE213, BC-501A, and EJ301 and is covered by the
stainless steel (left) connected mechanically and optically to a PMT which is read by
the electronics (right). The high voltage of −1400 V is used to power the detectors.
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2.2.3 Readout

The signal cable from the PMT connects the anode of the detector to a fan-in, fan-
out module’s input, where the signal is split into two outputs, one of which goes
to the trigger system while the other is connected directly to an Analog to Digital
Converter (ADC) channel. The ADC device is then connected to a PC which con-
trols data acquisition via a Labview [41] program.
The ADC we are using is the made by the company Acquiris (Agilent Technolo-
gies) [31]. The discriminator module is set so that it accepts all the signals above a
certain threshold.
The computer communicates with the ADCs via Compact PCI (cPCI) connection.
The ADC is used at maximum sampling frequency of 1 GS/s.
The second output from fan-out goes into a discriminator module which is used for
triggering. The trigger signal then goes into the trigger input of the ADC.

2.2.4 Data Manipulation

Data is stored and then processed to ROOT files. Each event corresponds to a 500 ns
waveform. The C++ based ROOT analysis tool [42] is used in order to manipulate
the data. Since the anode signal is read, the corresponding voltage is negative and
has to be reversed initially to positive. A delay is applied in the Labview program
such that the events are saved so that there is ∼150 ns of baseline before and after
the main pulse. For example, one waveform is shown in the figure ??.
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Figure 9: An example of a non-processed waveform.

Numerical average of the first 100 ns (no pulse yet) is used to shift the waveform
baseline to 0. The integral of the waveform afterwards is used then to estimate the
energy deposited by the particle in the target material. A 4 point calibration is
applied to calibrate the energy of electronic recoils. This includes 511 keV, 1275 keV
peaks of 22Na and 662 keV of 137Cs and 122 keV peak of 57Co sources. The calibra-
tion plot is shown in Fig. 10.

Each source shows a particular spectrum. Full absorption of gammas at these
ranges of energies (except probably 122 keV gamma from 57Co) is so unlikely that
the Compton scattering interactions will dominate statistically. This is why the
Compton edge (caused by back-scattered photons) is seen in the we see in the 137Cs
spectrum (Fig. 11) and not the full absorption peak. Equation 12 shows how the
Compton edge energy is calculated.

Eedge =
2E2

mec2 + 2E
(12)

Where E is the photon energy, me is electron’s mass and c is the speed of light in
vacuum. For example, the fitted spectrum of In this work, the peaks are fitted with
a Gaussian function in order to find the mean values. The results of the fits are
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Figure 10: 4 point calibration of electron recoil energies vs signal area. 511 keV,
1275 keV peaks of 22Na and 611 keV of 137Cs plus 122 keV peak of 57Co sources are
represented. The red line represents a linear fit to the data points. Errors show how
far are the points from the linear fit.

finally used for calibration. For example the fitted spectrum of 137Cs is shown in
Fig. 11.
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Figure 11: Spectrum of 137Cs radioactive source detected by EJ301 liquid scintillator
detector. The Compton edge of the spectrum if fitted with a Gaussian function.

2.3 Data Analysis and Results

As explained in chapter 1, different particles will produce different pulses in liquid
scintillators. These differences are used for particle discrimination. This process is
called pulse shape discrimination (PSD). Various parameters are used by different
groups for discrimination. For example, in reference [44], the height of the signal
peak divided by the total area of the signal is used, while in [48] and [32] the tail
area of the signal (defined from 30 ns after the peak up to the point where the signal
value is as high as 1 % of the peak divided by the total area) is used.
A proper tail definition needs to be defined as well as a parameter to quantify the
discrimination quality. As a parameter for quantification, the source acceptance
(including gammas and neutrons) of 241AmBe data at the point in which 90 % of
gammas from 22Na data are rejected is used. In figure 13 data from both sources is
plotted for a PSD parameter and the 90 % rejection line is marked.
In figure 12 the distribution of PSD parameter for various definitions of the pulse tail
is shown. One has to compare the source acceptance for each tail definition. The tail
definition varies by changing the start and end point of the tail. In particular, the
tail starts 10−40 ns and ends at 70−150 ns after the pulse peak. In this figure, four
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different tail definitions are applied regarding the start and end points to vary. Blue
dots represent data taken 241AmBe (including neutrons and gammas) and red dots
represent data taken with 22Na source (only gammas). The PSD value for gammas
is lower than neutrons (see section 2.1). The more the neutron and gamma bands
are separated, the better the PSD parameter is. Unless the discrimination is the
worst at low-energy regions, neglecting low-energy events is not correct since this is
the region of the most interest.

