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Nuclear Reactors in Turkey

 The first NPP construction has been recently started at Akkuyu.

✓  It is planed to start operations in 2024.

✓  There will be 4 power units with capacity of 1200 MWe (Pth = 3200 MWt) each.

✓  Enriched uranium dioxide is the fuel.

 Construction of additional NPP in Sinop and İgneada is being planned near future.

 National and independent safeguard application is very crucial .

 Monitoring NPP with a compact particle detector is possible. 
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Detector Designs
Two different antineutrino detector design approaches are considered.

✓ Water Cherenkov detector (Liquid-state)

‣ Published in TJP and presented in Applied Antineutrino Physics 2016

✓ Segmented plastic scintillator detector (Solid-state)

3

Easier to construct
Cheaper

Better mobility
Great background 
suppression
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Segmented Plastic Scintillator Detector 

 Gadolinium-loaded segmented 
plastic scintillator modules for 
antineutrino detection.

 There are 25 identical 
10x10x100 cm gadolinium-loaded 
polyvinyltoluene based (BC-408) 
plastic scintillators.

Each  plastic scintillator is wrapped 
in 20 μm thick aluminium sheet to 
obtain a  segmented structure. 

It is about 250 kg and about 
1185 antineutrino events 
can be observed per a day when it 
is placed 50 m away  from the 3.2 
GWt reactor core.  
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Gadolinium-loaded Plastic Scintillators

 Synthesis of Gd-loaded plastic 
scintillators were reported.

✓  Transparency and the other  

optical properties of Gd-loaded 
scintillator with 1%-3% loading 
were almost the same as unloaded 
case.

 The amount of loaded Gd 
concentration in the  scintillator 
directly effects the delayed signal, 
which is generated by thermal 
neutron capture. 

 Plastic scintillator blocks with 
0.2%-0.3% amount of Gd was 
optimum, which gave a prompt-
delayed time difference between 4 and 
50 μs.
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Event Topologies

 Segmented structure of the detector gives great separation between IBD candidate 
events and cosmic background

 Antineutrino events and cosmic ray events have different event  topology

 The energy correlation between PMT signals might be used for selecting the 
antineutrino events

 Number of photoelectron (PE) correlations between  PMTs are expected quite to be 
different.
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10 keV neutron 3 MeV positron 1 GeV/c muon
µ⁻
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Cosmic Background Suppression
 E1st/ETotal, E2nd/ETotal and E3rd/ETotal distributions of 
antineutrino events and cosmic rays events are 
shown

✓   E1st, E2nd and E3rd are the highest, the second 
highest and the third highest energy deposits 
among the all modules. ETotal is the total 
energy deposit.

 IBD event and cosmic background events show 
quite different distributions.
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Multivariate Analysis
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 Generally, using several variables at the same time could improve background 
rejection significantly. 

TMVA is used to combine E1st/ETotal, E2nd/ETotal and E3rd/ETotal distributions. 

 Signal comes from thermal neutron capture, background is taken as the sum of all 
considered cosmic particles.

 Boosted Decision Tree is chosen as a multivariate discriminant.

✓   Like lihood or Artificial Neural Networks methods could also be used.

TMVA
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Multivariate Analysis (II)
 It was found that about 95% of charged 
cosmic background rejection appears to be 
achievable while keeping 95% of the 
antineutrino events.

✓ Not requiring any active shielding parts.

The same approach is used for fast neutron 
and gamma background rejection.

✓ It is not efficient as charged cosmic bg 
rejection, but still improves bg suppression
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Module Number Dependency
The effect of detector size and 
module numbers have also been 
investigated.

✓ MVA technique is also can be 
used with lower number od 
modules.

✓ Nuclear waste monitoring as 
well.
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FIG. 1. The spectrum of electron antineutrinos emitted by
spent nuclear fuel as a function of the time after discharge
from the reactor. We also indicate in gray the area below the
threshold for inverse beta decay, the dominant antineutrino
detection process, at 1.8 MeV. The data underlying this plot
is available in the supplemental material [20].

