
University of Zurich
Department of Physics

Characterization of NaI(Tl) detectors for
a radioactive decay rate modulation

search experiment

Bachelor Thesis in Physics

Magnus Gienal

Supervised by

Prof. Dr. Laura Baudis
Dr. Alexander Kish

Peter Barrow

February 8, 2017



Abstract

An experiment dedicated to the observation of modulations in radioactive decay
rates is being set up at the University of Zurich. The experiment uses eight NaI(Tl)
scintillators to detect photons originating from a radioactive decay. This thesis
covers two key points connected to these detectors. The first part focuses on built-in
light-emitting diodes, which serve for the calibration of the photomultiplier tubes
and as an indicator for changes in amplification during the long-term run of the
modulation experiment. The functionality of this sub-system was tested, and it was
found that the identification of test pulses works as intended. In the second part, the
sensitivity of the detectors to variations in the atmospheric pressure was explored,
observing a β-decaying 137Cs source. A setup different from the original one had to
be used. Covering a large range of pressure settings (0.5 to 1.5 bar), the results show
a dependency of the measured decay rates on the pressure level. This effect could not
be fully explained, apart from the observation that it originates from source-related
photons. A second measurement at values closer to operational conditions does not
show this effect. However, the fluctuations of the decay rates are at or above the
desired limit. Therefore, variations in pressure and their effect on measured decay
rates need to be accounted for in future experiments.
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List of Abbreviations

C.L. Confidence level
137Cs Radioactive isotope of the element caesium with mass number 137
DM Dark Matter
LED Light-emitting diode
LNGS Gran Sasso National Underground Laboratory, Italy
ModuDAQ Special LabView project built for the modulation experiment for

data acquisition
NaI(Tl) Thalium-doped sodium iodide, material used in scintillation detectors
PMT Photomultiplier tube
ROOT Programming language developed at CERN used in particle physics
UZH University of Zurich
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Chapter 1

Introduction

Since the discovery of radioactivity in 1896, scientists have always studied the
behaviour of radioactive elements. The nowadays widely accepted formulation of
the radioactive decay law is described in chapter 2. The statistical process of a
decaying source is linked to the decay constant, which is stated to be a property of
the radioactive element. However, some scientists recently raised the question on the
nature of the decay constant and presented evidence for a time-dependent parameter
and observation of decay rate modulations. An overview of some publications on
this topic is given in chapter 2.

In order to investigate these modulation effects, an experiment was designed to
observe the activity of multiple radioactive sources continuously for at least one year,
because the found modulations have a period of one year. Four identical setups will
be installed at different geographical locations (in Switzerland, the Netherlands, the
USA and Brazil). Apart from decay rates, the experiment will also precisely monitor
various external parameters, e.g. temperature, atmospheric pressure and humidity.
The modulation experiment is introduced in chapter 3 along with a description of its
main components.

As a part of the installation and preliminary tests of the modulation experiment,
this thesis focused on the following points:

1. Exploring the functionality of the LED test pulse tagging

2. Investigating the sensitivity of the detectors to pressure fluctuations

In the first task, the implemented indicator system for dead-time measurements and
detector calibration was examined using a built-in feature of the NaI(Tl) detectors.
A light-emitting diode (LED) sends test light pulses onto the photomultiplier tube
(PMT), which get detected like real events. By comparison over time, they serve as an
indicator for changes in PMT gain and can be used for calibration. The experimental
setup is designed to distinguish LED from normal events by bit-manipulating of
processed data. The functionality of this LED-tagging was tested in the scope of
this thesis. The procedure and results are presented in chapter 4.

The second task laid focus on one of the external effects that could influence the
decay rate measurement. An experiment was set up to measure the decay rates of
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the radioactive source 137Cs while varying the ambient pressure around it to explore
the dependency of the results on the level of pressure. Chapter 5 presents the setup
and the results of these measurements.

The obtained results of both tasks are discussed in chapter 6, along with the derived
conclusions and the constraints of the results to future measurements within the
modulation experiment.
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Chapter 2

Modulation in radioactive decays

This chapter gives an overview on the underlying principles of radioactive decays
and presents previous experiments, which claimed to measure modulations in the
decay rate of various radioactive sources, but also publications rejecting these claims.
The possible connection of decay rate modulations to the search for dark matter
particles is also explained.

2.1 Radioactive decays

Radioactivity was first discovered by Henri Becquerel in 1896, while he was studying
Wilhelm Röntgen’s X-ray radiation. Becquerel found out that there are elements
which naturally emit a new form of radiation, different to the one observed by Röntgen
[10]. Today, radioactive decay describes the process of an atom’s nucleus losing
energy by emitting radiation to get into an energetically more stable configuration.
This form of radiation is divided into three different types of decays: α- and β-decay,
as well as nuclear de-excitation (sometimes called γ-decay), which all differ in the
way the nucleus loses energy.

In α-decays, the radioactive nucleus emits an α-particle consisting of two protons and
two neutrons - identical to a helium nucleus. In β-decays, a proton (or a neutron)
in the nucleus decays into a neturon, electron and electron-neutrino (or a proton,
positron and electron-antineutrino respectively), with the latter two leaving the
atom. The emitted electron (or positron) is also referred to as β-particle. In nuclear
de-excitation, an excited nucleus decays into a lower energy state, emitting a gamma
ray photon. This often happens after an α- or β-decay, which can leave the final
nucleus in an excited state.

2.1.1 Beta decay

As the radioactive source used in the experiments for this thesis is 100% β-decaying,
the process is discussed in more detail. There are two types of β-decay, depending
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on whether a nucleus contains an excess of neutrons or protons. In a neutron-rich
nucleus, a neutron can transform into a proton via the process

n→ p+ e− + ν̄e , (2.1)

the so-called β−-decay. The electron and electron-antineutrino are emitted from the
atom. The daughter nucleus now contains an extra proton, which means its atomic
number is increased by 1.