(a) tail is defined between 15 ns and 70 ns af-
ter the peak

(b) tail is defined between 15 ns and 100 ns
after the peak

(c) tail is defined between 25 ns and 85 ns af-
ter the peak

(d) tail is defined between 35 ns and 75 ns af-
ter the peak

Figure 12: PSD value versus area of events of a 241AmBe sample (blue) and 22Na
sample (red). The more the neutron and gamma bands are separated, the better
the PSD parameter is.
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The source acceptance at 90 % rejection is achieved considering the plots of PSD
parameter populations for 22Na and 241AmBe samples individually. The main peak
at both curves represent gammas which covers all of the events from 22Na source
and majority of 241AmBe data. Neutrons from 241AmBe source produce either a
proton recoil or a carbon recoil in the target. These recoils are populated around
PSD values of ≈ 0.15.

Figure 13: PSD parameter for data taken from 241AmBe and 22Na sources.

As described above, the idea is to quantify the PSD parameter using the accep-
tance of neutrons at a certain rejection level. This is performed integrating the
counts in the gamma sample up to 90 % of the total integral and finding the corre-
sponding PSD value. Thus, the integral of the 241AmBe spectrum above the 90 %
rejection line, divided by the total integral corresponds to the source acceptance.
The optimal tail definition is the value for which the acceptance is maximized.
Table 1 shows the source acceptance for various tail definitions. These numbers are
also represented in Fig 14.
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Starting point of the tail
75 ns 85 ns 95 ns 105 ns 115 ns 125 ns 135 ns

End point of the tail
15 ns 31.6 % 32.9 % 34.6 % 36.1 % 37.1 % 37.2 % 37.2 %
25 ns 33.9 % 35.2 % 37.0 % 38.6 % 39.0 % 39.6 % 39.7 %
35 ns 34.6 % 36.1 % 38.5 % 39.2 % 39.9 % 40.3 % 40.3 %

Table 1: Source acceptance at 90 % rejection of gammas regarding different tail defi-
nitions (different PSD parameter). The numbers in the table are reported in percent.
The numbers in the table are reported as percentage of the source acceptance of all
events.

Figure 14: Source acceptance at 90 % rejection of gammas versus the tail definitions.
Each curve is drawn for a fixed start point of the tail and the x axis represents the
end points in ns after the pulse peak.

The tail is the part of pulse which varies from nuclear to electronic recoils . Thus,
the farther we go from the peak to start (and end) our tail the better PSD value
(more acceptance) is gained.
However, starting the tail after 35 ns after the peak, though one might expect to see
improved source acceptance, does not actually do so. This is because defining our
tail after 50 ns for example, causes neglecting all low-energy events whose tails might
have been finished already (see Fig. 12). This means that many low-energy nuclear
recoils are neglected as well as electron recoils. As mentioned in section 2.3, the
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main region of interest in these studies is the low-energy fraction of nuclear recoils
(around 3-10 keV) and therefore, these events should not be neglected.

2.4 Characterizing a Pulse-shape Discriminator Module

As mentioned above, it is needed for the study to be able to discriminate gamma
particles from neutrons in the setup. Although it is possible to be done reading and
processing the raw data (waveform), there are modules designed and optimized for
this task.
One of the main modules that has been used in the setup for the neutron measure-
ments is a 4 channel pulse shape discrimination module called MPD-4 from Mesytec
company [46].
Each channel has a signal input to read the waveform from PMT and several outputs.
Three outputs which are used in our setup are described below[47]:

Ampl: Integrated PMT charge output. The amplitude of this signal is proportional
to the area of the input pulse.

TAC: TAC output is used to discriminate nuclear from electron recoils via their
fast to slow component ratios. Basically, it is a PSD parameter similar to
tail/total ratio that we defined in previous section. The physical content of
this parameter is not mentioned in the product’s data sheet.

n/γ-Trig: This output can be selected to accept or reject gammas (γ) or neutrons (n),
both or neither each of them. In our setup, n/γ trigger output of two channels
are used to trigger on coincidence neutrons using a logical module to select
the logical “and”of both triggers. This means that the particles are selected if
both scintillators detect a particle coincidentally and accept it. Normally, the
particle selection is performed in software and the triggers are set to accept
all events.

