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ABSTRACT

SINGLE EVENT EFFECT TESTS WITH LASER AND ION BEAM

Ergin, F. Belgin
Master of Science, Department of Physics
Supervisor: Assoc. Prof. Dr. Haluk Denizli
Co-Supervisor: Prof. Dr. Behget Alpat

December 2011, 69 pages

Single Event Effect (SEE) is a process which is generated by heavy ions and pro-
tons. While heavy ions and protons pass through semiconductor based electronic
devices like CMOS (Complementary Metal Oxide Semiconductor), optoelectronic
or bipolar electronic devices, depending on their energy and type, may create par-
asitic transistors causing soft (not distructive) or hard (potentially distructive)
errors. For this reason, these devices have to be tested on Earth for their suscep-
tibility to radiation effects. The extended to which the devices are to be tested
depends on several factors as mission duration, location and device’s use. The
test standarts are provided by space agencies such as NASA and ESA in which
the test procedures are described in detail. To analyse the radiation environment
for a given set of mission parameters, SPENVIS, CREMEY96, and OMERE are the
most commonly used information systems or tools. The qualification test agan-
ist SEE is performed at heavy ion and proton accelerators as LNS (Laboratori
Nazionali del Sud’). An infirared pulsed laser system developed in MAPRAD lab-

oratories is a useful tool for qualitative measurements. Several devices were tested



first at IR laser beam setup and then were taken to LNS laboratories for testing
with heavy ions. In this work, we investigated the setups, which are used for laser
beam test and ion beam test, in detail and their simulations were developed with
different simulation programs before the devices were tested by ion beams. Used
simulation programs GEANT4 and FLUKA for these simulations, some parame-
ters were calculated such as LET (Linear Energy Transfer), deposited energy and

track length etc. The results of the simulations were compared and discussed.

Keywords: Radiation hardness test, GEANT 4, FLUKA, Linear Energy Trans-
fer (LET)
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OZET

TEK OLAY ETKISININ iYON DEMETLERI VE LAZER ILE
TEST EDILMESI

Ergin, F. Belgin
Yiksek Lisans, Fizik Bolumii
Tez Danigsmani: Dog¢. Dr. Haluk Denizli
Ortak Tez Danigsmani: Prof. Dr. Behget Alpat

December 2011, 69 sayfa

Tek olay etkisi agir iyonlar ve protonlar tarafindan meydana gelen bir olaydir.
Agir iyonlar ve protonlar yariiletken tabanli CMOS, optoelektronik, bipolar tran-
sistorler gibi elektronik cihazlardan gegerken, enerjilerine ve tiirlerine bagh olarak
kalic1 olmayan veya kalic1 zararlar verebilirler. Bu sebeple, bu cihazlarin yerytiziinde
radyasyona karsi giivenilirlikleri test edilmelidir. Cihazlarin test edilmesi uzayda
kalacag stire, konum ve kullanim kogullar1 gibi bir¢ok faktore baghdir. Test stan-
dartlar1 NASA ve ESA gibi uzay ajanslar1 tarafindan belirlenmektedir. SPEN-
VIS, CREMEY6 ve OMERE gibi yaygin olarak kullanilan bilgi sistemleri veya
araclar, uzay aracimin bulundugu konumun koordinatlarina gore radyasyon or-
tamin1 analiz etmek i¢in kullanilir. Tek olay etkisine kargi yapilan kalite test-
leri agir iyonlar ile Ulusal INFN Giiney Laboratuvari’nda (LNS) gerceklestirildi.
MAPRad laboratuvarlarinda geligtirilen kizilotesi laser sistemi nitel olgiimler igin
¢ok yararl bir aragtir. Bircok cihaz bu laser test diizenegi ile test edildikten sonra

iyon testi icin LNS laboratuvarlarina alindi. Bu ¢alismada, iyon ve laser testi icin

vii



kullanilan test diizenekleri detayl olarak incelendi ve cihazlar iyon demeti ile test
edilmeden once bu test diizenegi GEANT4 ve FLUKA kullanilarak benzetimi
yapildi. Lineer enerji transferi (LET), depo edilen enerji, ve girigim mesafesi gibi
parametreler bu similasyon programlar: sayesinde hesaplandi. Bu similasyonlarin

sonuclar1 kargilagtirildi ve degerlendirildi.

