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DESIGN AND DEVELOPMENT OF AN FPGA CONTROLLED
SILICON PIN PHOTODIODE DETECTOR ARRAY
FOR NEUTRON DETECTION

SUMMARY

Silicon PIN photodiodes have been widely used for detecting ionizing radiation,
especially in the last decade. They can be used in wide range of applications, from the
measurements of environmental radiation to X-ray imaging. These detectors can also
be used for instance at accelerator facilities for beam loss monitoring and in accelerator
tunnels for safety purposes.

Silicon PIN photodiodes can be used for the detection of neutrons when a special
converter material is used. '°B and ®LiF are widely used materials for converting
thermal neutrons to charged particles. These nuclei emit alpha particles and Tritons
respectively followed by the absorption of thermal neutrons. Alpha particles and
Tritons can be easily detected using a Silicon PIN photodiode since they have charge.
In case of fast neutrons, polyethylene (C,Hy), is one of the most frequently used
converter material because of its high hydrogen content and its availability. Fast
neutrons knock out the protons from hydrogen and they can reach Silicon detector
positioned next to the converter material and deposit some energy in it. When these free
protons reach the detector, they can deposit some energy in Silicon latis and produce
an electrical signal.

Studies showed that the production and the absorption rate of the secondary particles
becomes more or less constant above a certain converter thickness (usually few
hundreds of microns). For that reason, the converter materials to be tested were chosen
to be thicker than 1 mm.

Most detector designs using Silicon PIN photodiodes are limited to the use of a
single sensor with relatively small active surface area. The electronics and control
units of these designs are mostly made from commercially available and expensive
equipment. In this thesis work, an alternative to the available neutron detectors has
been developed with complete electronics and control units. The detector has been
developed using low-cost, windowless 9 Silicon PIN photodiodes from First Sensor
company with model number PS100-CER-PIN2 and its surface is covered with a
variety of hydrogen-rich converter materials.

There is an independent signal readout electronics for each individual sensor element
for the designed neutron detector. These consist of JFET based charge sensitive
preamplifiers and OP-AMP based shaping amplifiers. The preamplifier is the first stage
of the amplification and its noise figures are very important for the detection of low
energy protons. The signals from each sensor channel are processed independently.
The amplitude of signals exceeding a certain threshold are digitized by means of
a single bit analog digital converter circuit element for each channel independently.
Finally, the digital signals are counted separately for the time duration determined by
the user by means of an FPGA processor. Counting of digital signals is carried out by
a system designed in FPGA processor which is operated with 100 MHz clock signal.
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The Multi Channel Counting System consists of five sub-units. The most important
of these is the Pulse Counter Module that reads each sensor (photodiode) channel
independently and performs the counting process. This main unit, which has nine
different counter units underneath, acts as a kind of interface and performs the
task of receiving and distributing control information to the sub-units from a single
source. Furthermore, the process of collecting data from individual pulse counters and
transferring them to another relevant unit when the counting process is completed is
also managed here.

An edge detector has been located at the entrance of each counter unit. Such detector
samples the signal line for each clock cycle and compares the value to that of the
previous reading. This eliminates the false signals. In doing so, it takes advantage
of the fact that the actual signals are of different voltage values over the next two
clock cycles. As soon as the edge detector detects this difference, it detects an edge
and determines the actual signal. Faulty signals (for instance large noise spikes) are
often of very short duration or, in other words, high frequency. In the tests performed
with the signal generator, it was clearly observed that the count value obtained was
consistent with the frequency value of a signal similar to the detector output supplied
to the system. The counters are designed with a 24-bit (16x10°%) counting capacity.
24-bit resolution was found to be sufficient for the tests performed.

The entire system performs counting operations under the control of another module,
the timer unit or Stop Watch Module, that controls the measurement time. The counting
process continues for the specified time in this module and it is terminated with a signal
coming out when the time expires. Then, the counting data obtained from each counter
sub-unit is sent to the data editing module. It will be held there until it is transferred to
the next module, Raspberry Pi.

The Data Organizer Module is a RAM block defined within the FPGA processor. This
module manages the process of sending 24-bit count data from independent counters
to the analysis medium, respectively. In this application, a standard communication
protocol serial link is used. Since the maximum data size that can be transmitted on
this line is limited to 8-bits, nine 24-bit count data must be divided into 8-bit parts
and sent to Raspberry Pi. Then, the data is transferred to the UART Module which
manages the communication process in 8-bit segments and finally the transmission is
performed.

The UART Module, which manages the communication between Raspberry Pi and
FPGA, is designed to operate at a speed of 115200 bits/s. This speed is also the
maximum transmission speed achievable with the UART line, independent of FPGA.
The UART Module not only allows data to be transmitted to the Raspberry Pi but also
it passes the receiving command information from the Raspberry Pi to the FPGA. The
received information is then transferred to the Device Control Module, the relevant
commands are processed and executed.

Three types of commands are defined in the current version of the system. Each
command is mapped to an ascii character, to be able to provide an 8-bit communication
method. Accordingly, the "0/000001" byte corresponding to the "A" character is
the defined command related to the start of the measurement, the "0/000010" byte
corresponding to the "B" character stops the measurement and the "01000011" byte
corresponding to the "C" character is the defined command for the system reset.
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The process of sending above mentioned commands to FPGA or converting
measurement data from FPGA into meaningful information is carried out entirely in
Raspberry Pi. This process is managed by a program with a graphical user interface in
Python. Accordingly, by pressing certain buttons, the relevant commands can be easily
sent to the FPGA and the operation of the system can be controlled with a GUI.

On the Raspberry Pi side, during the acquisition and editing of the measurement results
from the FPGA, the program stays in listening mode on the communication link. In
the data exchange process, the two sides of the communication link are relatively
synchronized with a particular byte defined. Accordingly, the program checks whether
the first byte received is the starting byte defined in the program. This header byte,
defined as 127 in decimal and "0/111111" in binary, is the precursor to the next 27
byte count data. After having this first byte, the program performs a total of 9 block
data retrieval processes by taking the following bytes in triple blocks. Although there
is a possible 28" byte for any reason, this process is limited to 27 bytes. A new data
acceptance is only possible with the return of the original header byte.

After the data acquisition process is completed, the count values obtained from each
sensor channel are shown on the graphical user interface screen, indicating the name of
the respective channel. Each data shown here is simultaneously recorded to individual
text files for each channel.

The FPGA-based measurement system successfully performs the task of creating a
compact device. However, in order to obtain more detailed tests of the detector,
some spectroscopic measurements are performed to obtain the energy spectra. For this
purpose, instead of the existing shaping amplifiers, signal from the output of a charge
sensitive preamplifier for a single channel was connected to the Canberra Model 2020
NIM spectroscopy amplifier. The amplification gain and the shaping time constant are
easily adjustable with model 2020.

The first spectroscopic measurements was based on the detection of alpha rays emitted
by 2*6Ra source. Since the height of the signal to be generated by the protons formed in
the Silicon material was unknown, the measurements with the alpha source of known
energy were thought to be useful for correctly adjusting the gain of the amplifier.
Therefore, alpha spectrum of 22°Ra source was taken.

Different hydrogen-rich materials were used as the converter material in the neutron
measurements after the alpha source tests. High density polyethylene (HDPE),
paraffin, plexiglass, FR4 and Silicon were used in the measurements performed
simultaneously with the FPGA counting and the commercial spectroscopic system.
It was seen that the measurement results of both systems yielded concordant results
above a certain threshold.

From the Am-Be neutron source >*! Am, it was possible to observe the 59 keV gamma
ray emitted as well as the alpha particle. It was determined that an amplification gain of
10, higher than that used in neutron measurements ,should be used in the measurements
using 241 Am, 2Ry, 2074, 137Cs and %9Co sources. Due to the low signal amplitudes
of gamma rays, it was observed that there was no significant contribution to the neutron
based counts.
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NOTRON DETEKSIYONU ICIN FPGA KONTROLLU
SILIKON PIN FOTODIYOT DETEKTOR DiZiSi
TASARIM VE GELISTIRILMESI

OZET

Silicon PIN fotodiyotlar uzun yillardir iyonize radyasyonun deteksiyonu icin
kullanilmaktadir ve ozellikle son yillarda cevresel radyasyon oOlctimlerinden, X-1s1n1
goriintiilemeye kadar pek ¢ok farkli uygulamada kullanilmis ve kullanilmaya devam
etmektedir. Bu detektorler ayn1 zamanda hizlandiricr tesislerinde 1s1n demeti kaybi ve
giivenlik amach olarak da kullanilabilmektedir.

Silikon PIN fotodiyotlar, 6zel bir doniistiirlicii malzeme ile birlikte kullandiklarinda
nétron deteksiyonu icin de uygundur. '°B ve ®LiF, termal notron deteksiyonunda en sik
kullanilan nétron-yiiklii parcacik doniistiiriicii malzemelerdir. Bu malzemeler termal
notronun absorbe edilmesinin ardindan alfa ve triton 1s1malar1 yaparlar. Bu pargaciklar
ise Silikon PIN fotodiyotlarda kolayca detekte edilebilirler. Hizli notronlarin soz
konusu oldugu durumda ise, polietilen yiiksek hidrojen igerigi dolayisiyla en sik
kullanilan doniistiiriicti malzemedir. Hizli notronlar, polietilen igerisindeki hidrojenin
tek protonunu, elastik carpigsma ile, polietilen molekiiliinden sokiip disar1 atabilirler.
Serbest hale gecen bu protonlar, daha sonra detektore ulastiklarinda, Silikon igerisinde
biraktiklar1 enerji dolayisiyla deteksiyonlar1 ger¢eklesmis olur.

Literatiirdeki calismalara bakildiginda, farkli malzemelerde dahi, ikincil pargacik
iretim ve absorbe olma oranlar1 belli bir doniistiiriicii kalinliginin {izerinde genellikle
sabit kalmaktadir. Optimum kalinlik degerinin, birka¢ yliz mikron oldugu
goriilmektedir.

Silikon PIN fotodiyot kullanilarak tasarlanan detektor sistemlerinin ¢ogunda, kiigiik
yiizeyli ve tek bir fotodiyot kullamldigr goriilmektedir. Bu detektorlerin sinyal
elektronigi ve kontrol birimleri de ¢ogunlukla ticari ve oldukca pahali cihazlardan
olusmaktadir. Bu tez caligmasinda mevcut notron deteksiyon sistemlerine alternatif,
tiim elektronik ve kontrol birimlerini barindiran bir sistem gelistirilmistir. Diisiik
maliyetli ve dokuz adet First Sensor firmasina ait PS100-CER-PIN2 model penceresiz
Silikon PIN fotodiyot kullanilarak gelistirilen detektor, cesitli hidrojen zengin
doniistiiriicii malzemelerle test edilmistir.