Analogously nuclei with an abundance of protons can decay via

p→ n+ e+ + νe (2.2)

now transforming a proton into a neutron, emitting a positron and a neutrino. This
is called β+-decay and decreases the atomic number by 1.

As an alternative to β+-decay, proton-rich nuclei may also transform themselves via
the capture of an electron from one ot the atomic orbitals

p+ e− → n+ νe . (2.3)

This reaction is called electron capture and is essentially the same as β+-decay but
with the β-particle transposed to the left side and with the electron-neutrino being
the only emitted particle [15].

Often the daughter nuclei are left in an excited state. They decay by nuclear de-
excitation, emitting a gamma ray photon of characteristic energy level. The emittance
of this photon, and hence previous radioactive decays, can easily be measured.

An example for a β-decaying source is the radioactive isotope of caesium 137Cs, the
source used in the experiments for this thesis. The decay scheme for 137Cs is shown
in figure 2.1. About 95% of all decays are β−-decays to the metastable nuclear isomer
of barium 137mBa, while the remaining 5% are directly to the stable ground state
137Ba. 137mBa has a half life of 2.552 min and decays to the ground state by emitting
a 0.662 MeV gamma ray photon [19].

Sheet1
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Figure 2.1: Decay scheme of 137Cs [19].
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2.1.2 Radioactive decay law

Radioactive decay - independent on its nature - can be described by a statistical
process. Consider a source with N radioactive nuclei at time t. The decrease in
number of nuclei over time is

dN = −λNdt , (2.4)

where λ is the decay constant, which is a property of the radioactive material.
Integrating the previous equation leads to the number of nuclei as a function of time:

N(t) = N0 e
−λt . (2.5)

N0 denotes the initial amount of radioactive nuclei at t = 0. This zero-point is
arbitrary and does not have to correspond to the point in time at which the nucleus
was created. The probability of a nucleus decaying at time t is always the same and
does not depend on t0.

The mean lifetime of a nucleus is

τ =
1

λ
(2.6)

and thus also a constant. It relates to the half-life

T 1
2

= τ ln(2) , (2.7)

which denotes the time required for the decaying quantity to fall to one half of its
initial value.

The activity or decay rate of a radioactive source describes the number of decays per
unit time:

A(t) = −dN
dt

= λN0 e
−λt = λN(t) = A0 e

−λt with A0 = λN0 . (2.8)

It also follows the decay law (eq. (2.5)) and is proportional to the number of nuclei at
time t. The SI derived unit for the activity of a source is the becquerel (Bq), which
equals 1 decay/s [3].

2.2 Decay rate modulation

After the discovery of radioactivity and the establishment of the radioactive decay
law, the question arised whether the decay constant λ could be influenced by external
factors. In 1930 Rutherford, Chadwick and Ellis concluded that it is constant under
all conditions [20]. This is nowadays widely accepted. However, in recent years
different publications claimed to find evidence for the decay constant to vary with
time.
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2.2.1 Correlations between nuclear decay rates and Earth-
Sun distance

In an article published in 2009, J. H. Jenkins et al. [13] report a strong correlation
between unexplained periodic fluctuations in the decay rates of 32Si and 226Ra
and the distance R between the Earth and the Sun. They analyzed data from
an experiment at the Brookhaven National Laboratory (BNL), which measured
the half-life of 32Si with respect to a long-lived comparison source, in their case
36Cl, between 1982 and 1986 [1]. To avoid systematic effects from the apparatus,
the ratio 32Si/36Cl ≡ A(32Si)/A(36Cl) was computed and investigated. To compare
results from experiments with different radioactive sources, Jenkins et al. studied the
function U(t) ≡ [A(t)/A(0)] exp(+λt), which is time-independent, e.g. normalized,
for all nuclides. The result of their analysis is shown in figure 2.2 along with a plot
of 1/R2. They claim that an annual modulation in the 32Si/36Cl ratio is clearly
evident from the plot, with a probability of 6 × 10−18 that the correlation would
arise from two uncorrelated data sets. The modulation amplitude of the 32Si rate is
approximately 0.15%.

290 E. Fischbach et al.

Fig. 1 Plot of U(t) for the raw BNL 32Si/36Cl ratio along with 1/R2 where R is the Earth–Sun distance.
U(t) is obtained by multiplying each data point by exp(+λt) where λ = ln(2)/T1/2 and T1/2 = 172 y for
32Si. The left axis gives the scale for the normalized U(t), and the right axis denotes the values of 1/R2 in
units of 1/(a.u.)2 obtained from the U.S. Naval Observatory (USNO). The fractional change in 32Si counting
rates between perihelion and aphelion is approximately 3 × 10−3. As noted in the text, the correlation coef-
ficient between the BNL data and 1/R2 (or 1/R) is r = 0.52 for N = 239 points. The formal probability that
the indicated correlation could have arisen from uncorrelated data sets is 6 × 10−18

out for each individual data point, thus suppressing any seasonal contribution. The same
subtraction applies to other potential backgrounds, such as cosmic rays. Other environmental
factors such as ambient temperature, pressure, and relative humidity would lie within what
is typical for a laboratory environment, and are not expected to have a significant effect on
the detection system. Any changes within the normal laboratory setting, however, should
be mitigated by the fact that the system was a high-pressure (2 MPa) ionization chamber,
detecting photons traversing a very short range within the 4πγ setup. The PTB experiment,
which extended over 15 years, exhibited annual fluctuations in the 226Ra data similar to those
seen at BNL.

We note that the data plotted in Fig. 2 are the raw 226Ra data rather than the ratio
152Eu/226Ra as might be expected from an analogy to Fig. 1. There are two reasons for
this: (a) In contrast to the BNL data, where we were given copies of the original notebooks
containing the raw 32Si and 36Cl data, in the PTB case the data we received had already been
processed in a way that would have been difficult for us to undo. (b) Secondly, 152Eu is an
interesting nuclide for present purposes because it decays by both electron capture (72%)
and β-decay (28%). Since these two decay modes could very well exhibit different time-
dependent responses to a given external perturbation, the time-dependence of 152Eu could
be more complicated than that of the other nuclides whose data we have analyzed.