The most notable example is strontium-90, which de-
cays with a half-life of 28.90 yrs to yttrium-90, which
in turn decays within hours to the stable zirconium-90
with Q = 2.22801MeV [14]. Strontium-90 is produced
in around 5% of all fission events [15–17]. The isotopes
with the next longest lifetimes with antineutrino emission
above 1.8MeV in their decay chains are ruthenium-106
(371.8 days [18]) and cerium-144 (284.91 days [19]). As a
result, the detectable antineutrino emission of spent nu-
clear fuel after more than a few years is entirely given
by strontium-90. It is worth noting that strontium-90
(like all other fission fragments) remains in the high-level
waste resulting from reprocessing using the widely em-
ployed PUREX process. In fig. 1, we plot the number
of electron antineutrinos emitted per second, per MeV,
and per ton of spent nuclear fuel as a function of an-
tineutrino energy for fuel elements of di↵erent age. We
assume a burnup2 of 45 GWdays. As expected, we ob-
serve a softening of the spectrum over time, as short-lived
isotopes with large Q values decay away. Note, however,
that even after 100 yrs, a non-zero flux remains above
the energy threshold of 1.8 MeV for inverse beta decay.

III. DRY CASK STORAGE FACILITIES

As long term storage facilities for spent nuclear fuel are
becoming available only slowly, temporary storage solu-

2 Burnup is a measure of how much energy per unit mass has been
extracted from nuclear fuel. It is directly proportional to the
total number of fissions and thus to the strontium-90 content
and the antineutrino emission rate.

tions have become a necessity. Once fuel elements have
been allowed to cool in a spent fuel pool for ⇠ 10 yrs
[21, 22] after discharge from the reactor, they are typi-
cally transferred to dry storage casks, large shielded steel
cylinders several meters tall, each of them holding ⇠ 14–
24 tons of spent nuclear fuel elements with a uranium
content of 10–17 tons [22–24]. The layout of a typical dry
storage facility is shown in fig. 2. Even though safety and
security measures are in place to protect such facilities,
manipulations are imaginable. The core of the IAEA’s
(International Atomic Energy Agency’s) methodology for
spent fuel is so-called continuity of knowledge (CoK): the
amount and type of fuel loaded into a cask is monitored
and recorded, the cask is closed, and a tamper-proof seal
is applied. As long as the seal is intact and the records
are available, the resulting CoK allows to infer with a
great deal of certainty the contents of the cask. How-
ever, even during routine operations it is conceivable that
records are inaccurate or lost or that seals are compro-
mised. Several methods based on on neutron or gamma
ray detection are under development to restore CoK in
this case, see for instance [1].

Here, we envision instead the deployment of an an-
tineutrino detector, with a fiducial target mass3 of order
⇠ 20 tons, close to the storage casks for several months.
Using as an example the storage facility at the Surry Nu-
clear Power Station in the U.S., where casks hold 9–16
metric tons of uranium (MTU), we assume that 50% of
the radioactive material from two of the 15 MTU casks
(colored in red in fig. 2) goes missing. This roughly cor-
responds to removing 3% of the total amount of nuclear
waste stored at Surry. We make no claim that an actual
diversion case would have any similarity to this scenario
nor that this could occur as part of routine operations, it
merely serves to indicate the general level of sensitivity
we might expect from antineutrino monitoring.

To determine what it takes to discover such an
anomaly, we simulate the expected number of detected
antineutrino events as a function of the detector position
for the two hypothesis “all storage casks full” (F ) and
“50% of nuclear material missing in two casks” (M). We
use the antineutrino spectrum given by the blue dashed
curve in fig. 1 (10 years after discharge) and the inverse
beta decay cross sections from [3]. Neutrino oscillation
e↵ects, though small, are taken into account, with the
oscillation parameters given in [25]. The rate of antineu-
trino events per ton of fiducial detector mass and per
MTU of source mass is