The module has a number of user-adjustable parameters that control performance
of its n/γ discrimination ability. In this setup, whenever needed, the device is con-
nected via a USB to the computer and a terminal is used to change the parameters
to the desired values.
The other two parameters of interest are called “n-dis”and “walk”and are the sub-
ject of this section to be characterized. The basic descriptions of these parameters
are the following.
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n-dis: hardware discrimination threshold of the TAC output. If the TAC output is
below the threshold, gammas are identified, above the threshold neutrons are
identified.

Walk: One can take a spectrum “Ampl vs. TAC”with gammas on the scintillator and
adjust the curve with the “walk”parameter to get a flat top for the gamma
line. This parameter influences the TAC amplitude in the low energy region.

One can thus use a component ratio defined by the integral of the tail of the signals
divided by the total pulse integral to discriminate electron/nuclear recoils. We first
use a manually defined PSD parameter to check the selection ability of the device
and then, start reading the TAC and Ampl outputs of the device.
We use the result of section 2.3 to define the optimized PSD parameter using the
best tail definition. Different values of n-dis are tested considering the rejected and
accepted events in the PSD vs area plots. Some examples of this work are shown in
Fig. 15.
In this figure, all of the events are shown by blue dots. The trigger signal is a
step function which appears only when the event is accepted. This leads to select
accepted events which are represented as red dots. The higher n-dis parameter is
set, more events are accepted as nuclear recoils such that for example in figure (d) a
large number of electronic recoils are also accepted in the low energy region. Since
the PSD parameter which is defined in this plot is not exactly the same as TAC
parameter proposed by the module, the acceptance/rejection border is not very
clear. This is indeed the case in figure 16 where the TAC value versus the amplitude
of the events is plotted. In this plot, n-dis or equivalently the acceptance/rejection
border is clearly a horizontal line.
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(a) Ndis=70 (b) Ndis=90

(c) Ndis=110 (d) Ndis=130

Figure 15: PSD parameter vs energy (area) of the events.

Instead of using the direct PMT waveform to construct the pulse area and PSD
parameter, the Ampl and TAC outputs of MPD-4 module can be used. In the
following plots (figure 16) TAC versus Ampl of events is shown, when the n-dis pa-
rameter is fixed at 135 and several measurements changing the walk parameter in
5 unit steps are made. Since gammas are considered as background events in the
final setup, the optimization of walk parameter is achieved when the gamma band
is most straight. The full range of walk parameter is 50−150 and the default value
is 100. Looking at the plots we conclude that a walk value of ≈ 70 are optimal (see
figure 16).
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(a) walk=50 (b) walk=70

(c) walk=80 (d) walk=100

Figure 16: TAC vs Ampl of events read by MPD-4
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3 Characterization of the Neutron Beam

3.1 Motivation

In this section, we describe a measurement aiming to characterize the neutron beam
of a neutron generator. The work contains the setup for the measurement as well
as preliminary results of characterization.
The idea is to use Xürich detector described in chapter 1 in order to study the LXe
response to the low-energy recoils. The presence of a mono-energetic neutron beam
is required to produce nuclear recoils in LXe. This chapter focuses on characteriza-
tion of the neutron beam.

3.2 Theory

In the setup for this measurement, we use one of the liquid scintillator detectors
described in section 2.2.2 in front of the neutron beam and gather the scattered
neutrons in a certain angle with another detector to study their features. The
complete setup is explained in the next section.
When neutrons (or gammas from background) hit the liquid scintillator material,
they will scatter resulting either nuclear or electronic recoils in the atoms of the
target. This recoil energy which is deposited in the target is calculated for a nuclear
recoil using the kinematics of the scattering interaction. For heavy target atoms
(like LXe) which is the case in most of the dark matter detectors, this energy is
approximated to be [50, 51, 52]:

Er ≈ 2En
MNmn

(MN +mn)2
(1− cos θ) (13)

where Er is the energy of the recoiling nucleus, En is the energy of the incoming
neutron, θ is the scattering angle with respect to the propagation line of the beam,
and mn and MN represent masses of the neutron and nucleus, respectively. This
approximation is valid while the neutron is not relativistic and MN � mn.
Target atoms present in the liquid scintillators which are used for neutron beam
characterization are either carbon or hydrogen(see section 2.2.2) . These atoms
(hydrogen atoms in advance) don’t fulfill the approximation validation condition
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MN � mn. Therefore, the exact formula needs to be used [48]:

Er =
2En

(1 + A)2
[1 + A− cos2 θ − cosθ

√
A2 + cos2 θ − 1] (14)

where the notation A is the atomic mass of the target particle species i.e.