Figure 2.2: Plot of U(t) for the raw BNL 32Si/36Cl ratio (blue) along with 1/R2 (red),
where R is the Earth-Sun distance [13].

The data for 226Ra are from an experiment performed at the Physikalisch-Technische
Bundesanstalt (PTB) in Germany [21] and overlapped with the experiment at BNL
for about two years. Jenkins et al. analyzed this data in the same way as for 32Si
and again claim to observe an annual modulation. Furthermore, they also suggest a
correlation between both the BNL and PTB data with a probability of 4 × 10−12

that this arises from statistical fluctuations. Jenkins et al. mention the possibility of
an interaction between nuclei on Earth and the neutrino flux from the Sun, which
also varies with 1/R2, as a possible explanation for the observed modulations.
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Another paper from Jenkins et al. in 2009 [12] is supporting this theory. They report
a significant decrease in the decay rate of 54Mn during a solar flare in December 2006.
Dips in the measurement of the rate were coincidentally observed with X-rays from
the solar flare, indicating a possible neutrino-influenced effect due to the change in
solar activity during such a flare.

As a response to the propositions of a correlation between radioactive decay rates
and the Earth-Sun distance, Norman et al. [18] from the University of California
in Berkeley reexamined a large body of their collected decay data from 15 years, to
search for periodic variations as seen by Jenkins et al. The experiment at Berkeley was
designed to measure the half-lives of 44Ti, 121mSn and 108mAg in separate gamma-ray
experiments. To minimize influences of changes in detector and electronics reference
isotopes were used for all experiments (namely 22Na, 241Am and 133Ba). The observed
ratios were corrected for the expected exponential decays of both isotopes in order
to search for modulations. Statistical tests on both the null hypothesis (no annual
variation) and the modulation hypothesis (variation in 1/R2 and amplitude of 0.15%)
were performed. In all of the studied cases, the null hypothesis was strongly favored
over the modulation hypothesis. The authors concluded, that there is no evidence for
correlations between the Earth-Sun distance and the decay rates of the six studied
isotopes. Further, they set limits on the possible modulation amplitudes 2.5-37 times
smaller than observed by previous experiments [1],[21],[13].

2.2.2 Experimental results for different isotopes

If Jenkins et al. were right, this would have major consequences for various areas of
science. Therefore different experiments took on the task of testing this proposal.
Various radioactive sources have been tested for annual modulations over the past
few years with different outcomes.

Beside the already discussed experiments, one dedicated modulation experiment was
performed by Belotti et al. [4] in 2011 at the Gran Sasso National Underground
Laboratory (LNGS) in Italy. They studied the activity of a 137Cs source with a
High-Purity Germanium detector. Due to the site’s location deep underground the
Gran Sasso massif, the flux of cosmic ray and neutron flux are reduced by factors
106 and 103 respectively [4]. The temperature was reported to be stable, with a
maximum variation of 0.7 K. Data were collected continuously for 217 days. The
activity of the source was calculated per 4 days giving the results shown in figure
2.3. The residual plot shows no modulation above or below 0.001%. Furthermore,
the presence of time variations in the activity of the source larger than 9.6× 10−5

could be excluded at 95% confidence level (C.L.), therefore rejecting the claim by
Jenkins et al. [13].

In a paper following shortly after, Jenkins et al. [11] confirmed that they could not
find any time variation in the decay rate of 137Cs. However, they presented evidence
of an annual modulation for 133Ba. There are also other publications claiming to
have found periodic fluctuations in the activity of radioactive sources, for example
by Alexeyev et al. [2] for 214Po and by Sturrock et al. [22] for the sources 108Ag,
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Figure 4: Detected activity of the 137Cs source. Dead-time corrected data are summed over 96 hours. The first two points correspond to the
beginning of data taking, when the set-up was stabilizing, and they are not considered in the analysis. Dotted lines represent a 0.1% deviation
from the exponential trend. Residuals (lower panel) of the measured activity to the exponential fit. Error bars include statistical uncertainties and
fluctuations in the measured dead time.

to January 9th 2012. The activity of the source can be
calculated for any interval of time multiple of the hour.
In particular, Fig. 4 shows the activity per 4 days as a
function of time, i.e. the integral from 7 keV to 1.7 MeV
of the MCA spectra collected during 4 days and cor-
rected for the dead time. A total error equal to the linear
sum of the statistical uncertainty (6.4·10−5 relative) and
of the fluctuations of the dead time (2.8·10−5 relative)
has been assigned to each data point. The activity de-
crease is due to the source decay. The continuous line
in Fig.4 is the exponential fit obtained with the mean life
which minimizes the Chi Squared: 43.22 years (we take
the year of 365.25 days of 86400 seconds each). The re-
duced Chi Squared per degree of freedom is 1.02. Dur-
ing the 7 month period of data taking the temperature at
the Cs source smoothly increased by 0.4 K with a few
larger variations up to 0.7 K during one week. There is
no effects on the data correlated with such temperature
variations. In the same period the pressure inside the

laboratory varies in the range ±10 mbar. Also for these
pressure changes we can exclude any significant effect
on the rate.

3.1. 137Cs half-life

The 137Cs half-life has been determined by many au-
thors during more than fifty years (for a critical review
of available data see [15]). Data collected in this mea-
surement allow for a new and precise estimate of the
137Cs half-life. The data are fitted with an exponen-
tial function leaving two parameters free: initial decay
rate and half-life. The resulting half-life is 10942±30
days, to be compared with the recommended value of
10976±30 days.