Anahtar Kelimeler: Radyasyona dayaniklilik testi, GEANT 4, FLUKA, Lineer

enerji transferi
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CHAPTER 1
MOTIVATION

In the present century, space research and avionics have a quiet important
place. On the other hand, the production of components and electrical circuits,
which are used for scientific research, tactical systems and commercial environ-
ment, is either time extensive or financially expensive [1]. The most important
thing is the selection of these components for these systems. When the compo-
nents are chosen for space applications, the important point is the environment
of them. It is known that there is a radiation environment because of the galactic
cosmic rays, solar flares, electrons and protons in space. The using components
or electronic circuits must be radiation hardened in these environments.

Historically, the radiation sensitive components are shielded by some mate-
rials to protect at radiation environment [1]. But this method is not accetable
because of its cost. The last decades, using of Commerical Of The Shell (COTS)
components is popular for space applications because of their low costs. But this
components must be tested for radiation environments.

The effects of radiation are Single Event Effects (SEEs), Displacement Damage
(DD) and Total Ionizing Dose (TID). These components and electronic circuits
should be tested for these effects. These tests have some specifications which
are defined by ESA (European Space Agency), NASA (National Aeronautics and
Space Administration) or military services [2, 3, 4, 5].

In Europe, the components can be tested at some laboratories with ESA
specifications. The most important laboratories for these tests are INFN Catania
LNS( Laboratori Nazionali del Sud’), INFN Padova LNL ( Laboratori Nazionali

Legnaro), Germany GSI, Belgium Catholique de Louvain University Cyclotron



Research Center. These components are exposured to laser and ion beam for SEE
phenomena, irradiated with proton or electron beam for displacement damage and
irradiated X-ray or %°C'o source for test total ionizing dose. Their electrical char-
acteristics are observed during the irradiation. According to these observations,
the effects are defined and investigated whether they are permanent or not.

The main purpose of this thesis is to simulate SEE test setup to control the
benchmark parameters before the radiation and investigate the laser and ion beam
test setup. Chapter2 describes radiation environments, radiation damages, expla-
nation of these damage types and particle interaction with matter and mechanism
of occuring events. Chapter3 presents the Monte Carlo simulation packages and
explanation of setup simulations. Simulations are made by Monte Carlo simu-
lation packages GEANT4, GRAS, MULASSIS and FLUKA. Chapter4 contains
experimental procedure of ion beam test and laser test and results. In Chapter,

simulation and measurement results were compared and discussed.



CHAPTER 2
INTRODUCTION

With developing CMOS technology, the thickness and the size of microelec-
tronic devices and integrated circuits reduce but radiation sensitivity increase.
These devices can be exposed to radiation environments because of their appli-
cation areas [6]. Additionally, high energy physics experiments require them to

work under harsh conditions [7].

2.1 Radiation Environments

Space environments are characterized by particles with energies ranging from
some keV to several GeV [7]. This particles are categorized by their origin :
trapped particles, galactic cosmic rays (GCRs) and solar particles as in Figure

2.1 [8].

Galactic Cosmic Rays

_ Solar Protons =
: &
HeavierIons

Figure 2.1: Radiation environments and source particles [9].



e Trapped Particles: These particles are geomagnetically trapped radiation
near the Earth (Van Allen Belts) [8]. Earth has a big magnetic field in
space. This huge field creates gigantic magnetic "buble” or geomagnetic
cavity. Because of this, electrons whose energies are up to a few MeV and
protons whose energies are up to several hundered MeV are trapped in the

magnetic field region as shown in Figure 2.2.

Inner Belt QOuter Belt
(Energetic Protons = 10 MeV) Low-energy Particles :
(Energetic Electrons = 0.5 MeV) (Electrons and Protons = 1.5 MeV)

o)

Figure 2.2: Earth Radiation belts or Van Allen Radiation belts [10].

These particles do not reach to atmosphere because the magnetosphere
shields these particles [11]. But high energy galactic cosmic rays and solar
particles can penetrate the atmosphere. The penetration energy of the

particles to the magnetosphere is shown in Figure 2.3 [12].