A =
MN

mn

. (15)

A fraction of the neutrons, which scatter from the first liquid scintillator target
will hit the second detector which is placed at a certain angle far from the first
scintillator. These events are called ”coincidences” in this text as the triggers re-
spective to first and the second scintillator are very close to each other in timing
(∆t ≈ 50 ns). Then, the time difference between the two triggers of a coincidence
events correspond to the time in which the particles travel the distance between two
scintillators i.e. time of flight (TOF) of particles.
Because the neutron generator is supposed to emit neutrons with the energy spec-
trum peaked around 2.4 MeV, the neutrons traveling this distance are not relativis-
tic. If we assume for example that the neutron has reached the energy of ∼2 MeV
after the first scattering, the speed of the neutrons is derived to be (mn ≈ 1 GeV):

Ef =
1

2
mn

(v
c

)2
⇒ v ≈

√
4× 106

109
c ≈ 2× 107m/s. (16)

This means that by fixing the distance between two detectors at ∼2 m, we would
expect to see a time of flight spectrum peaked at t ≈ 2

2×107
= 100 ns. Ef refers to

the energy of neutrons after the scattering and according to conservation of energy:

Ef = En − Er. (17)

Since we know the scattering angle and Ef is computed by TOF, one can simply
solve equations 17 and 14 to derive En and Er.

3.3 Experimental Setup

The schematic drawing of experimental setup for the neutron measurements is shown
in Fig. 17. A neutron generator is used as the source of neutrons. Two EJ301 liquid
scintillators are used for detecting neutrons. In this setup, we use EJ301 both as
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Figure 17: Schematic drawing of setup for neutron measurements with two EJ301
detectors and the neutron generator. Please read the text for complete description.

the target material and detector. The first detector (EJ301A) is used in front of
the neutron beam as the active target material and the second (EJ301B) to detect
the scattered particles. The detectors are fixed at position mechanically while the
distance between the detectors is measured as well as the angle (θ) of the second
detectors with respect to the beam’s propagation axis.
A measurement of time of flight provides information about the energy of the parti-
cles. The MPD-4 module is described in detail in chapter 2.4. The TAC and Ampl
outputs of MPD-4 are used to gather data about the type and deposited energy of
the particles respectively.
The logical “and”condition of both n/γ trigger outputs of MPD-4 is used as the
trigger for a coincidence event meaning a particle who hits the first detector and
then the second in less than ∼500 ns.
Since we need to digitize 5 different signals two ADC modules are used in parallel
(the 1 GS/s ADC can digitize up to 4 inputs). Both ADCs are from company Ac-
quiris. The four channel 1 GS/s ADC is used to digitize two Ampl and two TAC
signals from two MPD-4 channels connected to each detector and the 100 MS/s ADC
is used to digitize the time of flight signal coming from the time of flight module.
Both ADCs share the same trigger as explained.
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The signal cable of both detectors go into a fan-in fan-out module and then split to
two output signals. One of the outputs of both signals goes into the MPD-4 module.
One output signal 2 of the EJ301A goes directly to the “start”of TOF module while
signal of the EJ301B goes into a delay module fixed at a certain delay to avoid
coincidence inputs and then goes into the “stop”of TOF.
The ADC is then connected to a PC and the same Labview program is used to
control the parameters and data manipulation as described in chapter 2.

3.3.1 Detectors

Two EJ301 detectors are used in this setup. These detectors are described in detail
in section 2.2.2.