N⌫ = 5.17 yr�1 ton�1 MTU�1
⇥

✓
10m

d

◆2

, (1)

where d is the distance between the source and the de-
tector (both treated as point-like). This number depends

3 The fiducial detector mass is the e↵ective mass, after accounting
for fiducial volume cuts and e�ciency factors introduced in event
reconstruction and analysis.
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A B S T R A C T

In this study, simulation-based design and optimization studies of a gadolinium-loaded segmented plastic
scintillator detector are presented for monitoring applications of nuclear reactors in Turkey using antineutrinos.
For the first time in the literature, a multivariate analysis technique is introduced to suppress cosmic
background for such a reactor antineutrino detector.

1. Introduction

When the neutrino was proposed for the first time by Wolfgang
Pauli in 1930 [1] based on measurement of beta decay, he said ‘‘I
have done a terrible thing. I have postulated a particle that cannot
be detected’’. He was wrong. After about 25 years, the first neutrino
detection, which was emitted by a nuclear reactor, was recorded by
Clyde Cowan and Frederick Reines in 1956 [2]. The neutrinos play an
important role for better understanding of the Universe. That is why
there are many ongoing and planned neutrino experiments worldwide.

While the neutrinos come from different sources, nuclear reactors
are human-controlled very intense antineutrino sources. Each fission
process releases 6 ⌫e, and a 1 GW nuclear reactor emits about 2 ù
1020 ⌫e per second. This makes nuclear reactors great tools for neu-
trino physics research, and so there are many neutrino oscillation
experiments located near nuclear reactors [3–8].

The neutrinos interact with matter with very low cross section,
and emitted antineutrino flux from the nuclear reactor core is used
for reactor monitoring since the thermal power is directly related
to antineutrino flux. Measured antineutrino event rate (N⌫) can be
expressed as N⌫ = �(1+k)Pth, where Pth is the reactor’s thermal power,
k is the time dependent factor that consider the time evolution of the
fuel composition, and � is a constant, which depends on the detector
properties [9]. Measurement of antineutrino flux and energy spectrum
with a detector that is located outside the reactor buildings provide
quasi real time information of reactor thermal power, operational status
and fissile content. So, International Atomic Energy Agency (IAEA) has
recommended development and utilization of antineutrino monitoring
with compact detectors as part of nuclear safeguard activities [10].

The first nuclear reactor construction in Turkey has recently started
at Akkuyu and its first power unit with a thermal capacity of 3.2

E-mail address: Sertac.ozturk@cern.ch.

GWt is planned to start operation in 2023. Monitoring Akkuyu nuclear
power plant using antineutrino flux measurement is an important nu-
clear safety issue. For this reason, design and optimization of a water
Cherenkov detector was done [11]. In this paper, segmented detector
structure with gadolinium(Gd)-loaded plastic scintillators to obtain
higher background rejection is considered and optimization studies
are performed using GEANT4 simulation toolkit [12]. In addition, for
the very first time, a multivariate analysis technique is introduced for
cosmic background suppression.

2. Detector design

An antineutrino can be detected via the so-called inverse beta decay
(IBD), resulting from charged-current antineutrino–proton scattering
in the plastic scintillators: ⌫e + p ô e+ + n. The energy threshold of
this process is 1.8 MeV and it has the highest reaction cross section
considering the other possible reactions of ⌫e + d ô e+ + n + n and
⌫e + e* ô ⌫e + e*.

The outgoing positron emits two gamma rays by annihilation (e+ +
e* ô 2�) and it produces a prompt signal. The subsequent second
signal is generated by the thermal neutron capture processes in the
gadolinium-loaded plastic scintillator and gamma ray cascades, which
have the total energy of Ì2 MeV and Ì8 MeV, are produced with the
following processes [13]:

n + p ô d + � ’s (2 MeV)
n +155 Gd ô156 Gd + � ’s (Ì8.6 MeV)
n +157 Gd ô158 Gd + � ’s (8 MeV)
The delayed time coincidence between the prompt and subsequent

signals (about 5–50 �s) is used for triggering an antineutrino event.

https://doi.org/10.1016/j.nima.2019.163314
Received 24 June 2019; Received in revised form 17 October 2019; Accepted 17 December 2019
Available online 19 December 2019
0168-9002/© 2019 Elsevier B.V. All rights reserved.