Figure 2.3: Penetration Energies to Magnetosphere [9)].

e Galactic Cosmic Rays (GCRs): GCRs compose from 85% of protons
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14% of alpha particles and remaining 1% includes various ions [6]. The orgin
of these rays is remaining out of the our solar system. Although these par-
ticles have high energies, they have low flux. When these paritcles interact
with matter, their high energies cause ionization effects [13]. CREME and

SPENVIS are commonly used simulators to simulate cosmic rays [14, 15].

e Solar Particles : The source of these particles is Sun. The unusual bright
spot or flares, and solar wind cause to generate solar particles. In nature,
the Sun events are not stable. According to some reports [13, 16], solar
cycle is divided into two groups solar minimum and solar maximum which

takes time 9 and 13 years, respectively.

On the contrary, the important thing to investigate the radiation environments
is the coordinate of the space mission such as altitude of orbit, incilanation of
orbit. Low Earth Orbit (LEO) is the orbit which approximately 520 km away
from the Earth’s surfaces [13, 17]. High Elliptical Orbit (HEO) is another orbit.
Its low perigee is about 1000 km and high apogee is about 36.000 km [17]. This
orbit is effected from solar flares and long exposure galactic cosmic rays [13].
Another type of orbit is Geostationary (GEO) orbits which is the highest orbit.
This orbit includes trapped protons whose energies are below the threshold energy

of the nuclear reactions.

2.2 Radiation Damages and Mechanisms

In early of 1960, scientists have discovered the effects of radiation at space
environments on devices [18]. Space radiation causes some errors and degradation
at these devices. Some of these errors are permanent and some of these are soft
errors. The mainly occuring damages result from total ionization dose, displace-
ment damage and single event effects. Each effects lead to different mechanisms

and different type of damages.



2.2.1 Ionization Effect

Ionization is the process which creates free charges at interacted matter. Also,
these free charges can move in material by difussion or drift. « paritcles, protons,
electrons or 3 particles and neutral radiation photons like v, X rays results in
ionization damage. [, a and protons causes direct ionization but X-ray and ~
ray cause indirect ionization. For each particle and photons, different physical
events can occur. This events will be discussed at the other parts of this chapter.

This particles interact with matter and produce free electrons and holes. Nor-
mally, this effect can only give soft errors and effects device performance. In CCDs
(Charge Coupled Devices), creation of electron-hole pairs leads to produce dark
current and this current effects the device performance [19]. But depending on
the system, it can trigger the other damage mechanisms [9].

Additionally, depending on the dose of radiation device performance can
change or cause up to failure of the devices. This is called total ionizing dose
effects. Total ionizing dose defines the long term ionizing damage due to elec-
trons and protons [9]. In devices, it effects threshold shift, leakage current and
fuctional failures.

On the other hand, the amount of energy loss during the ionization is called
Linear Energy Transfer (LET) which is unit in MeV —em?/mg [13]. The equation

18

- (1) () -

where dF is radiation energy, p is the density of material and dx is the tracking

length in the material.



2.2.2  Displacement Damage(DD)

Displacement damage is the another damage mechanism which needs more
energy than ionization effect. If the particle creates electron hole pairs, it is called
ionizing process [20]. But if sufficiently high energy particles interact with matter,
they can move an atom from the lattice side [13]. This event leads to produce

vacancies at lattice as shown in Figure 2.4.

©00O0O0 000000 o Lattice Atom
o ©00O0 % © 0O o{;ko o O Interstitial Atom
o O ©C O O o O o O .
\1'( i« [
0 OO 0 O e o o W | vackney
00 00O O o o O}:} o *—> Particle Track
O 000 O0O0 o] O}ﬁ?‘é O O e == Vacancy Mobility
O 0O O 0o 0 0 O O 0O 0 0O 0
(a) (b)

Figure 2.4: Displacement Damage Mechanism a) Particle knocks an atom in its
lattice side. b) creation of vacancy [20].