3.3.2 Neutron Generator

The neutron generator, NSD-Ng-1e7-DD-Cin, at University of Zurich is used for
these measurements. The product is bought from the company NSD-Fusion GmbH,
Germany. Detailed technical view of the product can be found in references [54, 55]
and a brief explanation about the structure and the neutron production is described
here.
NSD generates mono-energetic neutrons with a kinetic energy of 2.45 MeV by deuterium-
deuterium fusion [53]:

2H + 2H −→ 3He + n2.45MeV (18)
2H + 2H −→ 3H + p3.02MeV. (19)

Both reactions occur with equal probability. The neutrons are able to escape the
vessel practically undisturbed while the protons, 3He, and tritium particles are not
able to penetrate the vessel wall. The neutron yield of the generator itself (disre-
garding the loss due to shielding, aging, performance, etc) is 1.25× 107 n/s 4πsr.
In this systems the fusion reaction is accomplished as follows. A reaction chamber
is filled with neutral deuterium gas at low pressure. A very high electric field (in
the order of 1010 V/m) is needed to eventually ionize some deuterium atoms. This
enormous electric field is produced by applying high positive voltage (in the range
of 100 kV) to a very sharp tip (tip radius in the range of 100 nm). In this strong
electric field, the electrostatic potential of an atom is modified and in a certain range
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such that there is a possibility for an electron to tunnel into the tip leaving the atom
ionized (field ionization). The positively charged atom is then accelerated by the
tip’s potential away from the tip into a target covered by a deuterium or tritium
film [56].
The NSD Neutron Generator uses a gaseous deuterium target. The gas is ionized
and the resulting plasma is controlled by inertial-electrostatic-confinement. This
increase the lifetime of the generator to 20000 hours without any maintenance ac-
cording to manufacturer [54].
The neutron generator is placed inside a shielding made of three different layers. The
first layer (closest to the generator) is Paraffin. Paraffin, due to its high hydrogen
density is a suited for slowing down extremely fast neutrons [57]. The second layer
is boron-doped polyethylene (5 % boron). The hydrogen in polyethylene fulfills the
same purpose as the paraffin. After the passage through the paraffin, most of the
neutrons are slowed down enough for the capture cross section of boron to rise to
a very high value and thus be captured. The third layer consists of 35 cm concrete
for gamma capturing purposes.
Schematics describing the neutron generation is shown in the Fig. 18. The neutron
beam is allowed to pass by a hole of 10 cm diameter in the wall to the room in which
the experimental devises (detectors, electronics and etc) are installed. The X-rays
are captured by the shielding layers.
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Figure 18: Schematics of NSD neutron generator. Please refer to the text for full
explanation. Figure from reference [53].

33



3.3.3 Signal Readout

The MPD-4 module is used for discrimination purposes and is described in detail in
section 2.4.
The time of flight (TOF) module has a “start”and a “stop”input signals and the
output is a step signal whose height corresponds to the time between the input sig-
nals. Calibration of this module is required to convert the signal height into units
of time. This is explained in the results section.
The TOF signal then is fed into a 100 MS/s Analog to Digital Converter and being
saved in 200 steps (2µs) with a delay of 500 ns before the trigger.
A total range of 5 V is used for the signal. The signal is shaped like a step func-
tion(see figure 19). The height of this function is proportional to the real time
window between “start”and a “stop”triggers. To manipulate the signal the average
of the first 40 points in the signal is subtracted from the last 40 and saved as the
TOF of the corresponding event (after calibration).

Figure 19: An example of the time of flight waveform. The signal looks like a step
function. The height of the signal is proportional to the time of flight.
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3.4 Results

3.4.1 Calibration of TOF

As mentioned above, in order to be able to analyze the neutron measurements, a
calibration of time of flight signal is required. There are two options to calibrate the
time of flight signal.
The first method is to use a automatic pulser device to generate pulses. The output
pulses can go into a fan-in fan-out modules to be splitted in two coincidence pulse.
One of the outputs can develop a manually defined delay. Then, the direct pulse
can be used as “start”and the delayed pulse as the “stop”points of time of flight.
The predefined delay can change to a few numbers in the range of expected signal
(∼ 100 ns). Having a few points of measured TOF vs the real delay of the signals
in hand, finding a calibration function is straight forward.
The second idea to calibrate the time of flight is to take advantage of interaction 9
of 22Na (see section 2.2.1) radioactive source. In this way, if the source is placed
(approximately) in the middle of two EJ301 detectors, a percentage of the final state
511 keV gammas will reach coincidentally both detectors 20. Then it is easy to apply
a delay to one of the signals and plot the time of flight which is measured between
two signals versus the applied delay (see figure 21a).