Geligtirilen yeni notron detektoriinde herbir sensor elemaninin kendine ait, bagimsiz,
bir sinyal okuma elektronigi bulunmaktadir. Bunlar son derece diisiik giiriiltiilii JFET
temelli bir yiik hassas On yiikseltici ve islemsel yliikseltici (Op-Amp) temelli bir
sekillendirici yiikselticiden olugsmaktadir. On yiikseltici, dogrudan sensore bagl olan
ilk yiikseltme katmamidir ve diisiik giiriiltiilii olmasi diistik enerjili protonlarin detekte
edilebilmesi agisindan oldukg¢a 6nemlidir. Her sensor kanalindan elde edilen sinyaller,
bagimsiz olarak islenmektedir ve belli bir esik degerinin iizerine ¢ikan sinyaller, yine
her kanal bagimsiz olmak iizere tek bitlik bir analog dijital ¢evirici devre elemani
yardimiyla dijitalize edilmektedir. Son olarak dijital sinyaller bir FPGA islemcisi
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yardimiyla, kullanici tarafindan belirlenen siireler boyunca, birbirinden bagimsiz
olarak sayilmaktadir.

Dijjital sinyallerin sayim islemleri 100 MHz’ lik saat sinyali ile ¢alistinlan FPGA
islemcisi icerisinde tasarlanmis sistem ile gerceklestirilmektedir. VHDL dilinde
tasarlanan sistem, 10 ns gibi oldukc¢a kisa zaman araliklarinda ve yiiksek dogrulukta
islem yapabilme kapasitesine sahiptir.

Okuma sistemi bes alt birimden olugsmaktadir. Bunlardan en 6nemlisi her sensor
(fotodiyot) kanalini birbirinden bagimsiz okuyan ve sayim islemini gerceklestiren Puls
Sayict Modiil’ diir. Altinda dokuz ayri sayici birim bulunan bu ana modiil, bir ¢esit
arayiiz gorevi gormektedir ve alt birimlere giden kontrol bilgilerinin tek elden alinmas1
ve tiim alt birimlere dagitilmas1 gorevini gerceklestirmektedir. Ayrica sayim iglemi
sona erdiginde verilerin tek elde toplanmasi ve ilgili diger bir modiile aktarilmas siireci
de yine burada kontrol edilmektedir.

En alt katmanda bulunan ve asil saymm islemini gergeklestiren sayici birimler
farkli sebeplerden kaynaklanabilecek hatali sinyalleri saymamak i¢in, 6zel olarak
tasarlanmigtir. Bu amagla her bir sayici birimin giris kismina bir kenar "detektorii"
yerlestirilmistir. Bu tiir bir detektor, her saat vurusu (clock cycle) i¢in sinyal hattindan
ornekleme yapar ve okudugu bu degeri bir dnceki okudugu degerle kargilastirarak,
gercek sinyali hatali sinyallerden ayirir. Bunu yaparken, gercek sinyalleri, takip
eden iki saat periyodunda, birbirinden farkli voltaj degerlerinde olmasi prensibinden
yararlanmaktadir. Kenar detektorii bu farklilig: tespit ettigi anda bir kenar yakalamis
ve gercek sinyali belirlemistir. Ciinkii gercek sinyallerin bir saat vurusundan daha
uzun oldugu bilgisi sensor hattindan elde edilen dijital sinyaller kontrol edilerek
belirlenmistir. Hatal1 sinyaller ise ¢ogunlukla, oldukca kisa siireli veya diger bir tabirle
yiiksek frekansli olmaktadir. Sinyal jeneratoriiyle yapilan kontrollerde, sisteme verilen
detektor cikisina benzer bir sinyalin frekans degeriyle, elde edilen sayim sonucunun
tutarli oldugu acik¢a gozlenmistir. Sayicilar 24-bit (16x10°) sayim kapasiteli olarak
tasarlanmiglardir. Yapilan testlerde 24-bit rezoliisyonun yeterli oldugu gbézlenmistir.

Tiim sistem, diger bir ana modiil olan ve 6l¢iim siiresini kontrol eden zamanlayici
modiilin kontrolii altinda sayim islemlerini gerceklestirmektedir. Bu modiilde
belirtilen siire boyunca sayim islemleri devam etmekte ve siire doldugunda buradan
gelen bir sinyalle, sayim iglemi sonlandirilmaktadir. Ardindan, her bir sayici alt
biriminden elde edilen sayim verisi bir sonraki modiile, Raspberry Pi’ ye aktarilincaya
kadar bekletilecegi, veri diizenleme modiiliine gonderilmektedir.

Veri diizenleme modiilii, FPGA islemcisi icerisinde tanimlanmig bir RAM blogudur.
Bu modiil bagimsiz sayicilardan gelen 24-bit’ lik sayim verilerininin sirasiyla analiz
ortamina gonderilme siirecini yonetmektedir. Bu uygulamada goérece standart bir
iletisim protokolii olan seri hat kullanilmigtir. Bu hat tizerinde iletilebilecek maksimum
veri biyiikliigii 8-bit ile sinirli oldugundan, dokuz adet 24-bit’ lik sayim verisinin
herbiri 8 er bit’ lik pargalara boliinerek Raspberry Pi’ ye gonderilmesi gerekmektedir.
Bu islem de yine veri diizenleme modiilii icerisinde gerceklestirilmektedir. Ardindan,
veriler 8-bit’ lik parcalar halinde iletisim siirecini yoneten UART modiiliine sirasiyla
aktarilarak, iletim iglemi gerceklestirilmektedir.

Raspberry Pi ile FPGA arasindaki iletisimi yoneten UART modiilii, 115200 bit/s’” lik
hizla caligmak iizere tasarlanmigtir. Bu hiz aym1 zamanda UART hattiyla, FPGA’ dan
bagimsiz olarak, ulagilabilecek en yiiksek iletim hizidir.
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UART modiilii sadece verilerin Raspberry Pi’ ye iletilmesini degil ayn1 zamanda
Raspberry Pi’ den gelen komut bilgilerinin FPGA’ ya aktarilmasini da saglamaktadir.
Alinan bilgi daha sonra cihaz kontrol modiiliine aktarilarak, ilgili komutlar iglenmekte
ve yerine getirilmektedir.

Sistemin mevcut halinde {i¢ tip komut tanimlanmustir. Herbir komut bir ascii karakteri
ile eslestirilmis, boylece 8-bit’ lik bir iletisim yontemi saglanmistir. Buna gore
"A" karakterine karsilik gelen "01000001" bayt1 6l¢iim baslatma, "B" karakterine
kargilik gelen "01000010" bayt1 ol¢iimii durdurma ve "C" karakterine karsilik gelen
"01000011" bayt1 da sistemin resetleme islemi ile ilgili tanimlanmig komutlardir.

Bahsedilen komutlarin FPGA’ ya gonderilmesi ya da FPGA’ dan gelen Olciim
verilerinin anlamli bilgilere doniistiiriilmesi siireci, tamamiyla Raspberry Pi lizerinde
gerceklestirilmektedir. Bu siire¢ Python dilinde hazirlanmig grafik arayiizii bulunan bir
programla yonetilmektedir. Buna gore belli butonlara basmak suretiyle, ilgili komutlar
kolaylikla FPGA’ ya gonderilebilmekte ve sistemin isleyisi kontrol edilebilmektedir.

Raspberry Pi tarafinda, FPGA’ dan gelen 6l¢iim sonuglariin alinmasi ve diizenlenmesi
sirasinda, program siirekli iletisim hattin1 dinleme durumunda beklemektedir. Veri
aligverig siirecinde iletisim hattimin iki tarafi, tanimlanan 6zel bir bayt ile goreceli
olarak senkronize edilmistir. Buna gore program, gelen ilk baytin program icerisinde
tamimlanan baglangic bayti olup olmadigini kontrol eder. Ondalik olarak 127,
binary olarak "01111111" seklinde tanimlanan bu haberci bayt, ardindan gelecek
27 baytlik saymm verisinin habercisidir. Program bu ilk bayti gordiikten sonra,
ardindan gelen baytlar1 {icerli bloklar halinde alarak toplam 9 blok veri alim siireci
gerceklestirmektedir. Herhangi bir sebepten 6tiirii olas1 hatal1 bir 28. bayt gelmesine
karsilik, bu siire¢ 27 bayt ile sinirlandirilmigtir. Yeni bir veri kabulu sadece en bastaki
haberci baytin yeniden gelmesiyle miimkiin olmaktadir.

Veri alim siireci bittikten sonra, her bir sensor kanalindan elde edilen sayim degerleri,
grafik arayiiz ekraninda, ilgili kanalin adin1 belirten kisimda sayisal, ikinci bir ekranda
da grafik olarak gosterilmektedir. Burada gosterilen her veri, es zamanli olarak her
kanal i¢in ayr1 olmak {izere bir metin dosyasina kaydedilmektedir.

FPGA temelli ol¢iim sistemi, kompakt bir cihaz olusturma adina gorevini basariyla
yerine getirmektedir. Ancak detektoriin daha detayli testlerinin yapilmasi amaciyla,
enerji spektrumlarinin elde edilmesi i¢in, bazi spektroskopik ol¢iimler yapilmasi
ongoriilmiistir. Bu amacla mevcut sekillendirici yiikseltici yerine, dokuz sensérden
bir tanesi, Model 2020 NIM spektroskopi yiikselticiye baglanmistir.  Yiikseltme
oranlarinin ve sekillendirme zaman sabitlerinin kolayca ayarlanabilmesi ve unipolar
sinyal ¢ikis1t vermesi, bu yiikselticinin tercih edilmesinin nedenidir. Model 2020,
sadece notron deteksiyonu ile ilgili karsilastirma Olctimlerinin degil, ayn1 zamanda
gama ve alfa 1ginlartyla ilgili 6l¢iimler yapilmasina da imkan vermistir.

Spektroskopik olciimlerden ilki >?°Ra kaynagimin yaydig: alfa isinlarimin deteksiy-
onuna yoneliktir. Olusan protonlarin Silikon malzeme icerisinde olusturacaklar:
sinyalin yiiksekligi bilinmediginden, enerjisi bilinen alfa kaynagi ile yapilan
Ol¢iimlerin, yiikselticinin kazancinin ayarlanmasinda faydali olacag: diisiiniilmiistiir.
Bu nedenle >?°Ra kaynaginin alfa spektrumu alinmistir.