3.2. Time modulations

We searched for time variations with periods from 6
hours to 400 days. For short periods, up to 40 days, the

4

Figure 2.3: Experimental results for the detected activity of the 137Cs source from the
modulation experiment at LNGS. Dead-time corrected data are summed over 96 hours.
The first two points correspond to the beginning of the data taking and were not considered
in the analysis. The dotted lines are showing a 0.1% deviation from the exponential trend.
Plotted below are the residuals of the measured activity to the exponential fit [4].

90Sr, 152Eu, 154Eu, 226Ra and 85Kr. This list is not complete and shows that more
experiments are needed to confirm or reject the claim by Jenkins et al. [13] about
time-dependent decay constants.

2.2.3 Event rate modulation in direct dark matter search
experiment

In 2008 Bernabei et al. [6] presented the first results of the DAMA/LIBRA experiment
at LNGS, designed to directly detect dark matter (DM) particles in the galactic
halo. As the Earth orbits around the Sun, the flux of DM particles from the galactic
halo is not constant. In particular, the flux should be larger around June 2nd, when
the rotational velocity of the Earth is summed to the one of the solar system with
respect to the Galaxy, and lower around December 2nd, when the two velocities are
opposite [7]. This means, that the measurement of events induced by DM particles
in a suitable low background setup would show an annual modulation signature due
to the Earth’s revolution around the Sun.

DAMA/LIBRA exploits this signature by using highly radiopure NaI(Tl) scintillators
as target-detectors for incoming DM particles. The obtained rates should follow a
cosine function with a period of one year and a phase in June, while the modulation
is only present in a well-defined low energy range, where DM particles can induce a
signal. The experimental range for DAMA/LIBRA was 2-6 keV.

Combining the data of the preceding experiment DAMA/NaI with those from
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Fig. 2 Model-independent residual rate of the single-hit scintillation
events, measured by the new DAMA/LIBRA experiment in the (2–4),
(2–5) and (2–6) keV energy intervals as a function of the time. The
residuals measured by DAMA/NaI and already published in Refs. [11,
12] are also shown. The zero of the time scale is January 1st of the
first year of data taking of the former DAMA/NaI experiment. The
experimental points present the errors as vertical bars and the asso-
ciated time bin width as horizontal bars. The superimposed curves
represent the cosinusoidal functions behaviors A cosω(t − t0) with a

period T = 2π
ω

= 1 yr, with a phase t0 = 152.5 day (June 2nd ) and
with modulation amplitudes, A, equal to the central values obtained
by best fit over the whole data, that is: (0.0215 ± 0.0026) cpd/kg/keV,
(0.0176 ± 0.0020) cpd/kg/keV and (0.0129 ± 0.0016) cpd/kg/keV for
the (2–4) keV, for the (2–5) keV and for the (2–6) keV energy inter-
vals, respectively. See text. The dashed vertical lines correspond to the
maximum of the signal (June 2nd ), while the dotted vertical lines cor-
respond to the minimum. The total exposure is 0.82 ton × yr

Figure 2.4: Residual rate of possible Dark Matter induced events measured by the
DAMA/LIBRA and DAMA/NaI experiment in the 2-6 keV energy interval as a function of
time. The superimposed curve represents a cosinusoidal function with a period of 1 year
and a phase at June 2nd with a modulation amplitude obtained by best fit over the whole
data set [6].

DAMA/LIBRA, the authors state that the presence of DM particles in the galactic
halo is supported on the basis of the annual modulation signature at a confidence
level of 8.2σ. The residual rate for the energy interval 2-6 keV is shown in figure 2.4
with the phase and period consistent to the expected values [6]. In a more recent
paper by Bernabei et al. from 2013 [5] including a larger amount of data from
DAMA/LIBRA, the C.L is given to be 9.3σ for the combined result from the two
experimental setups.

Although Bernabei et al. claimed to have found evidence for the existence of DM
particles in the galactic halo, no clear explanation for the observed signal was given.
However, many publications rule out the possibility of the modulation signature
originating from DM particles. For example XENON, another direct dark matter
search experiment at LNGS, ruled out various DM models with electron interactions
as the explanation of the observed modulations [24],[25]. Others tried to search for
non-DM related explanations, like Klinger and Kudryavtsev from the University of
Sheffield, which excluded muon-induced neutrons as a possible explanation of the
DAMA/LIBRA data [14].

In a paper from 2013, Nistor et al. [17] consider the possibility that the observed
annual modulation signature is induced by a contamination of potassium inside the
detector used in the DAMA/LIBRA experiment. In contrast to the DM hypothesis,
the annual signal could also arise from X-ray photons emitted in the detector itself
from 40K decays. The energy of such an X-ray photon is about 3.2 keV, inside the
2-6 keV range of the DAMA/LIBRA data. The authors also state the calculated 40K
event rate could account for the observed count rate in the experiment. However,
this hypothesis strongly relies on the previously discussed suggestion by Jenkins
et al. [13], that some nuclear decay rates exhibit an annual modulation due to
solar influences. In order to verify this hypothesis, further studies on decay rate
modulations need to be performed, such as in the modulation experiment discussed
in the next chapter.
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Chapter 3

The modulation experiment

The modulation experiment is a project which includes research groups from different
geographical locations. Along the University of Zurich, scientists from the Dutch
National Institute for Subatomic Physics Nikhef in Amsterdam, Purdue University
in Indiana (USA), the Brazilian Center for Research in Physics in Rio de Janeiro and
from the University of Freiburg (Germany) are part of the collaboration. The goal
of the experiment is to measure if radioactive sources exhibit a yearly modulation in
their activity of the order of 0.1% [8].

Various radioactive sources will be studied, to cover different energy ranges in the
experiment. At UZH, the following three sources are observed: 60Co (emitting
gamma rays of 1173 and 1333 keV energy), 137Cs (662 keV) and 44Ti (68 and 78 keV).
The modulation experiment is designed to save every single detector pulse, which
gets time-stamped for later backtracking if a change in activity has been observed.
Beside this, different external factors are monitored, e.g. temperature, humidity,
radon levels and pressure. The experimental setup is identical at each of the four
locations. By comparing the results, local influences can be excluded while effects
that influence all setups simultaneously, such as interference from solar neutrinos,
can be identified.