Published in Nim A.

✓   https://doi.org/10.1016/j.nima.2019.163314

 There are no commercial Gd-loaded plastic scintillator sale.

 Gd-loaded plastic scintillator synthesis is the key point. 

https://doi.org/10.1016/j.nima.2019.163314
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Synthesis of Plastic Scintillators 

12

 Synthesis of regular and Gd-loaded plastic 
scintillator synthesis have been done.

 A typical plastic scintillator consists of 
three components:

✓  polymer base, primary fluor (first 
additive), and wavelength shifter 
(second additive).

 Gd additive could be salt, organometallic 
or nanoparticles.

✓ Transparency problem for nanoparticles

 The plastic scintillator samples are 
produced using the thermal bulk 
polymerization technique. 

✓ Size and shape limitation

 CRONUS Technology Comp. in Turkey
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Plastic Scintillator Samples
 4 different types plastic scintillator samples 
are produced.

✓ Polyvinyltoulene as polimer base

✓ PPO and PTP as primary flour

✓ POPOP and bis-MSB as secondary flour

✓ Gd(TMHD)3 as Gd additive

 Transmission rates in 1 cm length are around 
85%.

 Photo detection efficiency at the emission 
peak values of the scintillator samples vary 
maximum 1%. 
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PTP

0.04% POPOP + 
0.04% bis-MSB

CR-Gd 1.5% PPO 0.08% POPOP
+ 0.2% Gd(TMHD)3
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Light Yield Measurement

 10x10x10 mm3 cube size

 Onsemi J-series SiPM with the size of 6×6 mm 
(MICROFJ-60035-TSV) 

 Cs-137 as a radioactive source 

✓ Clear shape of compton-edge

 The compton- edge region in the energy 
distribution is fit with the Gaussian function and 
specific % values in the energy tail of the peak are 
taken. 
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Light Yield Results
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Prospects and Conclusion
 Nuclear reactors and nuclear technology will be active in Turkey in the next 
years.

 Monitoring these reactors independently and reactor antineutrino energy 
spectrum measurements are the main purposes.

 The effort for production and characterization of gadolinium loaded plastic 
scintillator has been started.

✓ Gd-loaded plastic scintillator samples with CR-3 content (PPO + PTP + 
POPOP + bis-MSB )

✓ Neutron radioactive source 

It is planned to submit projects funding to produce a demonstration module. 

✓ 25 segments with the each size of 5x5x40 cm 

✓  GEANT4 simulation using ERNIE: A reactor antineutrino inverse beta decay 
event generator ( https://doi.org/10.17632/grk8256yr6.1 )

✓  Machine learning using PyTorch

16
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Backup
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Reactor Neutrinos
 A nuclear reactor is an intense source of 
antineutrinos.

✓ 6 𝜈e / fission

✓ ~2×1020𝜈e/s for Pth = 1 GW

 Measuring antineutrino flux from a nuclear 
reactor can provide real time information of 
the status of the reactor and its thermal 
power. 

 The thermal power produced in the fission 
process is directly related with emitted 
antineutrino flux. 
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Rν =
NfNp < σ >

4πL2
(1)

where Np is the number of protons in the target medium, L is the distance between reactor core

and detector, Nf is the average fission rate given by the equation:

Nf = 6.24× 1018(
Pth

MW
)(
MeV

We

)s−1 (2)

where We=203.78 MeV is average energy release per fission, < σ >= 5.8 × 10−43 cm2 is

the average cross section. For a water target and 1.2 GW reactor thermal power, eq.(1) can be

rewritten as

Rν = 9.86× 105(
V

m3
)(
m2

L2
)events/day (3)

Considering L = 30 m and V = 0.96 m3, we expect around 1050 events in a day with a

detector near Akkuyu NPP.