Vacancy is the absence of the atom in regular lattice side. This imperfection
in the lattice structure is called a point defect [13]. The placement of this moved
atom is called interstitial [13, 20]. The combination of vacancy and intersitial
is called commonly I-V pairs or Frankel pairs [12, 13, 20]. This damage results
in Current Transfer Ratio (CTR) degradation commonly in optocouplers, solar
cells, CCDs, linear bipolar devices. The vacancies can move in lattice at room
temperature [12, 20]. So the damage can be treated with annealing methods
depending on the devices.

Otherwise, the energy loss during this process defines Non-ionizing Energy

Loss (NIEL) [13, 20]. Non-ionizing energy calculation is given by Equation 2.2.

NIEL = Sy = (£> So,(E)E,(E) (2.2)

where is o; is the cross section, FE, (F) is average recoil energy of primary

knock atoms, E is energy for an incident particle, N is avagadro’s number and



M, is gram atomic mass of target [13].

2.2.8 Single Fvent Effects (SEEs)

Especially, for space applications the other important damage mechanism is
Single Event Effects (SEEs) which is related to accumulation of the ionization
charged particles [13, 21]. The devices should be tested aganist SEE before they
are used in space applications. These tests are usually made by ion beams. There
are some important test center in the world. These are listed in ion beam test
procedure section of Chapter 4. This event is the special case of ionization. It
happens only one particle strikes the strategical place of the contact as shown in

Figure 2.5. This event can be classified into three different effects.

Oxide Insulation

Drain Source

P Substrate

MOS Transistor

Energetic particle

Figure 2.5: Schematically representation of single event effect mechanism [22].

2.2.3.1 Single Event Upset (SEU)

Single Event Upset is defined by National Aerospace Agency (NASA) which
reports that “radiation-induced errors in microelectronic circuits caused when
charged particles (usually from the radiation belts or from cosmic rays) lose en-
ergy by ionizing the medium through which they pass, leaving behind a wake of

?

electron-hole pairs ” as it represented in Figure 2.6 schematically. The collection

of electron-hole pairs change the logical output of device like change from “0“ to

8



“1“[13]. This causes the soft errors which are not permanent [13, 23]. They can

be removed by switching off or reseting the devices [13, 21, 23].

Most protons pass
Each particle through the device

produces an with little effect
ionization track

A few protons cause
nuclear .ﬂ:.!acr:'r.:uv:s—\l

\‘_________ + + \‘___________ ] ____________'_‘-'
Ny
A p-substrate p-substrate
L Short-range
recoil produces
» jonization
4
a) Heavy lons (ionization b) Protons (nuclear reaction
by each particle) needed to produce recoil)

Figure 2.6: Single event upset mechanism for heavy ions and protons [23].

During the ground state tests, heavy ion and proton sources are used to de-
termine the rate of Single Event Upset (SEU). These tests characterize the mi-
croelectronic devices respects to SEU [24]. LET vs cross-section graph shows

threshold LET for devices as shown in Figure 2.7.

A Sample Cross Section VS. LET Curve

ION
ON Ne Ar Cu Kr 0l Xe Bi

Knee

-
m
w
t

~

Saturation

1E-4 +

Threshold
1E-5

SvlD / B0Ied S35 UONDES SS01D

10 20 30 40 50 60 70 8O 90 100 110
LET Mev / mg/ cm”2

Figure 2.7: A representative LET curve [23, 25].



2.2.8.2  Single Event Latchup (SEL)

Single Event Latchup causes potentially destructive error and may be a per-
manent damage which is realized by heavy ions, protons and neutrons [13, 23].
SEL was discovered in 1979 by Kolasinski and his co-workers [23] . SEL depends

on the temperature because current increases in devices during latchup.

2.2.3.83 Single Event Burnout (SEB)

Single Event Burnout (SEB) leads to a destructive or hard error because of the
existence mostly heavy ions, rarely protons and neutrons [23]. Devices like CCDs,
power transistors, frozen bits, gate ruptures and some types of linear integrated

circuits burn and lose their fuctionality due to SEB [23].

2.3 Particle Through Matter

In this part, interaction of particle with matter which is the most important
phenomena of the particle or nuclear physics is explained. It is important be-
cause understanding these interactions ensures detection of particle. To detect a
particle, it must interact with matter. While particle traverses, it loses energy in

material. The amount of energy lost depends on particle type and energy.