3.1 Experimental setup

The experimental setup is divided in an inner and outer box. The inner box contains
the detectors and sources. Eight NaI(Tl) scintillation detectors viewed by PMTs
are installed. Every source is monitored by a detector pair placed opposite of each
other (see figure 3.1). One detector pair is used for background measurements. Every
detector has a built-in light-emitting diode used to determine any change in PMT
signal amplification over time. The inner box is air-tightly sealed and filled with
radio-pure nitrogen gas to reduce the background influence of radon. Furthermore,
the temperature is kept stable by placing two heat strips near the detectors. Various
sensors measure environmental properties such as radon level, humidity, temperature
and magnetic field inside the inner box. This data is saved for later backtracking.
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To avoid influences from natural radioactivity the detector sets are enclosed by a
lead shield.

Figure 3.1: Left: Photo of the inner box with 7 NaI(Tl) detectors and one of the lead
shields. Right: Drawing of one of the detector pairs with a radioactive source in between.
Figure from [8].

The outer box contains the necessary electronics. The set of electronic devices
contains

• high voltage supply for the detectors in the inner box

• NI-PXIe DAQ (Data Acquisition) with FPGA (Field Programmable Gate
Array) module for data acquisition

• data storage server

• gas flow system, to flush the inner box with nitrogen

• radon meter, to monitor the level of natural radon in the box

• PID controller, which controls the temperature stability in the inner box. It
also has a safety system which powers or shuts off the heaters if the temperature
exceeds above or falls below the edges of the desired temperature range.

• LED circuit board, for signal shaping of LED test pulses (see section 4.1)

Connections to the outside of the experimental setup contain power supply, an
Ethernet cable for data transfer to the computer and gas inflow.

On the computer a specifically designed LabView project called ModuDAQ is
responsible for the data acquisition for the modulation experiment. Measurements
can be started from the program and various parameters can be set. During a run,
the status of the measurement can be monitored through the ModuDAQ. After
successful data taking, the data has to be run through a processor, which converts
the LabView files to readable ROOT files for further data analysis.
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3.2 NaI(Tl) detectors

The detectors used in the modulation experiment are thallium-doped sodium iodide
(NaI(Tl)) scintillation detectors. A schematic drawing of such a detector is shown
in figure 3.2. It combines a scintillation crystal with a photomultiplier tube. The
built-in LED is mounted next to the NaI(Tl) crystal to send a light pulse directly
on the photocathode of the PMT. It has a diameter of 3 mm and emits light with a
wavelength of 470 nm [8].

Figure 3.2: Schematic drawing of a detector, with the NaI(Tl) scintillation crystal, PMT
and connectors (Image by K. Heijhoff, from [8]).

Scintillation detectors are among the most often used particle detection devices in
nuclear and particle physics today. Certain materials, called scintillators, emit a
small flash of light, a scintillation, when struck by radiation. With an amplifying
device such as a PMT, this light is converted into electrical pulses, which can be
analyzed and counted.

Scintillation detectors have two main features. First, they have a near linear response
to the deposited energy, which means that the light output of a scintillator is directly
proportional to the excitation energy. In connection with a PMT, also a linear device,
the final signal will be proportional to the energy of the incident particle, making
scintillation detectors suitable as an energy spectrometer. Second, their response
and recovery time are short in relation to other particle detectors. This allows higher
counting rates due to shorter deadtime.

When radiation passes through a scintillating material, the material absorbs and re-
emits the energy in form of light. This effect is called luminescence and has two forms:
fluorescence, if the reemission of the energy happens immediately after the absorption
(within 10−8 s), and phosphorescence or afterglow, if the reemission is delayed. In
the latter case the delay time can be anywhere between a few microseconds to hours
depending on the material. This effect has to be taken into account when dealing
with high event rates.

There are different types of scintillating materials in use, among them are inorganic
crystals. These are often alkali metal halides containing impurity or activator atoms,
such as NaI(Tl). In general, an incoming nuclear particle can ionize an atom in the
crystal and create an electron-hole pair, which moves freely through the crystal. The
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impurity atoms can be excited by these electron-hole pairs and de-excite afterwards by
emitting photons, which travel through the crystal and are registered as luminescence.

The main disadvantage of inorganic crystals is hygroscopicity, i.e. they easily attract
water from their surroundings. Therefore, they must be housed in a sealed enclosure.
Inorganic crystals are also not the fastest scintillation detectors, the decay constant
for the energy reemission of NaI(Tl) is 230 ns. However, they have a great stopping
power due to high densities (ρNaI(Tl) = 3.67 g/cm3) and atomic numbers, meaning
they convert most of the incoming radiation to scintillation light. As they also have
a very high light output (for NaI(Tl): 230% compared to reference light output of
anthracene) resulting in a better energy resolution, inorganic crystals are extremely
suitable for the detection of gamma ray photons, as needed by the modulation
experiment [15].

Because the intensity of the emitted light is low, the signal has to be amplified in
order to be counted. This can be done by using photomultiplier tubes. The main
parts of a PMT are sketched in figure 3.2. It consists of a photocathode, an electron
multiplier section with several dynodes and an anode, from which the signal can be
readout. A high voltage potential (bias) is applied between these parts.

An incoming photon strikes the photocathode, which is made out of a material with
a low work function resulting in a high probability for an electron to be emitted via
the photoelectric effect. The applied voltage difference directs and accelerates the
electron towards the first dynode. By hitting it, the incident electron transfers energy
to the electrons in the dynode. This causes secondary electrons to be emitted, which
again are accelerated towards the next dynode creating further secondary electrons.
A so-called electron cascade is created, with an electron amplification factor or gain in
the range of 104 to 107 [9], mostly depending on the number of dynodes in the PMT.
The electron cascade arriving at the anode induces a current which can be amplified
and analyzed. The PMT used in the detectors for the modulation experiment have
10 high gain, high stability dynodes, resulting in a gain of 7× 105 at 850 V [8].