Alfa kaynagiyla yapilan testlerin ardindan gerceklestirilen notron oOl¢iimlerinde,
cevirici malzeme olarak farkli hidrojen zengin malzemeler kullanilmistir. Sayim
sistemi ve spektroskopi sistemiyle es zamanli gergeklestirilen Olciimlerde, yiiksek
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yogunluklu polietilen, parafin, plexiglass, FR4 ve Silikon kullamilmigtir. Her iki
sistemin Ol¢iim sonuglarinin belli bir esik voltaj degerin lizerinde uyumlu sonuclar
verdigi goriilmiis, doniistiiriici malzeme kullanilan ve kullanilmayan Ol¢iimlerin
birbirinden ayrildig: belirlenmistir.

Am-Be nétron kaynagmda bulunan 2*'Am’ den, alfa parcaciginin yanmi sira
yayinlanan 59 keV’ lik gama 1sinmin da gozlenmesi miimkiin olmustur. 2*'Am,
12y, 207Bj, 137Cs ve %YCo kaynaklarmi kullanarak yapilan olciimlerde, notron
Olctimlerinde kullanilandan 10 kat daha yiiksek bir yiikseltme katsayis1 kullanilmasi
gerektigi belirlenmigtir. Gama 1sinlarinin diisiik sinyal genlikleri dolayisiyla, nétron
Olctimlerinde giiriiltii seviyesinin altinda kalmalari nedeniyle sayimlara katkilar
bulunmadi81 gozlenmistir.

Bu caligmada tasarimi yapilan ve prototipi iiretilen bu tiir bir detektor reaktorlerde hizli
notronlarin aki tayini i¢in, hizlandirici tesislerinde ya da ndtron terapisi yapan saglik
merkezlerinde giivenlik amagh olarak kullanilabilir.
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1. INTRODUCTION

Radiation detection devices have gained increasing importance especially in terms of
national security in recent years. In particular, radiation detectors have become more
efficient to detect radioactive materials in small quantities. Neutron detectors exist
in various sizes to control border crossings to prevent radioactive material smuggling.
Since in situ detection is often required, detectors providing accurate and instantaneous

measurements are necessary for real-time monitoring.

1.1 Purpose and Scope of the Thesis

In this thesis study, we aimed to develop a new neutron detection system based on
Silicon PIN photodiodes. In this manner, we first concentrated on the interaction
mechanism of neutrons with matter. It is fact that the neutrons are uncharged particles,
using bare Silicon as an active detector element is not useful. Thus, neutron to a
charged particle converter materials were used to detect neutrons indirectly. Silicon
PIN photodiodes were used as an active detector element because of their operational
advantages, low cost and availability. Hence, we ensured to convert the neutrons to
charged particles and detect these charged particles with Silicon PIN structure. At the
end, a prototype neutron detection system was introduced. The complete electronic
setup including a custom made charge sensitive preamplifier, shaping amplifier and

control logic have been developed in this thesis.

1.2 Radiation Basics and Neutron Radiation

Radiation is any process that transmits energy through space or a material away from
a source. In nuclear manner radiation consists of different types which includes
electromagnetic radiation and particle radiation [21]. We can summarize the ones that

we deal in this thesis work as follows;

e Alpha (o) Radiation



e Beta (f3) Radiation
e Gamma () and X Radiation

e Neutron Radiation

1.2.1 Alpha radiation

Alpha particle is the heaviest of all particle radiation types. It is mainly a Helium
atom nucleus (‘2‘H e). Positive electric charge of alpha particle, makes it to interact with
surrounding materials more than the above mentioned other radiation types. Thus,
the mean free path of an alpha particle is much smaller than others. Additionally,
inhaling or swallowing an alpha radiation source may result in serious health issues
for sensitive human tissues like lungs. Radium, Radon, Uranium, Thorium are some

of alpha emitter nuclides [21].

1.2.2 Beta radiation

Beta particle is also a charged particle radiation which consists of an ejected electron
or a positron. This type of radiation has a longer range in the air compared to alpha
radiation and more penetrating than alpha particles because of smaller charge and mass

which cause less interaction with surrounding materials [21].

1.2.3 Gamma and X radiation

Gamma or X-Rays are highly penetrating electromagnetic radiations. These type
of radiations can travel very long distances in air and also in materials. Thus,
dense materials are necessary for shielding against gamma and X-rays. Additionally,
gamma and X-rays usually accompany the emission of alpha and beta radiation during

radioactive decay [21].

1.2.4 Neutron radiation

"

Neutrons are subatomic particles, shown with symbol " n " , and do not carry any
electric charge. Neutrons constitute the nuclei of atoms together with protons within
the nucleus. Each particle has approximately one atomic mass unit and they are both

referred to as nucleons [21,22].



In a similar way of electromagnetic radiation, neutrons are also classified depending
on their energy ranges. The purpose of classification is to distinguish how neutrons
interact with materials used for applications utilizing fission, such as nuclear power,
weapons development, and isotope production. They are relevant for the discussion of
biological effects from neutrons, as well, because how neutrons interact in the body
depends on their energies. The main types of neutrons are thermal, epithermal, slow,

fast and ultra fast neutrons.

Thermal neutrons are in equilibrium with the motion of the atoms that make up the
medium in which they present. The most probable energy of thermal neutrons at 20°

Cis0.025 eV.

Epithermal neutrons have energies between thermal ( .025 eV) and 1 eV. They

represent the transition region between thermal and slow neutrons.
Slow neutrons have energies between 1 eV to 1 keV.

Intermediate neutrons, as it is indicated in the name, have energies between slow and

fast neutrons which is roughly 1 keV and 0.5 MeV.

Fast neutrons usually indicated with energies between 0.5 and 20 MeV. These are the

energies of neutrons emitted by fission sources.

Ultra fast neutrons have energies above 20 MeV.

1.3 Neutron Radiation Sources

Neutron emitting radioactive sources are strictly limited. Neutron stars and the
artificially made 232Cf are the only ones. Moreover, neutron generators are available

and they are widely used for many different applications.

1.3.1 Californium ( 22Cf)

The only available, single element, neutron source is Californium and it is not exactly
a natural radioisotope element. It was first produced by the bombardment of Curium
with alpha particles in February 1950, at the University of California, Berkeley [23].
Among the known twenty isotopes, Californium-252 is the most commonly used

neutron source, with a half-life of 2.64 years. One of the example use of Californium



is to initiate nuclear reactors. It is also used for conducting research in the field of

material science.

1.3.2 Radioisotope (&, n) sources

There are many artificial radioisotope neutron sources as shown in table 1.1 [1]. The
main reaction, as shown in equation 1.1, states that an alpha radiation emission is
followed by the absorption in Beryllium nucleus. The resulting Carbon atom is left in
an excited state. Thus, a 4.44 MeV gamma photon is emitted to return the carbon atom

back to a stable ground state.

o 4+ °Be — *C = ’C 4+ n+ y (44MeV) (1.1)

A J.L. Shepherd Model 179 Americium-Beryllium (**! Am-Be) neutron source (Figure
1.1) was used for our neutron based measurements. This Am-Be neutron source has
3 Ci activity. It is positioned in a large container with 1.2 m height and 1 m diameter.

The shielding material is the combination of paraffin, lead and stainless steel.

Figure 1.1 : Photograph of 3 Ci Am-Be neutron source from J.L.. Shepherd and
Associates.



Table 1.1 : List of (a,n) radioisotope neutron generators [1].

Yield Yield Yield Average
Nuclide | Half-Life Ea per 10° alpha’s (n.s~1.Ci) | (n.s~ 1. g_l) Neutron
(MeV) (n.sh Energy (MeV)

238py 89y 5.50 - 2.8x10° | 4.5x10° 4.00
23%9Pu | 24360y 5.14 65 1.6x10° | 1.2x10° 4.59
210pg 138d 5.30 73 2.5x10% | 1.1x10° 4.54
241 Am 458 y 5.48 82 2.2x10% | 6.5x10° 4.46
244Cm 18.1y 5.79 100 3.0x10° | 2.5x10° 431
242Cm 163d 6.10 118 4.0x10° ~10% 4.16
226Ra 1620y | 7.69 to 4.77 502 1.1x10% | 1.5x10° 3.94
2T Ac 22y |7.36t0 5.65 702 1.5x10° | 1.7x10° 3.87

1.3.3 Photoneutron sources

Unlike radioisotope neutron sources that emits at different energies, photo-neutron
sources (or gamma neutron) result a mono energetic neutron emission just like the
gamma sources [2]. Radioisotope gamma sources produce gamma rays mostly below
3 MeV. It is necessary to consider only the (¥, n) reactions in Beryllium (1.665 MeV
threshold) and Deuterium (2.225 MeV threshold). The equation 1.2 shows the reaction

in order to generate neutrons using high energy gamma rays from Beryllium atom.

Be + v — B8Be +n (1.2)

Only a few gamma ray sources, emitting above these threshold levels, exist with
acceptable long half-lives. '>#Sb (60 day half life), 88Y (107 day half-life) and *?°Ra
(1600 year half-life) are the available sources in equilibrium with their daughters. The
gamma rays emitted from these two sources are capable of producing neutrons only
from Beryllium. The Radium source will generate photoneutrons from Deuterium as

well. The characteristics of these two sources are given in table 1.2 [2].



Table 1.2 : Specifications of common photoneutron sources [2]

yray | Target Average Neutron
Y emitter | Half-Life | Energies Neutron Yield
(MeV) Energy (keV) ns 'Ci™!
1248b 60 d 1.691 26 ~ 5x10°
2.091 Be
8y 107d | 1.836 200 3x10°

1.3.4 Reactions with accelerated charged particles

In contrast to the natural or radioisotope based neutron generators, electronically
controlled neutron sources have been developed with advancing accelerator
technology. Such systems can be controlled with a computer user interface just like an

X-ray source.

The operation principle of accelerator-type neutron sources are based on two main

reactions in which isotopes of the hydrogen atom are used [24].

The latter is mainly due to Deuterium-Deuterium (D-D) reaction as shown in equation
1.3. The Deuterium atoms accelerated in a relatively strong electric field (several 100

kV) hit Deuterium target and produce free neutrons.

‘H +3H — 3H + {n (1.3)

The second type of accelerator-based neutron generators work according to the
Deuterium-Tritium reaction as shown in equation 1.4. Here again, the Deuterium
atoms are accelerated in the same way as before, but this time the target material is

Tritium [24].