Figure 20: Schematics of the setup prepared for calibration of TOF signal. The
511 keV gammas from the source will reach both detectors simultaneously and pro-
duce a coincidence event. The signal from the second detector is then delayed for a
certain period to produce manually a time of flight signal.
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In our measurements, the second way is preferred since it is more consistent with
the final setup with neutrons than using a pulse generator device. Three different
delay constants at 30 ns, 60 ns and 100 ns were acquired for the calibration. The
TOF spectrum of these events is displayed at Fig. 21a. Numbers on the x-axis cor-
respond to 30 ns, 60 ns and 100 ns of time of flight respectively . The result of these
3 runs and the calibration plot is shown in Fig. ??.

(a) TOF spectrum of 3 calibration runs. (b) Calibration result.

Figure 21: Calibration results of TOF. Please read the text for description.

3.4.2 Preliminary Runs and Results

In the first run with the neutron generator the distance between the two detectors
was fixed at (55 ± 2) cm and the angle at (20 ± 2)◦. The errors are due to the
uncertainty of the length and angle measurement tools.
The n-dis parameter of MPD-4 device for these measurements is turned up to the
maximum value meaning that all events including gammas and neutrons are ac-
cepted. The selection is done via TAC vs Ampl plots in software (see Fig. 22).
The walk parameter is set to its optimized value. This optimization was performed
with 241AmBe source before running the measurement (see section 2.4). It helps the
selection of neutrons.
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(a) EJ301A (b) EJ301B

Figure 22: TAC vs Ampl of coincident events. The walk parameter is optimized as
the gamma band (lower band) is quite straight. This makes the selection of neutrons
(upper band) easier. The events in the boxes are selected as neutrons.

We would expect to see two major peaks in the TOF spectrum. A peak around
t=0 should appear due to gamma rays which coincidentally hit the first and second
detector. For simplicity we shift all TOF data for −60 ns due to presence of 60 ns
offset delay. The second peak should correspond to the neutrons who hit the first
scintillator, scatter and hit the second.
The fact that our target material is a composite of carbon and hydrogen atoms,
should show up in TOF signal. The reason is, the energy of neutrons scattering
with carbons is different from the ones interacting with hydrogen. This is clear
looking at equations 14 and 15 (MN value changes from C (12) to H (1)).
Putting correct values for A into equation 14 and considering θ = 20◦ and d= 55 cm
one can calculate the energy of neutrons after the first scattering and then the
time of flight for distance between two detectors. This calculation gives t= 25 ns
for neutrons scattering from carbons while t= 27 ns for scattering with hydrogen
targets.
However, the resolution of TOF spectrum is not enough to distinguish points with
2 ns of time difference (see Fig. 23. The first solution to this problem is to increase
the distance between two detectors but there are 2 experimental obstacles as follows:

1 : The neutron lab is a small room (∼ 2.5 m × ∼ 2.5 m) such that distances
more than 2.5−3 m is not possible.

2 : Increasing the distances between detectors decreases significantly the rate of
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detection. When detectors are ∼ 50 cm away, the rate is about 1 coincidence
event every 15 seconds while if we increase the distance the rate would decrease
as 1

d2
due to solid angle reduction.

This raises two problems by its own. First, there is an internal time-out for
the labView program (DAQ) such that it stops working when there is no
acquisition for almost 30 seconds (and this cant be edited). Second, with
these small rates gathering enough statistics requires long time to wait. A
measurement with 50000 events at d ∼ 50 cm will take around 2 and half days
to finish. This would be more than a week for d ∼ 1 m.

(a) all events (b) neutrons selected

Figure 23: Spectrum of TOF first run. The gamma (photons) represent a time of
flight around 0 and are disappeared when the neutrons are selected.

It is important to notice that, so far, we had no explanation about the peaks in
Fig. 23 at t=20 ns and t=30 ns. These peaks are one order of magnitude less pop-
ulated than the main peak at t=26 ns which is due to scattering from carbon and
hydrogen atoms. Further measurements are required for more understanding of
spectrum (describing unexplained populations) .
The errors which are reducing the resolution of TOF spectrum are mainly caused
by the uncertainties in the distances which neutrons have to fly between the two
scintillators. First, the distance measurement has its own error. Next, the distance
is measured between centers of the scintillators while neutrons might scatter at any
point in the scintillators. The active volume of EJ301 has a diameter of 10 cm which
means that the side by side distance of detectors is not 55 cm but ≈58 cm. It will
take about 0.5 ns for neutrons of these energies to travel 3 cm of distance offset. This
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explains why the population of neutrons is ≈ ±0.5 ns wide in TOF spectrum.
It is also interesting to see the Ampl spectrum of the events (only nuclear recoil
are selected) both in the first and the second scintillators. This is what is shown in
Fig. 24. The X axis is Ampl in arbitrary units (calibration of nuclear recoils in not
available).