Another relevant quantity is the ratio of the number of created photoelectrons and
the number of incident photons, called the quantum efficiency of the photocathode. It
depends on the wavelength of the incoming light and determines the photon conversion
efficiency. For the PMT used in the modulation experiment, the wavelength at
maximum emission for NaI(Tl) (λ = 415 nm) is in the region of highest quantum
efficiency, namely around 25 to 30% [8].
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Chapter 4

Functionality test of built-in LEDs

The built-in LEDs in the NaI(Tl) detectors serve for PMT gain calibration and
as an indicator for change in PMT signal amplification, and dead time calibration.
These LEDs can send out test pulses, which are controlled by the ModuDAQ. During
the final long-term run, the test pulses will be sent out in equally spaced time
intervals. Observing the PMT response to these test pulses gives hints about possible
changes in signal amplification, as the expected LED signal should not change over
time. Additionally, the test pulses can be used to calibrate the system dead time
by comparing the number of sent pulses to the number of pulses detected by the
PMT. The work for this thesis consisted of setting up the electronics and checking
the detection efficiency of the test pulses.

4.1 Setup and electronics

As already mentioned, all the LED test pulse setting are controlled via a special LED
pulser panel in the ModuDAQ. The width of a pulse and the separation between
two pulses can be adjusted. The digital output of a digitizer sends square waves to
an electric circuit (shown in figure 4.1). When the transistor sees a rising edge from
the incoming square wave, it immediately turns on using the 5 V power supply. The
capacitor and resistance form a RC-circuit and shape the processed signal to have a
falling edge (as seen in figure 4.3). The main idea is to shape the digital signal to an
output signal similar to that of a detected photon. The LED circuit board has been
designed and assembled at Nikhef in Amsterdam. Figure 4.2 shows a picture of the
soldered circuit board.

The signal is then transmitted to the LED, which sends out a light pulse accordingly.
This test pulse is detected by the PMT and processed in the same ways as normal
data. The data acquisition is designed to flag LED pulses for distinction between
LED- and source- or background-induced pulses. This is done by bit-manipulation
of the 14-bit long raw voltage data, which is stored as a 16-bit integer and thus has
2 unused bits at the end. These will be overwritten in case of an LED test pulse and
give additional information on the nature of the detected signal.
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Figure 4.1: Schematic diagram of the elec-
tric circuit

Figure 4.2: A picture of the LED circuit
board.

To check the circuit response, an oscilloscope was used to view the signal shapes for
every detector. Figure 4.3 shows the observed signals for all channels. All signals
have the desired falling edge, although two of the channels (LED 1 and LED 5) show
a slightly different response. A possible transistor defect was ruled out by exchanging
the original parts with new ones, while the shape did not change. After several
check-ups, the origin of the effect remained unclear. The decision was made to go
on with the intended measurements. There was no observed difference during the
measurements between the two channels and the others, hence a slightly different
shape of the circuit response does not affect the LED test pulse as long as it has a
falling edge.
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Figure 4.3: Circuit board response observed by an oscilloscope for all eight LEDs.
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4.2 Background measurements

A first measurement was performed with all detectors on but no sources placed
between them, i.e. only background events were observed apart from LED test pulses.
The LED pulser was set to a frequency of 1 kHz, so there should have been a pulse
sent every 1 ms. To verify this, the time between two subsequent LED-tagged events
was calculated and plotted. This is shown in figure 4.4 for channel 6, while the plots
for all the other channels look similar. There are three clear peaks, with the highest
being at a time separation of 1 ms as expected for the 1 kHz pulse rate. A small peak
at double the time difference (2 ms) indicates that few LED events were skipped
during event tagging. In the presented channel, there are two skipped LED events.
Compared to the total 555’334 recorded LED events, this effect is negligible. There
are also some events tagged as overlapping (0 ms time difference), which may result
from a mix-up with a background event detected at the same time as an LED event.
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Figure 4.4: Time between two subsequent events for LED-tagged (red) and background-
tagged (blue) events for channel 6.

Data was acquired for 555.30 s. With a pulse rate of 1 kHz a total number of 555’300
LED events should have been observed. Table 4.1 shows the measured number of
LED events for each channel along with the number of observed background events.
Overall, the number of measured LED events exceeded the expected number of LED
events by 331, indicating that some background events are falsely flagged as LED
events when they are detected sufficiently close to a real LED event. This would also
explain the presence of the first peak at zero time difference in figure 4.4. However,
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compared with the total number of expected LED events (4’442’400), this excess is
insignificant. Hence the detection and tagging of test pulses works as intended.

Table 4.1: Results for the measurement of LED-tagging with no source placed in the
detectors. The duration of data taking was 555.30 s for every detector.

# expected
LED events

observed
LED events

observed
background events

0 555’300 555’356 78’284
1 555’300 555’362 81’349
2 555’300 555’331 52’594
3 555’300 555’337 51’098
4 555’300 555’331 52’553
5 555’300 555’332 51’787
6 555’300 555’334 56’272
7 555’300 555’348 52’413

4.3 Measurements with sources

In the configuration of the long-term run, the LED pulses will be detected along
with gamma rays from the monitored radioactive sources. Therefore, a second
measurement was done with the 137Cs source placed between the detectors as a
reference sample. Again the time between two subsequent events has been calculated
for LED and particle events. An example plot is shown in figure 4.5. Compared
to the plot where no source was monitored (figure 4.4) the absence of the skipped
LED peak can be noted, which is the same for all the detectors. The peak at time
difference 1 ms is still the highest. The increased number of overlapping LED events
can be explained by a longer time of data taking and a higher activity of the 137Cs
source compared to background-only events and therefore a higher chance of an LED
and particle event being detected close to each other.