H + JH — 3He + |n (1.4)

Although the given examples to accelerator based neutron sources have common
features like easy control and compact sizes (Figure 1.2), there are larger accelerator

facilities which can provide high flux of spallation neutrons.



Figure 1.2 : The Photograph of Thermofisher MP320 Neutron Generator [3].

1.4 Interaction Mechanisms of Neutrons with Matter

Neutron interact via two main reaction mechanisms: scattering and absorption. Both
types of interactions can occur at any energy, but in general scattering reactions
dominate once the neutron energy is above a few hundred keV. Absorption can become
significant especially at thermal and slow neutron energies. Thus they can be defined
as follows [21,25,26],
e Scattering reactions
e Elastic scattering
e Inelastic scattering
e Absorption reactions
e Capture reactions

e Fission reactions

e Charged particle ejection reactions

1.4.1 Scattering reactions

In a scattering interaction, the neutron remains free after the interaction, but loses
energy by transferring some energy to the nucleus it strikes. There are two types of

scattering reactions: elastic and inelastic scattering.



1.4.1.1 Elastic scattering

In an elastic scattering interaction, the neutron shares its initial kinetic energy with the
target nucleus, which emits recoil particle and keeps its initial state after the interaction

[25,26]. The interaction can be given as follows,

n+ 494X = n 44X (1.5)

The elastic scattering conserves both momentum and kinetic energy of the “system”.
It may be modeled as a billiard ball collision between a neutron and a nucleus. Figure

1.3 shows the schematic view of the elastic scattering of neutrons.

Recoiling
Nucleus
Incomin
O Neutron, E, @NUCIEUS
Neutron E’

Figure 1.3 : Elastic scattering of neutrons as a schematic view.

1.4.1.2 Inelastic scattering

Inelastic scattering of neutrons is schematically shown in figure 1.4. Some energy of
the incident neutron is absorbed by the recoil nucleus and the nucleus remains in an
excited state in an inelastic scattering reaction between a neutron and a target nucleus
[25,26]. While momentum is conserved in an inelastic collision, kinetic energy of the
“system” is not conserved.

y-ray

(\56\5\(
% Nucleus
esten \

Emitted
Neutron

Figure 1.4 : Inelastic scattering of neutrons as a schematic view.

Inelastically scattered neutrons lose large fractions of their initial energy. The
secondary radiation is produced as the target nucleus returns to its ground state.

Inelastic scattering can be formulated as,



n+4x = W +49X = A +4X 4y (1.6)

1.4.2 Absorption reaction

The most important type of reaction that take place in a nuclear reactor is the
neutron absorption reaction which means that the neutron is completely absorbed
and a compound nucleus is formed. The decay mode of such a compound nucleus
is completely irrelevant to the way the compound nucleus was formed. Thus, different
types of radiation emissions and decay may occur when a neutron interact with a
nucleus. Capture reaction and fission reactions are the most common absorption

reactions as well as charged particle ejection reactions.

1.4.2.1 Capture reaction

The neutron capture is one of the possible reactions that may occur. The schematic of
the reaction is shown in figure 1.5. In fact, it is the only possible absorption reaction

for non-fissionable nuclei.

Slow
Neutron * @

Figure 1.5 : Neutron capture reaction as a schematic view.

r-ray

> @ Nucleus

Capture reactions result in the disappearance of a neutron, coupled with the production
of one or more gamma rays as shown in equation 1.7. This capture reaction is also

referred as a radioactive capture or (n, y) reaction [25,26].

n+ 49X = 57X 4+ (1.7)

1.4.2.2 Fission reaction

Some of the atomic nuclei present in nature are more susceptible to the fragmentation
and split into smaller nuclei when exposed to neutron as shown in figure 1.6. In this
event, which is known as the nuclear fission, two product nuclei as well as one or more
neutrons are produced on average as shown in equation 1.8. Th, U, Np and Pu are the

most common nuclei where the fission phenomenon is observed [25,26]. In addition,
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nuclear fission reaction can occur in all neutron energies depending on the target nuclei

which has a property of fission.

o+ Ax 0 o éﬁY + 4K + 3{n (1.8)

s

Figure 1.6 : Fission reaction as a schematic view.

1.4.2.3 Charged particle ejection reaction

These type of reactions are mostly related to formation of a new compound nucleus
which ejects a charged particle while the incident neutron is kept inside the nucleus.
Upon ejection of the new particle, the remaining nucleus is completely changed and it
may not stay in an excited state. This is not a very common reaction type but it has an

importance for the detection of neutrons.

The detection of all types of radiations is usually based on the ionization in an active
sensor material. Following section provide basic information about the detection of

radiation.

1.5 Radiation Detection Basics
When we deal with the radiation detection instrumentation, there are three types of
detectors that are most commonly used depending on the specific needs [26,27]. These
are:

e Gas-Filled Detectors

e Scintillator Detectors

e Solid State Detectors
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1.5.1 Gas filled detectors

The first type of radiation detector, gas-filled detectors which is schematically shown
in figure 1.7, are the most commonly used radiation detectors. There are several types
of gas-filled detectors and they are all based on similar principles. However, they have
many differences depending on operation characteristics. Basically when the gas in
the detector comes in contact with radiation, the gas becomes ionized and the resulting

electronic charge is measured by a meter [26,27].

Ionization chambers, proportional counters, and Geiger-Mueller (G-M) tubes are the
different types of gas-filled detectors. The main difference between these detectors is
the applied voltage across the detector, which determines the type of response. Internal

view of a usual gas filled detector is shown in figure 1.7.

Voltage Source

Incident lonizing Radiation |

Electrical
Current

Anode + Measuring
Device

/ | Cathode -

Air or Other Gas

Figure 1.7 : A schematic view of a gas filled radiation detector [4].

1.5.2 Scintillator detectors

The second major type of detectors used for radiation detection is scintillation
detectors. Each photon of radiation that interacts with the scintillator material (Figure
1.8) will result in a distinct flash of light. By that way, in addition to having high
sensitivity, scintillation detectors are able to capture spectroscopic profiles for the

measured radioactive materials [26,27].

As shown in figure 1.9 scintillation detectors are operated with the connection
of a scintillator material and a photomultiplier (PM) tube. The PM tube uses a
photocathode material to convert each detected light into electrons and then amplifies
the signal significantly in order to generate a voltage pulse with an acceptable

amplitude. The number of these detected photons that are measured over time indicate
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the strength of the radioactive source being measured. However, the data for specific
energy of the radiation together with the number of photons gives information on the

type of radioactive material present.

Figure 1.8 : Plastic Scintillators in different shapes [5].

Scintillation detectors are particularly useful for radiation security applications due to
their high sensitivity and potential ability to identify radioactive sources (resolution).
Hand-held devices used for screening the containers and the monitors used for
inspecting larger fields or populations are able to inspect natural or medical sources
of radiation. Detecting of special Nuclear Materials (SNM) can also be counted as one

of the applications of scintillator detectors.

Radiation

Measuring
Device

Photocathode

Optical Window

Figure 1.9 : Scintilator detector setup overall view - scintillator material
(Sodium-Iodide Crystal) mounted on a photomultipler tube [6].

1.5.3 Solid state detectors

Solid state detectors are another widely used technology in radiation detection
instruments. A semiconductor material such as Silicon operates much like an ion
chamber, simply at a much smaller scale and at a much lower voltage. Semiconductors

are the materials that have a high resistance to electronic current, but not as high

12



resistance as an insulator. They are made up of lattice of atoms that contain “charge

carriers” which are either electrons or electron “holes,” (Figure 1.10) [26,27].

Silicon solid state detectors are composed of two layers of Silicon semiconductor
material, one “N-type” containing a greater number of electrons and one “P-type”
having a greater number of holes. Electrons from the N-type migrate across the
junction between the two layers to fill the holes in the P-type, creating what’ s called a

depletion zone.

3
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Figure 1.10 : Semiconductor band structure showing the valance and conduction
bands and also the gap between these two bands [7].

This depletion zone acts like the detection area of an ion chamber. Radiation
interacting with the atoms inside the depletion zone causes them to ionize and generate
an electronic pulse which can be measured. The small scale of the detector and the
depletion zone itself means that the ion pairs can be collected quickly by means the
bias voltage applied to the semiconductor. The instrumentation utilizing this type of
detector can have a particularly quick response time. With their small size, this type of
solid state detectors are very useful for electronic dosimeter applications. They are also
able to withstand a much higher radiation dose over their lifetime compared to other
detector types such as G-M tubes. Thus, they are useful for instruments operating in

the fields with high radiation levels.

1.5.3.1 Silicon PIN photodiodes

A photodiode has a very similar structure as usual PN junction diodes which uses
voltage as the energy source for generating electric current whereas PIN (P-Intrinsic-N)
photodiodes use voltage and light together for generating electric current. Thus,

photodiodes are also referred as photo-detector, photo-sensor or light detector.
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However, researchers have started using the photodiodes for non-photon (&, ) or

high energetic photon, like 7y radiation, detection purposes for a few decades.
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Figure 1.11 : Internal structure of a Silicon PIN photodiode (left) and the schematic
representation of a Silicon PIN photodiode (right) [8].

Layers of PIN photodiode:

A PIN photodiode consists of three layers namely P-type, N-type and intrinsic
semiconductors.The intrinsic semiconductor is located between the P and N type

semiconductors to increase the current.

P-type semiconductor: In P-type semiconductors, the number of free electrons in the
conduction band is lesser than the number of holes in the valence band. Therefore,
holes are the majority charge carriers and free electrons are the minority charge

carriers. In P-type semiconductors, holes carry most of the electric current.

N-type semiconductor: In N-type semiconductors, the number of free electrons in the
conduction band is greater than the number of holes in the valence band. Therefore,
free electrons are the majority charge carriers and holes are the minority charge

carriers. In N-type semiconductors, free electrons carry most of the electric current.

Intrinsic semiconductor: In intrinsic semiconductor, the number of free electrons in
the conduction band is equal to the number of holes in the valence band. Therefore,

intrinsic semiconductor has zero net charge carriers to conduct electric current.
PIN photodiode operation:

Under reverse bias condition as shown in figure 1.12, the majority charge carriers in

N region moves away from the junction. As a result, the width of depletion region
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becomes wider. Therefore, majority carriers will not carry electric current under
reverse bias condition However, the minority carriers will carry electric current because

they experience repulsive force from the external electric field.
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Figure 1.12 : Silicon PIN phtodiode reverse bias connection.