2.3.1 Interaction of Heavy Charged Particles with Matter

The common effects are ionization and excitation when the particle passes
through the material. If particle has sufficient energy to ionize the matter, the
ionization process occurs. However if it does not have sufficient energy, it excites
only the electron of atom. These two reactions are the most important energy

loss mechanisms.

10



2.8.1.1 Ionization

Ionization is the most common process for charged particle energy loss. In-
coming particle incteracts with atomic electron of nucleus as shown in Figure 2.8.
The incoming particle ejects the electron of atom by breaking off the bound of
electron. But incoming particle has to have more than the ionization energy of
the target bound [26]. During the ionization, incoming particle loses an amount
of its energy which equals to the ionization energy of the atom. The result of
the ionization, material yields free electrons and positive ions [27, 26]. After the
ionization, if the incoming particle has still enough energy, it can repeat this
process [28]. In addition, the ionization process is not only valid for charged
particle energy loss mechanism but also for electrons and positrons energy loss

mechanism.

incoming particle

[ \_\ ionized atom

N\

freeelectron

Figure 2.8: Schematical presentation of ionization process.

2.8.1.2 Bethe-Bloch Formula

When the particles interact with matter, they cause some reactions and they
lose some or all of their energy. The first energy loss calculation was performed by
Niel Bohr [26]. But this formula is not valid for quantum mechanical phenomenon.
Because this formula was derivated by classical assumptions [28]. Bethe and Bloch
derivated this formula by using quantum mechanical assumptions in 1930. The

formula is

11



(%) amvrimey (2) () i (2200 ) a2 (),

(2.3)

where is N, is avagadro number, 7. electron radius, I is excitation potential,

Z is atomic number of absorber, A is atomic weight of absorber, p is density of

absorber, z is incident particle charge in units of e, 5 = v/c of incident particle,

=1/ (\/1—7@), d is density correction, C' is shell correction, and finally W,,..
is maximum energy transfer in a single collision.

Moreover, 2w N,r2m.c? = 0.1434MeVem?/g. Although Bethe-Bloch equation

includes quantum mechanical assumptions, it has also limitations. These are;

i.) Velocity limitation ; Bethe-Bloch formula is inversely depend on . If
velocity of particle increases more than 0.96¢, this formula is not valid

26, 27, 29).

ii.) Channeling effect; when a particle goes through the crystal with critical
angle, it generates channel-like way to travel with a minimum scattering.
This phenomenan is called chanelling effect [29]. Thus it loses its energy
during this motion. This energy loss can not be calculated with Bethe-Bloch

formula since the amount of energy is very small [27, 28].

On the other hand, this formula includes density correction and shell correc-
tion. Density correction is used at high velocities and shell correction is used
at low velocities. Main reason of density correction is medium polarization. If
the particle electric field is bigger than medium electric field [28], the medium
reduces the electric field of particle because of medium polarization [28]. Density
correction term is defined by § and this value can be found by using Sternheimer’s
parametrizations [28, 30]. The second correction is shell correction. It is applied

when the incoming particle velocity is not bigger than the velocity of electron in
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which states at the orbital of the atom [28, 31]. The second correction term is
2C/Z as in Equation 2.3 [28]. In addition to this, formula is really accurate for

low velocity particles because of 572 term [32].

2.3.2 Interaction of Electrons and Positrons with Matter

The occuring process depends on the energy and velocity of electron when
an electron or positron passes through the matter. Their energy loss process
is different from those of the charged particles because of their high velocity
and small masses [26]. Electrons and positrons lose their energy in two ways
which are scattering or collision and radiaiton, when passing through the matter
[27]. Collision types are Moller Scattering, Bhabha Scattering and ionization
[27, 28, 26]. Radiational types are Bremsstrahlung, éerenkov, transition and
annihilation. The events are explained in detail at the following parts.