The origin of the non-LED events are the photons emitted by the gamma decay in
the follow-up of the beta decay of 137Cs and background photons. Since gamma
decay is a Poisson process, the time between two subsequently emitted gamma rays
follows a decaying exponential function. This can be seen clearly in figure 4.5.

Table 4.2 shows the duration of the runs for each detector along with the expected
number of LED events for a pulse rate of 1 kHz, the number and rate of measured
LED events, and the number of observed particle-tagged events. The observed rate
is higher for all detectors than expected, however the deviation is negligible and due
to the fact of overlapping LED and source events.
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Figure 4.5: Time between two subsequent events for LED-tagged (red) and non-LED-
tagged (blue) events for channel 6.

Table 4.2: Results for the measurement of LED-tagging with 137Cs in the setup. Two
detectors were run together at a time.

# time [s] expected
LED events

observed
LED events

observed
rate [Hz]

observed non-
LED events

0 1814.69 1’814’690 1’815’060 1000.20 571’895
1 1814.69 1’814’690 1’815’106 1000.23 698’120
2 1891.35 1’891’350 1’891’642 1000.15 515’771
3 1891.35 1’891’350 1’891’714 1000.19 565’729
4 1812.27 1’812’270 1’812’642 1000.20 536’335
5 1812.27 1’812’270 1’812’674 1000.22 641’032
6 1872.56 1’872’560 1’872’883 1000.18 560’732
7 1872.56 1’872’560 1’872’933 1000.20 613’321
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Chapter 5

Study of decay rate behaviour as a
function of pressure

Various external factors, such as temperature, cosmic radiation or radon level, could
influence the measurements of radioactive sources. Another varying environmental
parameter to consider is pressure. A pressure sensor will monitor the level of pressure
inside the inner box once the long-term experiment is running. Since the modulation
experiment aims at observing modulations with an amplitude of about 0.1%, the
sensitivity of the measurement must be at least as accurate as this. To make sure
that fluctuations in pressure do not affect the decay rate measurements at a higher
level, the detectors had to be tested on how the observed rate changed while pressure
was varied.

5.1 Setup and measurement procedure

Because the modulation box was not suitable to perform studies with variations in
pressure, the measurements had to be done in an external setup. A cylindrical steel
vessel from a previous experiment at UZH was used to house one of the NaI(Tl)
detectors and the radioactive source 137Cs. The chamber was high enough to allow
the detector to stand on top of the source, making use of gravity to keep it in place.
A vacuum pump was used to pump the air out of the chamber, which was afterwards
flushed with nitrogen gas to establish different levels of pressure. The connections for
high voltage, signal, pressure sensor, vacuum pump and gas supply were done with
suitable feedthroughs at the flange of the chamber. Figure 5.1 shows the open vessel
with the standing detector inside on the left, and the flange with all the feedthroughs
on the right. To reduce background radiation, lead bricks were used to shield the
vessel as seen in figure 5.2.

Once the setup had been completed, the air inside the chamber was pumped out
and the level of pressure could be changed by flushing it with nitrogen gas. The
measurements were performed in steps of 0.1 bar. A first set of measurements was
always obtained while increasing pressure and a second one while decreasing pressure
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Figure 5.1: Open vessel for the pressure
measurements (left) with flange (right).

Figure 5.2: Closed vessel with lead shield-
ing

inside the vessel. This was done in order to quantify the systematic errors.

After finishing a measurement run, the observed energy spectrum was analyzed by
fitting a Gaussian to the photopeak (see figure 5.3) using a built-in fit function of
ROOT. Initial parameters were 662 keV for the mean and 30 keV for the sigma. After
obtaining the fitted parameters, the number of events with a measured energy within
a 2σ range around the fitted mean was counted. This number was then divided by
the total acquisition time to get an estimate of the rate in the photopeak range. This
procedure was applied to all obtained energy spectra.
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Figure 5.3: Gaussian fit (red) to the photopeak of 137Cs of the acquired energy spectrum
(blue) at 1.499± 0.002 bar in the first run, with a mean at 659.5 keV and a σ of 26.3 keV

Figure 5.4 shows the obtained fit values for mean (data point) and sigma (error bar)
for the first run data set with increasing pressure. Two things can be noted. The
mean does not move within the data set and the sigmas also agree. This is true for
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all measurement runs. However, the obtained values for the mean (≈ 659.5 keV) are
smaller than the expected value (photopeak at 662 keV). This is attributed to the
contribution of the tail of the compton edge, which is higher at the lower edge of the
photopeak, hence the mean of the Gaussian fit gets shifted towards a lower value.
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Figure 5.4: Fitted mean and sigma for each pressure setting for the increasing pressure
data set from the first run. Data points are the mean with the error bars depicting the
obtained value for sigma.

5.2 Measurements with 1 hour data acquisition

The first set of measurements was obtained by using the detector with the serial
number SBL262 and the 137Cs source. Pressure was varied between 0.5 and 1.5 bar
and at every level data were acquired for 1 hour. It was expected that the decay
rate is independent on the pressure inside the chamber and should therefore stay
stable within statistical errors.

Following the radioactive decay law (section 2.1.2), the decay rate of a source
decreases exponentially with time (eq. (2.8)). The obtained rate should therefore
be normalized to the initial activity. The duration of the measurement was about
70 hours. After this amount of time, the activity of a 137Cs source should have
dropped by 0.02% according to its half-life value, which is stated to be 11′018± 9.5
days (30.17 ± 0.03 years) by the National Institute of Standards and Technology
[16]. The relative error on the measured rate at the last data point is 0.2%, one
magnitude larger than the expected activity drop. Therefore it was assumed that
the exponential correction is negligible.
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The observed rates for the first set of measurements are shown in figure 5.5. There
seems to be a dependency on pressure for values below 0.9 bar. The rise in rate while
increasing pressure is confirmed by a drop in rate while decreasing pressure, so the
observed effect is independent on the direction of the pressure change.
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Figure 5.5: Measured activity of the source as a function of pressure with 1 hour data
acquisition at every point. Errors on the rate are statistical, pressure values have a
systematical error of ±0.002 bar.