When radiation is in the PIN photodiode, some part of its energy is absorbed in the
intrinsic or depletion region because of wider depletion width. As a result, a large
number of electron-hole pairs are generated. Free electrons move towards n-side in
contrast to the holes that move towards p-side (Figure 1.12). When free electrons and
holes reach n region and p regions respectively, they are attracted to the positive and

negative terminals of the power source.

The capacitance is directly proportional to the size of the electrodes and inversely
proportional to the distance between electrodes. In PIN photodiode, the p region and
n region acts as electrodes and intrinsic region acts as dielectric. The larger separation
distance between p region and n region results in low terminal capacitance in a PIN

photodiode.

1.5.3.2 Photodiodes operation modes

A photodiode can be operated in one of the two modes, photovoltaic mode or
photoconductive mode as shown in figure (1.13). Operation mode selection of the
photodiode depends upon the speed requirements of the application and the amount of

dark current that is tolerable [28].
Photovoltaic mode:

In the photovoltaic mode, the photodiode is unbiased which means no external voltage

is applied to the photodiode which results very low dark current. However, photodiodes
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operated in photovoltaic mode have low response speed. Thus this mode is generally

used for low speed applications or for detecting low DC light levels.
Photoconductive mode:

In photoconductive mode, an external reverse bias voltage is applied to the photodiode.
The reverse bias application increases the width of depletion region and reduces the
junction capacitance which results in increased response speed. The reverse bias
also increases the dark current. Photodiodes operated in photoconductive mode has
high noise current. This is due to the reverse saturation current flowing through the

photodiode.

Photovoltaic Mode Photoconductive Mode

Re

L7 Vout
2 A’ OP-AMP>——o
+
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Figure 1.13 : Schematics of Photovoltaic and Photoconductive operation modes of
Silicon PIN photodiodes [9].

1.5.4 Neutron detection using Si PIN photodiode based neutron detectors

One of the most important parameters of neutron detection is the converter material
when Silicon PIN photodiodes are used as an active element. Although the secondary
particle generation efficiency of these converter materials are low, there are available
studies in literature for improving the production efficiency. Most of the available
studies are based on crystal coupled photon detectors [10, 11,29-32] and °Li or 1°B
based alpha particle detection are also available [12, 13,33-35]. Other examples are
based on proton detection where hydrogen-rich materials such as polyethylene and

paraffin are used [13, 14,36].

1.5.5 Crystal as a neutron to photon converter

Detectors with scintillating crystals are mostly used for detection of thermal neutrons.
This type of designs are based on the reaction between neutrons and scintillating
material which results in high energy (mostly in MeV range) gamma emission

[10,11,29]. An example study shown in figure 1.14 uses a Lil(Eu) crystal with double
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detectors mount on opposite sides of the crystal. Their purpose was to remove the
noise by using the coincidence of two signals and the results seem to be acceptable to

identify the peak (Figure 1.14) induced by the thermal neutrons.
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Figure 1.14 : The spectrum of 232Cf neutron source [10].

In another study shown in figure 1.15, the researchers used CsI(T1) crystal to identify
the nitrogen by detecting characteristic gamma photons emitted after the activation by
thermal neutrons [11]. This way, they aimed to detect possible explosive materials.

The author claims that the method is adequate for this purpose.
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Figure 1.15 : Gamma spectrum obtained by irradiation of 800 g Melamine sample:
The spectrum displayed on a logarithmic scale (upper); Region of
interest around 11 MeV(lower) [11].

17



1.5.6 °LiF as a neutron to triton (‘H) converter

Although most of the studies for thermal neutron detection are based on the
scintillation process, there are some other studies like the ones using a converter
material. An example of these was published in 2003 [12]. In this study, researchers
used ®LiF as converter material, resulting the emission of triton (*H) and alpha particles

after the absorption of neutrons (Figure 1.16).

1.5.7 Polyethylene as a neutron to proton converter

Another popular method for detecting fast neutrons is the use of polyethylene (PE)
layers as converter material. The high Hydrogen content of polyethylene (CoH4)n
makes this possible since the Q value (energy transferred to the nucleus) of the reaction
increases with the increasing neutron energy and decreasing atomic number of the
target material or nuclei. This reaction results in liberated recoil protons (Hydrogen
nuclei) which are later to be detected by the photodiodes [13, 14,36]. This method is
suitable for the detection of fast neutron since it needs to break the nuclear bonds. The

spectra shown in figure 1.17 was obtained with 232Cf source.
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Figure 1.16 : The energy distribution of charged particles obtained with a) 300 pum,
b) 2 um and c) 0.6 um SLiF-coated photodiodes; irradiated with
neutrons below 10 MeV [12].
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Although it is not as clear as in other applications, the results given in figure 1.16
shows that the neutrons from 22Cf have been detected with PE layers (Figure 1.17).
In addition to this, a much clear spectra has been recorded by another research group

where the experiment was performed with an Am-Be neutron source (Figure 1.18).
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Figure 1.17 : The energy spectrum obtained using >>>Cf source and polyethylene
converter a) 45um polyethylene coating, b) No converter, c)
Background [13].
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Figure 1.18 : Am-Be spectra of the Si-PIN photodiode with different polyethylene
thicknesses and without the polyethylene converter [14].
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2. DESIGN OF INSTRUMENTATION FOR NEUTRON DETECTION

In order to develop a complete radiation detection device, we followed common signal
readout chain which is shown as a block diagram in figure 2.1. The signal readout chain
consist of a sensitive sensor element which is connected to a bias voltage for charge
collection from the sensor and then to a charge sensitive preamplifier (CSP) for first
amplification. The signal shape of the output of CSP is in an exponential decay form
with a relatively small amplitude. It is usually not capable of providing an information
about the measured radiation. Thus, a second amplification is necessary. After this

stage, the signal readout chain is divided into two separate links as shown in figure 2.1.

CANBERRA
SPECTROSCOPY AMPTEK

AMPLIFIER MCAS8000A

MODEL2020

BIAS

N-P CONVERTER
SILICON PIN
PHOTODIODE

XILINX
e COMPARATOR f= SPARTAN 3AN
FPGA BOARD

CHARGE SENSITIVE SHAPING
PREAMPLIFIER AMPLIFIER

I ——

Figure 2.1 : Block diagram of the signal electronics.

NEUTRON

N+

First link is designed for the counting measurements and for the purpose of designing a
complete device. Thus, following the charge sensitive preamplifier, a shaping amplifier
or main amplifier stage is promoted. This circuit gives the final shape of the signal,
could be chosen as a bipolar or uni-polar shape, with higher amplitude. After the
shaping amplifier, the analog signal processing is finalized and a single bit digitizer
performs the analog-digital conversion. At the end, an FPGA (Field Programmable
Gate Array) controls the counting operation and transfer the results to the further

analyzing environment which is a Raspberry PI for this system.

The second signal readout link shown in dashed lines in figure 2.1 is for spectroscopic
measurements and it includes commercial standalone devices; a NIM (Nuclear

Instrumentation Module) spectroscopy amplifier and a multi channel analyzer (MCA).
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For the counting measurements, we used 9 individual Silicon PIN photodiodes for
building a larger detection area. Also we connected 9 separate charge sensitive
preamplifiers and shaping amplifiers including independent single bit digitizer
integrated circuits for each photodiode. Therefore, the counter unit has 9 separate
counter channels for each link. Additionally, the number of photodiodes can be

increased depending on different applications in the future.

Using complete 9 individual channels has various advantages and disadvantages. There
are applications connecting many photodiodes in parallel for increasing the active
surface area; however, this results in an increased total capacitance of sensors which
slows down the signal response [37]. This will cause loosing some signals. Conversely,
using separate readout circuitry provides better signal processing. Also, in case of
any damage on a particular channel, the user must be aware of that. Furthermore,
each detector segment can be used for independent purposes if they are individually
covered by different converter materials. Not to mention, this kind of segmented
structure provides position information. This costs only little more complex circuit

board structure.

In case of spectroscopic measurements, we used only one of the sensor channels by
connecting one of the CSP output to the Canberra spectroscopy amplifier. This is
followed by recording the spectra for different radiation sources and configurations on

Amptek MCA.

As an extra element for the purpose of neutron detection, we used neutron to proton
converter materials which are located just in front of the Silicon PIN photodiode active

window.

2.1 Sensor Module

A relatively large detection area has been planned for increasing the detection
efficiency. This is advantageous when the neutrons are coming from a large solid angle
after scattering off the target. Thus, larger the detection area is better the detection
efficiency. Depending on this, a sub-module of complete device named Sensor Module
was designed by combining 9 individual Silicon PIN photodiodes in a matrix array

form and including corresponding individual CSP for each photodiode.
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Figure 2.2 : The Sensor Module main board printed circuit board design. Bottom
view on the left and top view on the right was prepared using CadSoft
Eagle [15] electronic design software.
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Figure 2.3 : (a) Sensor Module main board with connected CSPs. (b) Sensor Module
frame board for carrying the signal paths in a suitable form. (c) Rear
view of the Sensor Module final form. (d) Front view of the Sensor
Module final form.

Main board of the Sensor Module has been designed on CadSoft Eagle [15] electronic
design software as shown in figure 2.2 as a two layer PCB. The final version of the
Sensor Module is shown in figure 2.3. Upper left picture shows the main board with
connected CSPs. The frame in the upper right shows a sub-circuit which organizes the

signal paths in a suitable form for transferring the them to the next stage. Rear view of
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the Sensor Module final form is shown in the lower left picture and lower right is the

front view of the Sensor Module with connected 9 Silicon PIN photodiodes.

2.1.1 Silicon PIN photodiode

For neutron detection we used a relatively large area, 1 cm?, Silicon PIN photodiode
produced by First Sensor (Pacific Sensor) with model number PS100-7-CER-PIN-2
[16]. This windowless type photodiode is a good fit for our neutron detection purpose
since we aimed to detect protons, converted from neutrons using a proton reach

material.

PM[IHT]’III‘I]IIII‘H

0 1 2

Figure 2.4 : First Sensor PS100-CER-PIN-2 photodiode [16].

2.1.2 Bias potential

As stated before in chapter 1, to be able to collect the generated free electrons inside the
radiation sensor, we need to generate an electric field which will carry these electrons

to the amplifier input.

For our case as shown in figure 2.5, we applied reverse bias to the photodiode. This
reverse bias will extend the Intrinsic region which will increase the detection volume in
the photodiode and reduces the terminal capacitance thereby increasing the bandwidth.
Applied positive potential is set to +6V because of its availability in our power supply.
A detailed study for inspecting the effect of bias voltage on the detection efficiency
was performed previously [38]. +50V the maximum value recommended by the

manufacturer [16].
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Figure 2.5 : Bias circuit schematics of the Silicon PIN photodiode signal readout.