On the other hand, Bethe-Bloch formula is modified to calculate the energy
loss of electrons or positrons [26, 27]. The resason of this modification is to
distinguish an incoming particle from a target particle because both are electrons
[27]. Bethe-Bloch formula is generally given by Equation 2.3 by using Equation

2.4 for electrons,

(Y <omam (2) (1) (BT s by 2270
(2.4)

the other constants are the

where T is the kinetic of particle and W, = %,

same with the original formula [27]. Another difference between first formula and
the second formula is 1/5% term. At the first equation, this term includes z/3?

but at second equation incident particle charge unit is ignored.
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2.3.2.1 Bremsstrahlung

One important energy loss mechanism is Bremsstrahlung which emanates
interaction between an incoming electron and the nucleus of atom [27, 31, 32]. The
incoming electrons declerate because of the nuclues. Then it loses some of energy
and produce radiation. This special type of radiation is called Bremsstrahlung
radiation [26, 32]. The process is shown as in Figure 2.9. The energy of this
radiation is equal to difference between initial energy and final energy of the

incoming electron [31].

Bremsstrahlung
radiation

incoming
electron

Figure 2.9: Schematical presentation of Bremsstrahlung radiation.

2.8.2.2 Cerenkov Radiation and Transition Radiation

When an electron or another charged particle traverse from one medium to
another medium, which has different refraction index, radiation is emitted which
is called transition radiation [30]. Cerenkov radiation is another energy loss mech-
anism for electrons. The mechanism is similar to Bremsstrahlung radiation but
for Cerenkov radiation, incoming electron must change medium and velocity of
the incoming electron must be bigger than the velocity of light in that medium

[26]. Basically, the presentation of this process is shown in Figure 2.10. But both
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of these radiational energy loss mechanisms use at high energies [30].

Cerenkov
radiation

incoming
electron

If v > v, (inthis media)

Figure 2.10: Schematical presentation of Cerenkov radiation.

2.3.2.3 FElectron-Positron Annihilation

This process is satisfied for high energies and conserved laws. When an elec-
tron and a positron collide with each other, they emit gamma rays [30]. These
gamma rays have high energy. This collision is called electron-positron annihila-

tion as in Figure 2.11.

positron

@

Figure 2.11: Electron-Positron Annihilation [30].

After the collision of electron and proton, they emit radiation and the electrical

charge, momentum, and total energy are conserved.
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e +et v+ (2.5)

We know that electrons and positrons do not lose their energy with radiative
way. They lose their energy with collisional ways which are Moller scattering and
Bhabha scattering. Schematically, representation of these scattering mechanisms

is shown in Figure 2.12 [32].

e et € \\//

€ e € e
a) Mollerscattering. b) Bhabhascattering.

Figure 2.12: Special cases of electron-positron annihilation.

2.3.2.4 Critical Energy

When a particle interacts with matter, it loses its energy by two ways, colli-
sional and radiative. For a particle, when the amount of radiative energy loss is
equal to the amount of collisional energy loss, this energy value is called critical

energy loss [26, 27, 28].

2.3.2.5 Radiation Length

Radiation length is an important parameter for the radiative energy loss of
electron and charged particles. It gives distance where the particle starts radiative
energy loss or where it starts to emit radition such as Bremsstrahlung [26, 27, 31].

This parameter is reduced by 1/e factor [26]. It describes as Equation 2.6.
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E = E0@<ﬁzd) (26)

In this equation FEj is initial energy, F is loss energy and L,.q is radiation
length(cm), z is the thickness of material [27]. According to this formula radiation
length depends on initial energy of particle and thickness of the material. There

is another approximations to calculate this value. This approximation is given in

716.4A
Ko = <Z(Z + 1)ln(287\/?)) (29)

Equation 2.7 [26].

In that equation Xj is radiation length whose unit is (g/cm?), Z is atomic

number, A is the atomic mass of the target material.

2.3.8 Interaction of Photons with Matter

At previous parts, the interaction of particles with matter was explained.
When particles pass through the matter, two main processes occur; ionization and
excitation. But photons do not ionize when they interact with matter. Photons
cause interactions in variety of ways with respect to energy range of photons.
The photons lose their energy with photoelectric effect, compton scattering and
pair production, additionally, Rayleigh and Mie processes. The most well-known
interactions are photoelectric effect, compton scattering and pair production.
These interactions depend on energy of photon and atomic number of the matter

as in Figure 2.13.