This figure can be compared to the rough estimation recommended in the IAEA Workshop

on Antineutrino Detection for Safeguards Applications report (7), given as:

#events/day = 730×MWth ×
V

L2
× ε (4)

where ε is the detection efficiency. At ε = 1 the two formulas give very close answers: 1050

from the former and 934 from the latter.

2 Detector Design

An antineutrino can be detected by charged-current antineutrino-proton scattering, also known

as inverse beta decay (IBD): ν̄ + p → e+ + n . The positron generates the prompt signal,

and subsequently the thermal neutron capture process will give a second delayed signal. This

3

Average fission rate

Measuring antineutrino flux from a nuclear reactor can provide real time information of the

status of the reactor and its thermal power. The thermal power produced in the fission process

is directly related with emitted antineutrino flux. The relation between neutrino event rate at the

detector (Nν) and reactor thermal power (Pth) can be expressed by Nν = γ(1 + k)Pth , where

γ is a constant that depends on the detector (target mass, detection efficiency, etc.) and k is the

time dependent factor which takes into account the time evolution of the fuel composition (1).

This property makes a compact antineutrino detector a powerful tool for monitoring a nuclear

reactor.

Nuclear reactors are an intense source of antineutrinos. Each fission process releases around

200 MeV energy, 6 ν̄e and neutrons. Emitted antineutrino flux by a 1.2 GW nuclear reactor is

about 2.5×1020 ν̄e/s. Predicted emitted neutrino spectra for different nuclear fuels are shown in

Figure 1. The spectra for 235U , 239Pu and 241Pu isotopes have been converted from ILL electron

data (2), and the 238U antineutrino spectra has been taken from an ab initio calculation (3).

 (Mev)νE
2 3 4 5 6 7 8

)
-1

 M
eV

-1
 (f

is
si

on
νN

4−10

3−10

2−10

1−10

1

Graph

U238
U235

PU239

PU241

Figure 1: Predicted antineutrino spectra with their relative errors versus neutrino energy.

Neutrino interaction rate can be estimated approximately using (4) :

2

Reactor Neutrinos: Overview 
!  Electron antineutrinos emitted through Decays 
   of Fission Products of 235U, 238U, 239Pu, 241Pu 

!  Nuclear reactors  :  

!  Neutrino Luminosity : 

 
!  Common Detection Principle  

!  Inverse Beta-Decay reaction (σV-A) 

!  Threshold 1.8 MeV. Eν extend to 10 MeV 

!  Measure anti-νe of interaction rate 
 
 
 
 

!  Comparison of σf to prediction  

γ :  reactor constant  
k : fuel evolution correction  (<10%) 

Th. Lasserre – ν�geoscience 2013 
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Reactor Neutrinos (II)

Pth = 3200 MWt and We=203 MeV for 
Akkuyu NPP.

✓ Average cross section 

ÖZTÜRK et al./Turk J Phys

Figure 1. Predicted antineutrino spectra with their relative errors versus neutrino energy.

where Np is the number of protons in the target medium, L is the distance between reactor core and detector,

and Nf is the average fission rate given by the equation

Nf = 6.24× 1018
(

Pth

MW

)(
MeV

We

)
s−1, (2)

where We = 203.78 MeV is average energy release per fission and σ = 5.82 × 10−43 cm2 is the average cross

section. For a water target and 1.2 GW reactor thermal power, Eq. (1) can be rewritten as

Rν = 9.86× 105
(

V

m3

)(
m2

L2

)
events/day (3)

Considering L= 30 m and V = 0.96 m3 , we expect around 1050 events in a day with a detector near Akkuyu

NPP.
This figure can be compared to the rough estimation recommended in the IAEA Workshop on Antineu-

trino Detection for Safeguards Applications report [5], given as

#events/day= 730×MW th×
V

L2
×ε, (4)

where ε is the detection efficiency. At ε =1 the two formulae give very close answers: 1050 from the former

and 934 from the latter.
Background estimations can be made with rather simple methods. Since the amount of solar neutrino flux

on Earth is found to be about 7 ·1010 particles/cm2 /s from the BP00 solar neutrino model [6], even assuming

that all these neutrinos have sufficient energy for inverse beta decay (which is a huge overestimation) the

expected total number of events is about 0.02 per day, negligible compared to the expected signal events. Since

cosmic neutrino flux is even lower than solar flux, the background events from this source are not considered.