2.1.3 Charge sensitive preamplifier - CSP

The first element on the signal path is a preamplifier. The preamplifier collects the
charge produced within the sensor. In contrast with its name, a preamplifier is not
exactly an amplifier but behaves like an interface between radiation sensor and pulse
processing electronics. Signal extraction from the detector is the main function of
a preamplifier without significantly changing the signal-to-noise ratio. Thus, the
preamplifier must be located as close as possible to the sensor for eliminating the

external noise may distort the signal.

Mﬂqﬂﬂllll?
0 1 2
Figure 2.6 : Charge sensitive preamplifier circuit board.

For this project, we used the same charge sensitive preamplifier that we used for one
of our previous group projects in order to develop an X-Ray imaging device [39] for
industrial purpose. Here, low noise amplifiers were needed. The neutron detectors also

need low noise amplifiers to detect the charged particles generated by the neutrons.
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Figure 2.6 shows the photograph of the charge sensitive preamplifier used in this

project.

2.2 Main Amplifier and Digitizer Module

Signal follows path through the photodiode, the charge sensitive preamplifier, the
shaping amplifier and the discriminator, respectively. Since nine independent channels
take place in the design, the main amplifier is built for combining the nine shaping

amplifiers including the digitizers as shown in figure 2.7.

This unit is combined with the Xilinx FPGA board which is directly connected to the

main amplifier module to reduce the extra cabling.

-

Figure 2.7 : a) Main amplifier unit including the shaping amplifiers. b) FPGA board
connected directly to the main amplifier unit.

2.2.1 Shaping amplifier

The signal output of the charge sensitive preamplifier is not large enough for further
processing, as mentioned before. A further amplification is necessary and it is achieved
by using a separate amplifier board called shaping amplifier. Shaping amplifier board,
as shown in figure 2.8, give the final shape of the amplified signal. This is a basic
approach for the signal amplification which is known as active band pass filter. It has
been known that PCB can be designed with many alternative options and parasitic
capacitances can change the signal height in each design. For that reason, we have
determined the optimum R and C values by trial and error instead of using detailed

circuit simulations. As it is shown in figure 2.9, an example signal has approximately
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10 us width. The gain of the amplification was arranged to have 5V peak to peak

signal amplitude at most. The baseline was 2.5V for the bipolar signal.
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Figure 2.8 : Schematics of the shaping amplifier and the circuit board.
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Figure 2.9 : Signal output of one channel from ?*Ra source.

2.2.2 Single bit digitizer

Following the signal shaping circuitry, a signal discrimination is applied to generate
logic pulses for counting purposes. Here, we made use of a single bit digitizer (or a

comparator) integrated circuit (IC) from Maxim Integrated Company, MAX987 [40].

As it is shown in figure 2.8, MAX987 has been connected to the final stage output

of the 3 stage shaping amplifier circuit together with a variable threshold option. The
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applied threshold potential is adjusted through a variable resistor located on the side of

the detector box.

Although the noise level is determined to be 100 mV conservatively, shaping amplifier
and digitizer have been located on the same board to have the shortest possible signal
path providing better signal to noise ratio. This design procedure was promoted a more

compact design as shown in figure 2.8 on the right.

2.3 Multi Channel Counting System

So far the 9 channel analog and digital signal readout electronics explained in detail.
After this point, having the digital signals from the digitizer IC, the next step is
transferring these digital signals to a counter system. Thus, we needed a multi channel
counting system which must perform individual counting for each sensor channel. For
this purpose, there are microprocessor based development boards. We decided to use
an FPGA (Field Programmable Gate Array) platform because of their high speed and

reliable operations as well as their widely use in nuclear/particle physics experiments.

2.3.1 Field programmable gate array - FPGA

FPGAs are known as re-configurable integrated circuits meaning that it is possible
to design a digital circuit inside an FPGA (Figure 2.10). ASIC (Application Specific
Integrated Circuit) design is the main application area of FPGAs. Because unlike an
ASIC the circuit design on an FPGA chip is not static and always there is an option to

modify it.
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Figure 2.10 : Internal structure of an FPGA chip [17].
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FPGAs are usually confused with microcontrollers. However, they are completely
different platforms. In a microcontroller, user write a software and load it to a
predefined hardware. Hence, in a processor, it is not possible to modify the hardware.
Thus, they are controllable over the software. However, in FPGAs, user designs a
digital circuit and there is no processor to run the software in it. To create a circuit, one
must use one of the hardware description languages (HDL). VHDL (Very High—Speed
Integrated Circuit Hardware Description Language) and Verilog are the two most

popular HDLs. FPGA designs in this thesis study have been prepared using VHDL.

2.3.2 AES220B FPGA board

For this thesis work, we used a Xilinx Spartan 3AN family XC3S400AN FPGA chip
on AES220B FPGA board from Aessent Technology (Figure 2.11) [18]. This board
is advertised as credit card size FPGA board ant it fits our compact design goal. The
board includes its own DC/DC converter and crystal oscillator. While the board can be

powered through a USB drive, an external SV DC power supply can be used as well.

Figure 2.11 : AES220B Spartan 3AN FPGA board from Aessent Technology [18].

There are 72 GPIO ports for data readout and 4 clock managers which allows to adjust
the clock frequency up to 334 MHz. In addition the SDRAM, device provides 128 MB
of RAM memory with fast access time (16 bits parallel data bus and 100 MHz clock).
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2.3.3 Xilinx ISE design suite

Xilinx ISE (Integrated Synthesis Environment) is a software tool (figure 2.12) produced
by Xilinx for synthesis and analysis of HDL designs, enabling the developer to
synthesize their designs, perform timing analysis, simulate a design’s reaction to
different inputs and configure the target device with the programmer [41]. Xilinx
ISE is also a design environment for FPGA products from Xilinx, and it is coupled
to the architecture of such chips. It can not be used with FPGA products from other
manufacturers. The Xilinx ISE is primarily used for circuit synthesis and design while

ISIM or the ModelSim logic simulator is used for system-level testing.
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Figure 2.12 : Xilinx ISE Design Suite 14.7 project navigator.

2.3.4 Structure of FPGA counting system

The structure of the 9-Channel counting system is shown in Figure 2.13 as a block
diagram. FPGA technology let us to read each sensor channel independently and fast.
This system runs with 100 MHz clock speed meaning that each channel is read in 10

ns time periods.

As stated in the block diagram (2.13), there are 5 main sub-modules composing the

9-Channel counting system:
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Figure 2.13 : Block diagram of FPGA multi channel counter design.

2.3.4.1 Stopwatch module

The timing control of the system is performed by the Stopwatch Module. This module
is basically a clock counter. For instance, to be able to run a process in 1 second
intervals, it is necessary to count up to 100x10° if the clock frequency is set to 100
MHz. In case of larger time periods are need, nested counter blocks provide a simple
solution. For instance, if a 10 minutes counting period is required, one can simply

count the seconds up to 600.

2.3.4.2 Pulse counter module

Counter systems are clearly the main units in a counting measurement system. Thus,

we care about this part specially. The Pulse Counter Module has been built around two
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parts. The first one is the real counter unit, performing the counting operation. The
second one is an organizer, the outer module which receives the resulting count values

from counter sub-modules at the end of each measurement period.

Counter units, as a feature of FPGA technology mentioned before, has the ability of
operating independently since they are designed as separate units. This means that
they can read the corresponding input port independent from the others. Thus, when a
digital pulse received by one of the counters, this digital pulse is first processed by so
called "Edge Detector". This part of the design performs a check whether the incoming

pulse is real or fake and also prevents to count the same pulse more than once.
Edge Detector

The operation principle of an Edge Detector depends on the identification of a rising
edge of a pulse signal which goes from logic O to 1. Thus, the edge detection circuit
performs this check by comparing the signal on the link continuously at least for two
following clock cycles. As an example, 2 step configuration uses the logic equation

2.1.

Egde Detector Output =NOT(signall“ ) AND signal®® 2.1

As a result of the operation performed in equation 2.1, table 2.1 shows the possible
outputs of a 2 stage edge detector. Depending on this, the signal level on the link must

be in the first option to be able to state it as a real detector signal.

Table 2.1 : Two step edge detector output configurations.

1 clock cycle | 2" clock cycle | Result
LOW HIGH HIGH
LOW LOW LOW
HIGH LOW LOW

At the end of edge detection process, after a real signal is received by the counter,
the register recording the count value is incremented by one and eventually a cycle of
counting process is concluded. Each one of 9 pulse counters are capable of counting
up to 24 Bits which correspond to a value close to 107. This is fairly large enough

amount for our measurements.
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2.3.4.3 Data organizer module

At the end of each measurement period, the resulting count data is delivered to the Data
Organizer module for temporary storage. The structure of data organizer is based on a
RAM block memory. 9 rows of 24 Bits wide RAM memory block has been reserved
for this purpose (figure 2.14). Once the Data Organizer Module receives the data, it
immediately starts transferring it to the UART module for transmitting to the analysis

environment.

Total Pulse Count 1 ==p 24 BITS

24 BITS
24 BITS
24 BITS
24 BITS
24 BITS
24 BITS
24 BITS
Total Pulse Count 9 =——b 24 BITS

Figure 2.14 : Data Organizer Module RAM Block Diagram.

2.3.4.4 UART module

For the purpose of data transmission or receiving the necessary information from an
external device, we needed a communication module. Thus, we included a serial link

(RS-232) module named as UART Module to perform this task.

UART module performs an asynchronous communication link as it indicates,
Universal Asynchronous Receiver Transmitter. Thus, in order to make both sides of the
link works "synchronously" and transmit or receive the information successfully, we
had to define the same communication speed on both sides. In case of communication
speed, although, it was possible to design a variable speed UART module, we preferred
to use 115200 bit/s static link speed which is the fastest available. In order to match the
defined speed, we had to control each individual clock cycle precisely since we don’t

have a microcontroller with predefined transmission protocols. For instance, when we
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would like to transmit a HIGH bit at 115200 bit/s communication speed, we had to
hold the link at state 1 for 868 clock cycles at 100 MHz clock speed. This value is
calculated in terms of desired communication speed and also the clock speed of the

system as shown in following equations.

1
r = 115200 (2-2)
T

= = 2.

C P (2.3)
T
= ioxi0° 24
= 868 (2.5)

T: Time to transmit a single bit
P: Period of 100 MHz clock frequency (10 ns)

C: Number of clock cycles to transmit a single bit

As a second option for "synchronization" of the link, which is also the standard of
RS-232 communication protocol, we had to transmit a "START" bit and a "STOP" bit
after transmitting 8 bits of data. In total, it takes 8680 clock cycles (or 86.8 us) to

transmit a frame of data, 10 Bits, in UART link as shown at the bottom of figure 2.15.