To explore the origins of the observed rise/fall of decay rates at lower pressure levels
in the first run, another 1 hour measurement was performed with a different detector
(serial number SBL259) to rule out that the effect originates from a specific detector.
Still monitoring the 137Cs source, rates were obtained at increasing and decreasing
pressure levels. The result is shown in figure 5.6. The same effect as in run 1 can be
observed. This indicates that either the effect is of pure physical nature, e.g. of the
source itself, or it is a feature of the detectors or the setup in general.
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Figure 5.6: Measured decay rates versus pressure level for the second 1 hour run.

5.3 Measurements with 8 hours data acquisition

To explore this behaviour in a range of pressure fluctuations closer to the conditions
expected during the long-term run, the measurement was repeated on a smaller
pressure range from 0.9 bar to 1.1 bar in steps of 0.05 bar. The experiment run for
approximately 8 hours at each pressure level to increase statistics. The calculated
decay rates are plotted in figure 5.7. Only a slight rising trend is identifiable, but
the results for 1.0, 1.05 and 1.1 bar agree for in- and decreasing pressure.

A relative residual plot should give a good indication about the order of the observed
fluctuations. The mean decay rate was calculated and used as the reference point.
Figure 5.8 shows the relative residual for each data point. The highlighted area marks
the region, where the fluctuations are less than 0.1% of the mean rate, the sensitivity
required by the modulation experiment. The plot shows, that the observed decay
rates are in or near this sensitivity area, but in general the fluctuations are higher
than what the experiment is aiming at. The root mean square (RMS) error was
calculated to be 0.12%.
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Figure 5.7: Measured decay rates as a function of pressure with 8 hours data acquisition
time at each pressure setting.
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Figure 5.8: Residuals of the obtained decay rates relative to the mean rate 111.8±0.1 Bq.
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5.4 Spectral analysis

A closer look at the obtained energy spectra was taken to search for the cause of
the observed effects. The measurements used were the data collected for the second
run with 1 hour acquisition time at decreasing pressure (see the plot in figure 5.6 for
reference). All the energy spectra for the different pressure levels were compared to
the one obtained at 1.5 bar. The upper plot in figure 5.9 shows the spectrum obtained
at 0.5 bar and the reference spectrum at 1.5 bar. The number of events in each energy
histogram bin was subtracted from the reference spectrum and then divided by the
number of events in the energy histogram bin of the reference spectrum. This gives
a relative difference histogram for every energy bin. This relative difference plot for
the two already mentioned spectra is shown in the lower plot in figure 5.9.
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Figure 5.9: Above: Obtained energy spectra for the data set at 0.5 bar (blue) and the
reference data set at 1.5 bar (red). Below: Relative difference between the two spectra.

Three effects can be observed. First, there is a major difference in number of events
at energies near the threshold energy, which was observed to be around 38 keV, but
was not changed during the course of the measurements. Second, there are generally
more events below the upper edge of the photopeak, where the gamma rays from
the source dominate the spectrum. Finally, at energies above the photopeak energy,
where there should only be background related photons, the difference is just a
statistical fluctuation, as expected.

Furthermore, the total number of recorded events in different energy regions were
compared for every pressure measurement. The compared energy regions were
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1. 0 - 2000 keV, the total measured energy range

2. 0 - 600 keV, energy range below the photopeak

3. 600 - 720 keV, energy range around the photopeak

4. 720 - 2000 keV, energy range above the photopeak, where background-induced
events should dominate

The number of events in every region was again computed relative to the reference
spectrum at 1.5 bar. The results are shown in figure 5.10. In all ranges containing
data from source events (1.-3.), the relative number of events follows a similar trend
as in the plot of the decay rates (fig. 5.6), indicating that the observed raise/fall
effect originates from the source itself. This is supported by the numbers from the
background energy range, which are all comparable to the number from the reference
source, hence not depending on pressure variations.
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Figure 5.10: Comparison of the normalized number of events in different energy ranges
for spectra obtained at every pressure level, with respect to the reference spectrum at
1.5 bar.

28



Chapter 6

Discussion and Conclusion

The measurements performed within the scope of this thesis were assigned to the
two following tasks:

1. Exploring the functionality of the LED test pulse tagging

Although the response of the electric circuit showed irregularities for two of the eight
channels, this had no effect on the functionality. The results of the measurements
show that the distinction between the LED test pulses and a real photon signal
by bit-manipulating of the processed data is working as expected with few photon
signals mistagged as LED events when detected too close to each other. In the case
of a source monitored by the detector, the observed rate of the LED test pulses is
insignificantly higher than expected by (0.0196± 0.0009)%.

2. Investigating the sensitivity of the detectors to pressure fluctuations

The results of the first two measurements with 1 hour data acquisition time at every
pressure level in the range 0.5 to 1.5 bar shows a rise/fall of the measured decay rates
below 0.9 bar. Because the expected pressure fluctuations in the final modulation
experiment are not this large, the measurement was repeated in a smaller pressure
range with 8 hours of data acquisition time. The rise/fall effect was not seen, but
the decay rate variations are at or above the desired limit of 0.1%, with an RMS
value of 0.12%.

In order to search for the cause of the rise/fall effect in the first two runs, the obtained
energy spectra were analyzed. The results indicate that the effect is source-related
and does not originate from background effects. However, the true nature of the
effect could not be explained. Besides the unlikely explanation that the pressure
affects the activity of the source directly, it is more probable that the experimental
conditions changed with pressure variations. A possible explanation could be that
the distance between source and detector changes due to the detector material being
affected by varying pressure. This would result in a lower observed source activity
[8], while the background stays stable.

In general, there was an observable effect of pressure variations on the measured rate.
This needs to be accounted for in future measurements, either by deconvolution or a
second, more detailed study on pressure variations at operational conditions.
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