(a) Liquid scintillator A (b) Liquid scintillator B

Figure 24: Spectrum of Ampl of selected nuclear recoils in a)first both liquid scin-
tillators. Please refer to the text for detailed description.

Ampl corresponds to the energy deposited in the detector by nuclear recoils. This
energy depends on the scattering angle as well as other parameters (for example,
type of interacting particles). In the second scintillator, it is not known with which
angle the particles are scattered. In contrast, in the first scintillator we are only
dealing with the particles which scatter with a certain angle i.e. θ = 20◦.
This raises the expectation to observe a peak in the Ampl spectrum of the first
detector. However, in Fig. 24, we can’t see a clear peak i.e. the peak is at the very
left and we don’t know how much of the real peak is covered. This means that we
are probably ignoring (or equivalently not acquiring) most of the nuclear recoils in
the low-energy range which is indeed the case of interest of these studies.
The threshold of the acquiring system is set at the minimum and can’t be the rea-
son. Thus, the only option is the increase the voltage of the PMT in the EJ301
liquid scintillator so that hopefully it acquires events with lower energies. This will
increase or view range of the spectrum shown in Fig. 24 to the left.
A measurement is done when the applied voltage to the PMTs is increased from
−1400 V up to −2000 V thought the result is still to be analyzed.
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It is also interesting to look at the plots of component ratio (TAC) versus time of
flight of the events in which one expects to see the best discrimination of nuclear
and electronic recoils to appear. This is because nuclear recoils defer from electronic
recoils both at TOF and TAC values. Figure 25 shows the TAC vs TOF plots of
both liquid scintillators A and B.

In this figure, the nuclear recoils are populated at high TOF values and high TAC
values and the gammas in contrast represent low TAC and TOF values (actually,
time of flight of gammas is very close zero as they travel with the speed of light).
The same, still unexplained, populations at t=20 ns and t=30 ns, which were shown
in figure 24, are also present here.

(a) Liquid scintillator A (b) Liquid scintillator B

Figure 25: Component ratio (TAC) vs time of flight (TOF) of all events recorded
in a) liquid scintillator A and b) liquid scintillator B.
The populations corresponding to nuclear recoils, electronic recoils, and accidental
events are marked in the figures.
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Summary and Outlook

In this work, some experiments are described with their results aiming for preparing
required information for a future measurement of the low energy response of liquid
xenon.
Chapter 2 discusses the pulse shape discrimination (PSD) studies in organic liquid
scintillators. First, it is described how a measurement was set up with a liquid
scintillator detector and radioactive sources investigating finding the optimal PSD
parameter. Second, to avoid reading the waveform from PMT signal, a pulse shape
discrimination module, named MPD-4, was used. Finally, MPD-4 module was char-
acterized meaning to find optimized self-adjustable parameters of the device affecting
discrimination performance.
Chapter 3 covers the experimental setup and results of a measurement with a neu-
tron source and two liquid scintillators which aims to characterize the neutron beam.
The measurement is done since the same neutron generator will be used in future
for studying the low-energy response of liquid xenon to nuclear recoils.
The results of preliminary runs of this experiment shows the lack of resolution to
distinguish nuclear recoils in hydrogen atoms from the ones in carbon atoms in the
liquid scintillator. This can be solved increasing the distances between two detectors
which increases the resolution of time of flight (TOF) of neutrons.
There are unexplained populations of events in the TOF spectrum which requires
further studies including running measurements varying the angles between the two
detectors and the neutron emitting line.
Additionally, it was concluded to be necessary to increase the voltage powering
detectors since the low-energy range of events are not included in the amplitude
spectrum with the current setup. At the end, enough information about the energy
distribution of neutrons emitted from generator should be provided in future as it
is an essential condition for the final measurement of liquid xenon response.
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