Furthermore, in case of transmitting the measurement results which consists of 9 pieces
of 24 bit data, we had to define a new protocol. Thus, first we located a header byte to
the transmission queue which is 127 in decimal form or equal to "0/711111" in binary
form. Second, we separated the 24 Bit data packages into 8 bit parts to be able to

transmit them using our UART link. This process is visualized in figure 2.15.

UART module also receives incoming bytes for system control. Data receiving
procedure works in a similar way as transmitting. When the receiver part of the UART
module identify the start bit of incoming data, it begins recording each coming bit by
counting the individual clock cycles. Finally, it converts the total serial data to parallel

form.
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Figure 2.15 : Data frame of FPGA design.

2.3.4.5 Device controller module

Since we designed and developed a complete device, we needed a two way
communication link. UART Module performs this task; however, for converting the
received data to a meaningful information, we designed this dedicated module. UART
link always stands in listening mode and when a data, or command is received, it is

processed by Device Controller Module and converted to meaningful information.

For this system, we defined three main commands: Start, Stop and Reset. For instance,
we defined a specific byte, which is hex character "A" and equal to "07000001" in
binary format as Start command for starting the measurement process. When the
corresponding byte is received, Device Controller Module sets a corresponding flag
in Stopwatch Module and Pulse Counter Modules and the counting process is started.
This is similar for stop process which is the opposite of start process. We used hex
character "B" or in binary "01000010" for stop process. Reset process also follows a
similar procedure. Instead of starting or stopping the operation, a reset signal resets all
pulse counters, restarts Stopwatch Module operation, deletes all resulted count values
in registers of Data Organizer Module, stops UART Module operations and starts a
new count process. This time we used hex character "C", in binary "0/000011", for

applying a reset procedure.
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2.3.5 Operation procedure

Figure 2.16 shows the flow chart of the operation steps of the counter. The operation
starts with START command which is sent through the python graphical user interface
(GUI) to the FPGA. Then, FPGA starts reading each individual channel at 100 MHz

speed for a predefined time period.

Pulse Counter 1

Pulse Counter 9

Period \
Over ?

Transfer

Data to Data
| Organizer

UNPACK

| 24 BITS TO 8 BITS

Transmit
through
| UART

Figure 2.16 : Flow chart of FPGA multi channel counter design.

The end of the measurement period is indicated by "Period Over" flag which is set to
logic 1 for one clock period, 10 ns. Afterwards, the resulting counts are transferred
to "Data Organizer Module". Following the data transfer process, a system reset is
applied to each counter for a fresh start. After this moment, two independent processes
run at the same time, one is the new counting process and the other one is transmitting
the data to Raspberry PI to store and to be able to make further data analysis. At the
end, when the data is transmitted, transmission line (TX) goes to “IDLE” state and

"Data Organizer Module" waits for the next "Period Over" flag to be set.

The user can reset the FPGA externally with the option available on the GUI. This
will stop and restart every individual process in the FPGA hardware. In other words,
if transmission process is in progress, it will immediately stop and return to initial

"IDLE" state and wait for the "Period Over" flag to be set again.
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2.4 Raspberry PI - Single Board Computer

In this project, a Raspberry PI 3 (Raspi) is used for data processing instead of a
conventional computer. Raspberry Pi is a credit card sized single board computer
developed by the Raspberry Pi Foundation in the United Kingdom (UK) to teach
computer science in schools and in developing countries. Very simple connection
to the serial link (7Rx) through GPIO (General Port for Input and Output) ports is
an advantage of Raspi. There is a direct connection to serial port (RS232) which is
not available on most new computers. Thus Raspi serves as an ideal data processing
environment, providing the results visually, fits into the needs of the detector that we

have developed.

Figure 2.17 : Raspberry PI single board computer [19].

2.4.1 Serial link construction

The Raspi equipped with different serial communication links like UART, Bluetooth
and Wireless. UART has different options and the one named as miniUART was used
here. UARTO TX and UARTO RX were connected to the header pins 8 and 10. Figure

2.18 shows the Raspberry PI module with its configuration.
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Figure 2.18 : GPIO pin configuration of the Raspberry PI single board computer [20].
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2.5 Python Control Interface

Python is an interpreter language with a wide range of applications from web design
to hardware control. Thus, we decided to construct the readout software using Python

language. We used Python 3.7 version together with some specific packages.

As it is mentioned above and shown in figure 2.15, FPGA transmits the resulting data in
three 8-Bit portions. The FPGA can be controlled in command line mode. However,
a graphical user interface can simplify the operation. Thus, Python with "Tkinter"

package was used to build a GUI which is shown in figures 2.19 and 2.20.

As it is presented in figure 2.19, basic functions "START", "STOP" and "RESET" are
located as buttons in the GUI. In addition, since 3x3 matrix detector array is going to
be used, results of the instant measurements can be monitored on the first tab of GUI

shown in figure 2.19. Also, the total counts can be seen as a graph on the second tab

of GUI as shown in figure 2.20.

Additionally, we used Serial package for constructing the UART link on Raspi. This
gave us an opportunity to transmit the commands and receive the measurement data
through the UART link. However, we needed another package to run GUI and UART

link together. We used Threading package to run two independent processes.

# Python GUI - oo
Info Cuit
CONTROL RESULT DISPLAY

START Channel 1: Channel 2 : Channel 3 :
0 0 0

STOP Channel 4 : Channel 5 : Channel 6 :
0 0 0

Channel 7 : Channel 8 : Channel 9 :

0 0 0
RESET

Elapsed Time: 00:00:00

Figure 2.19 : Device control tab of Python graphical user interface for multi channel
counter system.
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Figure 2.20 : Plot tab of Python graphical user interface for multi channel counter
system.

2.5.1 Principle of operation

In case of transmission of START, STOP and RESET commands from the host
computer (Raspi) to the FPGA, corresponding bytes defined in FPGA are transmitted
through the TX link of the host as described above.

Unlike the Tx line, the operation of Rx line is more complicated due to the system
requirements. Receiving data structure is summarized in figure 2.15. The complete
data frame is presented at the top which contains a header byte and followed by nine
separate 24-Bits long data. Each of these 24-Bits are corresponding to the counting
result of the specific channel. However, due to the limits of UART link, it is only
possible to transmit or receive one byte at a time. Hence, we have to unpack 24-Bits of
data to 8-Bit parts and transmit in three bunches. This operations performed in FPGA
and 8-bit long data parts are transmitted this way. When the last byte is transmitted,
FPGA completes one loop of the measurement process. Thereafter, once the back-end
routine on the host computer identify the header byte coded as 127 (Figure 2.21), it
starts counting the received bytes up to 27 corresponding to 27 bytes from nine sensor
channel. This is followed by repacking all 8-Bit data parts and composing the counting

result on the host computer.
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Figure 2.21 : Flow chart of Python readout script for reordering the incoming 8-Bit
data packages.

2.6 Complete Device Overview

The final form of the complete detection system is shown in figure 2.22. The detector
box is located on the right, the Raspi is in the middle and the python control graphic
user interface is also visible on the figure. Additionally, in figure 2.23, the internal
structure of the detector box is visible. The sensor module is mounted to the cover
from below. The main amplifier module is mounted just below the Sensor Module.

Heat removal fan is mounted above the main power supply circuit providing + 6V.
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Figure 2.22 : Complete device overview for the desktop measurements.

Figure 2.23 : Detector box internal view.

2.7 Spectroscopic Measurements Setup

Although a complete detection system including the necessary signal conditioning
electronics and the readout link were designed, performing a spectroscopic
measurement will require little more hardware. A Canberra Spectroscopy Amplifier,
Model 2020 as shown in figure 2.24 was used for recording the energy spectra. Since
the spectroscopy amplifier has only one channel, only one channel out of nine was

used.

41



2.7.1 Canberra spectroscopy amplifier model2020

Canberra spectroscopy amplifier is a NIM module with a relatively simple user
interface. It provides variable shaping time and gain settings including coarse and
fine tune adjustment. Shaping time constant ranges from 0.25 us to 6 us with a "x2"
multiplier. These values can be extended up to 12 us. The coarse gain of the amplifier
varies from x10 to x3000 which was fairly enough for all measurements. The unipolar

and bipolar signal outputs are also available for different applications [42].

Figure 2.24 : Canberra spectroscopy amplifier model 2020.

2.7.2 Amptek multichannel analyzer

Spectroscopic measurements have been performed using the Amptek MCAS000A
multichannel analyzer (Figure 2.25) [43]. This is a compact and easy-to-use device and
it stores the spectra in a text format giving us an opportunity to transfer the spectrum

data between the platforms for further data analysis.

Figure 2.25 : Amptek MCA800OA multichannel analyzer.
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3. MEASUREMENTS

A series of measurements were performed using various standard radioactive sources
to determine the limits of the detector. A crosstalk check between the channels and
alpha particle detection efficiency measurements were performed using 5 uCi >*°Ra
source. 2*'Am, 152Eu, 207Bi, %9Co and '37Cs standard sources were used to perform
the gamma ray measurements. Finally, more measurements were carried out using 3 Ci
Am-Be neutron howitzer from J.L. Shepherd and Associates to materialize the actual

purpose of the detector, the neutron detection.

The measurements were performed through two different setups. First one was the
FPGA controlled counting measurement setup as mentioned before and explained
in detail. The second one was for the spectroscopic measurements using a NIM
spectroscopy amplifier which was connected to the charge sensitive preamplifier output

through a coaxial cable together with an Amptek MCA8000A multi channel analyzer.

3.1 Determination of Cross Talk Using 2>°Ra Standard Source

Crosstalk is a disturbance, caused by electromagnetic interference, along a circuit or
a cable pair. A communication signal disrupts a signal in an adjacent circuit and can
cause the signals to become confused and cross over each other. This was possible case
for the detector designed since nine signal channels measure the particle radiations

independently.

Crosstalk study was performed using 5 pCi >?°Ra standard alpha source. It is known
that alpha particles have low penetration depth in any medium. They will deposit
their energy completely in silicon layer and this will result in production of a large
electrical signal. Therefore, to check the crosstalk using an alpha source would be
ideal. Relatively large energy deposition of alpha particles results in high count rate,
which lead us to determine the cross talk in a shorter measurement period. 30 minutes

of total measurement time provides statistically significant cross talk data.
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226Ra source is positioned over one of the sensors and leaked counts on the other
channels were successively recorded for this measurement. Since the leaked count rate
is very small, the numbers are given as the average of all other channels in table 3.1.