For the actual measurement we propose a full experimentalist’s approach: firstly, construct the detector before

the nuclear reactor and collect background neutrino data. Secondly collect data while the nuclear reactor is

running and finally compare the two, to estimate the thermal power of the reactor. We foresee that the total

background levels (including those from detector issues) will be lower than the statistical uncertainty of daily

measurements performed with our proposed detector.
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From neutrinos to cosmic 
sources, lecture 3 

31 

Reactors as Neutrino Sources 

•  Nuclear reactor is an excellent source of  electron 
antineutrinos from β decay. 

•  Large power reactor produces about 6•1020 
antineutrinos/sec 

From bound neutron decays: 

𝜈e 
detectorL

V

Detection Mechanism 

• Inverse Beta Decay (IBD) 
– Produces: 

• Positron 
– Energy Depends on Neutrino Energy 
– Minimum Signal -> 1.02MeV 

• Neutron 
– Low Energy 
– Thermalizes with random walk 
– Captured on nuclei 

• Conservation of Energy determines 
threshold of interaction 

𝐸𝑣 𝑒 + 𝐸𝑝 = 𝐸𝑒+ + 𝐸𝑛 
𝐸𝑣 𝑒 = 𝐸𝑒+ + 𝐸𝑛 − 𝐸𝑝

= 0.511 + 939.565 − 938.272 
= 1.804 𝑀𝑒𝑉 

Reactor Neutrino Spectrum 
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Abstract:We present a simulation-based study for monitoring Akkuyu nuclear power plant’s activity using antineutrino

flux originating from the reactor core. A gadolinium-doped water Cherenkov detector was designed and optimization

studies were performed using the Geant4 simulation toolkit. It was found that the bottom (or top) face of the target

should be instrumented by six 10-inch-diameter photomultiplier tubes with photon detection efficiency of about 35%

and the optimum Gd concentration was found to be about 0.3%–0.5%. The first study on the design of a monitoring

detector facility for Akkuyu nuclear power plant is discussed in this paper.

Key words: Nuclear reactor, neutrino, Cherenkov, detector, simulation

1. Introduction

The first nuclear power plant in Turkey will be constructed at Akkuyu, in Mersin Province. It is planned to

start operating in 2023. Akkuyu nuclear power plant (NPP) will have 4 power units and each unit will have

the capacity of 1.2 GW. Enriched uranium dioxides (235U) will be used as fuel.

Since the thermal power produced in the fission process is directly related to emitted antineutrino flux,

measuring the latter can provide quasi real-time information on the former. The relation between the neutrino

event rate at the detector (Nν) and reactor thermal power (Pth) can be expressed by Nν = γ(1 + k)Pth ,

where γ is a constant that depends on the detector (target mass, detection efficiency, etc.) and k is the time

dependent factor, which takes into account the time evolution of the fuel composition [1]. This property makes

a compact antineutrino detector a powerful tool for monitoring a nuclear reactor.

Nuclear reactors are an intense source of antineutrinos. Each fission process releases around 200 MeV

energy, 6 ν̄e , and neutrons. Emitted antineutrino flux by a 1.2 GW nuclear reactor is about 2 × 1020ν̄e/s .

Predicted emitted neutrino spectra for different nuclear fuels are shown in Figure 1. The spectra for 235U ,
239Pu and 241Pu isotopes were converted from ILL electron data [2] and the 233U antineutrino spectra were

taken from an ab initio calculation [3].

The neutrino interaction rate can be estimated approximately using [4]

Rν=
NfNp〈σ〉
4πL2

, (1)
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