2.3.3.1 Photoelectric Effect

This process was completely discovered by Einstein and he won the Nobel
Prize [26]. A photon, which has sufficently enough energy, can emit an atomic
electron from a material [26, 32]. As a result, photon energy is absorbed by

electron and the electron releases [26, 34, 32]. Photons energy is defined as
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The delivered energy of photon must be greater than binding energy of target
material. For metals this energy is called work function and represented as ¢ [26].
If the photon energy is larger than the work function, the rest of the energy is

carried away by the emitted electron as Equation 2.9 [26];

E.=E,—¢ (2.9)

where I, is emitted electron energy, F, is photon energy and ¢ is work func-
tion. This process can be observed in free atoms. Photon is absorbed by an atom
and atom becomes unstable. Electron of atom from higher level fills the gap to

return to stable situation [26, 32]. The process is shown as in Figure 2.14.

2.3.3.2  Compton Scattering

Compton scattering is a process which represents inelastic scattering of pho-
tons to free or loosely bound electrons. These electrons are at rest. Historically,

Compton scattering was recognized by Compton in 1923 [26, 33]. During the ex-
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X-ray Photon
Figure 2.14: Description of photoelectric effect in free atom [26].

periments he realized that the incident photon wavelength and scattered photon
wavelength were different [26].

For bound electrons, Compton scattering is more likely than photoelectric
effect when the electron energy is sufficiently high [26, 32]. Compton scattering
formula is derived by using fundamental energy and linear momentum conserva-

tion. The formula is;

A=A+ L[l — cosb)] (2.10)
mocC

In this formula A is wavelength of outgoing photon and \q is wavelength of
incoming photon and 6 is angle between incident and outgoing photons [26]. The

representation of Compton scattering is as in Figure 2.15.

2.3.83.3 Paiwr Production

Pair production is a high energy phenomenan. However, photoelectric effect
and Compton scattering are low-energy and mid-energy phenomenan, respec-
tively [27]. A photon must have an energy which is greater than 1.022 MeV to

occur pair production [32]. This process occurs between a high energy photon
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Figure 2.15: Compton scattering of a photon [26].

and a nucleus. Incoming photon interacts with Coloumb field of nucleus and as a
result of this, energy of photon converts into a pair (electron-positron) [27, 32, 34].

The process can be explain by;

T+ X —setet + X* (2.11)

where X and X™ represent ground and excited state of a nucleus, respectively
[26]. Pair production is a dominant mechanism for high energy photons especially

v — ray interaction at sufficiently high energies [34].

2.3.4  Multiple Scattering

Multiple scattering is the scattering of charged particle at several times, sta-
tistically more than 20 scatterings [29]. The multiple Coloumb scattering is theo-
rized well by Moliere whose theory describes the angular distribution of scattering
roughly Gaussian for small angles but at larger angles it behaves like Rutherford
scattering [28]. The problem is to calculate the net angle of deflection as a
function of thickness of target material [27]. Calculation of multiple scattering
includes really complicated steps and formulations.

To calculate the multiple scattering, instead of considering total deflection,
it is convenient to consider its projection in a plane [27, 28]. On Gaussian ap-

proximation, rms(root mean square) value is projected plane for small deflection
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angles as [28];

ane 1 rms
90 = efvlns = \/;gspace (212)

After this, according to Gaussian approximation for small angles, the angle

distribution is; [28, 34]

13.6MeV T T
bp = —— =, /Yo[l + 0.0038171(?)] (2.13)

0
Besides Moliere, the calculation of multiple Coloumb scattering is studied by
Goudsmit - Sounderson. But these two theories give only angular distribution.

On the other side Lewis theory computes the moments of spatial distribution

27, 28, 34, 35].

2.8.5 Interaction of Neutral Particles with Matter

Neutral particles mean that electrically neutral. Neutrons are similar with
protons in terms of having the same mass, nucleon number and spin [32]. In con-
trast to this, they do not interact with Coloumb forces in terms of this behaviour
like photons [27, 26].

Low-energy neutrons generally interact inelastically [26]. Result of this in-
elastic scattering leaves the target nucleus in an excited state. The reaction occurs

as this formulation [26].

n+ X"P 5 p 4 [ XTP)* 2.14
P P

The excited nucleus becomes unstable and emits a neutron of lower kinetic
energy [26].