Calculations have been done using 3.1 and 3.2 as an example for channel 1.

Ci=1=— (3.1)

O+ G+ C+Cs+Ce+Cr+Cg+ Gy

C
T N

(3.2)

Although the leaked counts are significantly small, the main reason is the parallel and
relatively long ribbon cable used for transferring the signal from the sensor module to
the main amplifier module. As it is known, coaxial cables are used for this kind of
purposes. However, because of the limited space and required flexibility, we preferred

to use a ribbon cable.

Table 3.1 : Crosstalk test results using 2*°Ra.

Channel No. | Cx Cr
1 1 [16.0x10°°
2 1 | 4.4x10°°
3 1 | 6.1x10°°
4 1 [35.0x107¢
5 1 |18.0x107°°
6 1 |66.0x10°°
7 1 |21.0x107°
8 1 [17.0x107°°
9 1 |18.0x10°°

3.2 Spectroscopic Measurements with 22°Ra as an Alpha Source

The kinetic energy of the proton, emitted from the neutron converter materials will be
less than 4.601 MeV (5.5% ) and 4.784 MeV (94.5%) 2?°Ra alpha energies. Am-Be

neutron source has an average neutron about 4.5 MeV.
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Figure 3.1 : 2?°Ra alpha and gamma spectra.

A series of measurements were performed to find the optimum amplifier gain to record
the spectrum of Am-Be source. In Figure 3.1, Radium spectra with the final settings
is shown. Here, the peak on the right is due to the combination of two alpha energies
mentioned above. It is not possible to separate two alpha energies because of the poor

energy resolution of our new detector.

Furthermore, in the low energy region, a "Mexican Hat" is visible. This triple peak
arises from the enclosure shape of 2>Ra source which is positioned in a tiny cylindrical
barrel (Figure 3.2). The source itself, because of the safety issues, is positioned away
from the surface, couple of millimeters inside the barrel. We believe the scattered alpha

particles lose some energies which result in the "Mexican Hat" in the spectrum.

Radium has also 186 keV strong gamma line. It is the fact that gamma photons leave
little energy in Silicon in contrast to the alpha particles even if they have the same
energy. In order to observe 186 keV gamma line of Radium, the amplifier gain was
increased 10 times than the one used for alpha measurements. The gamma spectra is

shown in the upper right corner of figure 3.1.
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Figure 3.2 : Photograph of 5 uCi ??°Ra standard radiation source.

3.3 Gamma Measurements

The neutron detection system is designed to be sensitive to the charged particles.
However, Am-Be neutron source has also a strong 59.5 keV gamma line originating
from the decay regime of natural >*! Am. This was an opportunity to study the gamma

response of the detector together with the neutrons simultaneously.

Gamma measurements were performed with 60Co, 137Cs, 132Eu, 27Bi and *' Am
standard sources. A single detector element was used and sources were positioned
directly to the top of the photodiode. Since '3’Cs had relatively higher activity, it was

positioned 5 cm above the photodiode to reduce the pile-up events.

A combined spectra is shown in Figure 3.3. Here each spectrum was normalized to
its maximum value. Also, the energy calibration was performed by determining the
endpoints of the 2! Am, 137Cs and %°Co spectra. The linearity of the energy calibration

can be seen in Figure 3.4.

The 2! Am, 137Cs and °°Co sources have strong gamma lines at 59.6 keV, 661.6 keV
and 1252.9 keV (as the average of 1173.2 keV and 1332.5 keV of ®°Co) respectively.
Since 1173.2 keV and 1332.5 keV gamma photons are equally intense and the

detection efficiencies of these energies are similar, we used the average energy of the
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Figure 3.3 : Normalized spectra of 241 Am, 152y, 23784, 137Cs and °Co gamma
sources

two peaks for the calibration. The linear calibration curve given in figure 3.4 proves
that this approach is correct. 23’Bi has gamma lines at 569.7 keV, 1063.7 keV and
1770 keV and intensities of them are 98%, 75% and 7%, respectively. Since the
detection efficiency is relatively larger at low energies, it is expected the endpoint of
the spectrum of 23"Bi is dominated by 569.7 keV gamma line. This can be seen in
figure 3.3. This is valid also for 132Eu but it is not that simple to explain as >>’Bi was
explained. Unfortunately, '>?Eu has many strong gamma lines ranging from 121.8 keV

to 1408 ke V.

3.4 Gamma Measurements for Am-Be Neutron Source

J.L. Sheppard Am-Be neutron howitzer (Figure 1.1) with 3 Ci ?*! Am activity has been
used as the neutron source. 2*'Am has a strong gamma line at 59.5 (% 35.9) keV
which is highly detectable by a 300 um Si-PIN photodiode sensor. Figure 3.5 shows
the spectra taken at the outer irradiation port of Howitzer type Am-Be source. 59.5

keV gamma contribution to Am-Be spectrum can be seen in the low energy part of the
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spectrum. Detection efficiency for gamma rays above this energy drops dramatically,
therefore gamma rays originated from the excitement of the Carbon atom above 4.4
MeV cannot be detected efficiently in our detector. The spectrum given in Figure 3.5,
recorded for 30 minutes, has contributions both from gamma rays and direct neutron

interactions with Silicon.
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Figure 3.4 : Energy calibration using *! Am, 1¥’Cs and %°Co gamma sources.
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Figure 3.5 : Gamma spectra of Am-Be source for 30 minutes time period.

3.5 Neutron Measurements with Hydrogen Rich Converter Materials

Neutron detection tests have been carried out with and without the converter materials.

For building a low-cost detection device, we preferred to use materials easily available
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like paraffin, high density polyethylene (HDPE), silicone stick glue, Plexiglas and
fiberglass cloth with epoxy resin (FR4). These materials were attached in front of
the detector array and exposed to neutrons by positioning it perpendicular to the axis
of the irradiation port of Am-Be neutron source. Detector-source distance was around

50 cm at this irradiation position.

Data was collected with both measurement setups, the event counting and the
spectroscopic. The shaping times were different for both data collection methods
and therefore the noise background was slightly higher for the FPGA based detection
system. Integral MCA counts above channel 58, corresponding to 280 mV in 5V
scale, provided comparable results with the hard thresholded FPGA. Table 3.2 shows
the comparison of MCA and FPGA counts with and without the converter materials.

These measurements were performed for 30 minutes.

Table 3.2 : Counts compared from the two measurements. The measurement time
was set to 30 minutes.

No Conv. FR4 Plexiglass Silicon HDPE Paraffin
FPGA | 1500 2954 2992 3074 3038 3147
MCA | 1412 2863 3034 3096 2960 3157

Figure 3.6 shows the comparison of the naked neutron spectrum and the spectra
obtained when various converter materials were used. As seen from the figure, there
are visible differences in the detected spectra especially at high energies. Spectral
difference above channel 200 is due to the contribution of protons produced from the

fast neutrons in the converter materials.

To determine the most sensitive region from the spectral measurements for the
separation of fast neutrons, each spectrum in figure 3.6 was integrated between channel

1and 1024 (Eq. 3.3) where 1 is dynamically changed between 30 and 300.

1024

F=Y cj, i =30—300,30 (3.3)
J=i
1024

Ni=Y nj, i =30—300,30 (3.4)
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i =30-300,30 (3.5)

New data sets for each case in figure 3.6 were constructed with incremental steps
between 30 and 300 for i. The same procedure performed for the naked spectrum (Eq.
3.4). Data sets for the converter materials were then normalized (Eq. 3.5) to the one

obtained from the naked spectrum. Figure 3.7 shows the results from this procedure.

Figure 3.7 shows that the optimum fast neutron separation channel is 200 for all

converter materials. However, statistics become limited for channels above 200.
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Figure 3.6 : Neutron spectra with different converter materials.
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Figure 3.7 : Ratio of the integral counts above LLD with converters to the counts
recorded without any converter.
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4. CONCLUSION

Through over a period of about four years, this thesis work consists of two basic
stages. In the first stage, a single silicon PIN photodiode and different neutron proton
converter materials were used for early tests of the radiation detection. After obtaining
the successful results, the existing nine channel version was designed and produced.
The measurements showed that the additional eight sensors made detection efficiency
increase by 9-fold as expected. However, the cost was the complexity of simultaneous

readout of 9 channels.

Test measurements have been carried out for different types of radiation in addition
to neutrons. In case of a possible crosstalk between different sensor channels, a 22Ra
alpha source was used. Tests with 22°Ra alpha source showed that none of the channels
had significant cross talk. This result shows that the number of sensors or channels
can be safely increased. The Am-Be neutron source used for neutron measurements
is known to be a mixed neutron gamma radiation source. Thus, spectroscopic
measurements were made by connecting an external NIM spectroscopy amplifier,
running faster than the current system, to one of the preamplifiers feeded by silicon
PIN photodiodes. The aim of this method was to obtain detailed information about the
conversion efficiency of different neutron proton converter materials. The subsequent
counting measurements gave consistent results with the spectroscopic measurements.
Since the Am-Be source, used in the neutron measurements, has also a natural gamma
line, independent measurements have been carried out to obtain low energy gamma
detection capability of the detector. 241 A, 152Ey, 207Bj, 99Co and '37Cs sources were
also used to figure out the gamma response up to 1408 keV. Gamma rays are expected
to produce a signal at a lower amplitude than neutron-derived proton and this was
observed as well. Thus, the NIM spectroscopy amplifier system, which adjusts the
signal amplification rate 10 times higher than that used for the neutron measurements,

has shown that gamma detection can be performed with the current system at low
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efficiency. In addition, the ten-fold increase in the amplification gain made it clear that

there is no significant contribution from gamma rays to the neutron spectra.

This detector is considered to be the most critical part of a buried explosive detection
system based on neutron scattering. As a result, a detector system for the detection
of fast neutrons has been designed and successfully tested. The success achieved in
the test results can be considered as the first step for a more accurate and efficient
system in the future. Accordingly, a new detector design can be made using a larger
number of silicon PIN photodiodes to cover larger detection area. In case of different
neutron energies, especially for thermal region, "B and SLiF will be the excellent
choices based on the studies in the literature. A much better study would be to made is
to combine different neutron converter materials (and possibly thicknesses) to detect
the neutrons with wider energy range. This can be achieved by making an array of
individual silicon PIN photodiodes which are coated with '°B, °LiF and hydrogen rich

materials (PE, paraffin etc.).
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