FElastically scattered neutrons can transfer their kinetic energy to nuclear
centers [32]. This occurs recoiling and provides signals (e.g ionization). This

signals reveal the presence of the neutrons [26]. In this process, after the collision,
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the target nuclues remains the same state [26]. It is not excited. The reaction is

[26]

n+ X7 = n+ X1 (2.15)

2.3.5.1 Fission

Fission is one of the most important reaction which a neutron can initiate [26].
This process occurs between a slow neutron and a heavy nucleus [26]. Neutron
is captured by heavy nucleus and heavy nucleus state change to an excited state.
After, fragmentations occur with a brief delay [26]. During this process, several
neutrons and ~y-ray are emitted from the nucleus. For example, Uranium fission

is written as; [26, 32

n+UZ - L+ Y +2n 4 (2.16)

The end of the reaction iodine and yttrium are commonly products.

2.8.5.2  Spallation

Another process, which includes neutron interaction, is spallation. If energy
of neutron is greater than 100 MeV, spallation becomes important [26]. When a
high energy neutron interacts with a nucleus, the nucleus fragments into several

parts and this is called as spallation [26].

2.8.5.83 Transmutation

In this process when neutron reacts with an element, it changes the element
into another element [26]. Transmutation occur in all energy range of neutron

[26]. An example of this reaction is
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n+ B — Lii + « (2.17)

In this reaction, Boron is captured by neutron. Boron-10 is converted into

Lithium-7 and it emits a-particle.
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CHAPTER 3
EXPERIMENTAL PROCEDURE

Two type of tests which are ion beam test and laser test, are performed to in-
vestigate the performation of the electronic circuits or/and DUTs under radiation
environments. Firstly, laser test was performed in MAPRad Laboratory, at Peru-
gia. After data were evaluated by the DUTs or/and electronic circuit’s company
or/and manufacturers, ion beam test was performed in Catania, LNS (Laborato-

ria Nazionali del Sud’). The test procedure of this two method is described above

in detail.

3.1 Laser Test

Firstly, DUTs are tested with laser. Laser test is like a pre-test before ion
beams. Because it is not as realible as ion beam test but it shows the general

errors about DUTSs.

3.1.1 Laser Test Benchmark
Equipments:
e Laser Model: ML20A15

e [enses

LA1027, LB1676-B, LC2679-B, LA1608-B, LB1945-B, LD2297, LA1131-
B, LB1409-B

e Polarizer (Melles Griot)

e Beam Splitter and Cube Beam Splitter Holder (Newport CH#1)
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Objectives 100X (MITUTOYO B47051901)

CCD Camera(1/3a ccd image sensor CB2818-B)

e Dual Timer(C.A.E.N Mod. N938)

NIM-TTL-NIM Adapter(C.A.E.N Mod. 89)

Oscilloscope

Photodiode (Newport model:818-RB-40), Load 50 ohm

Experimental test setup of the laser is not complex but the important thing
for this setup is to focus laser on the DUT. The way of calculation of the energy
deposition on DUT surface and evaluation on effects on these device depend on
the laser focalization. The components are placed as in Figure 3.1.

As in Figure 3.2, the laser passes firstly from the polarizer and reaches beam
splitter which splits the laser beam into two side. Some amount of laser, which is
about 5% of the total beam, goes through the DUT surface. The other part of
the beam, which is about 40% of the total beam, goes to CCD (Charge Couple
Devices) camera left side. The beam, which is gone to the DUT surface, passes
through the some lenses and optical zoom devices before reach the DUT surface.

The other beam, which is gone to the CCD camera, pass some lenses, too,
before reaching the camera. On the other hand, when the first beam (its percent-
age is 60) reaches the DUT surface, some of the beam are reflected from there
and again pass from the beam splitter and finally it reaches the CCD camera.
This provides monitoring the DUT surface. Because monitoring the surface make
the focalization of the beam easier. This results in accurate calculation of energy
deposition and evaluation of the events like Single Event Upset (SEU), Single
Event Latchup (SEL).

On the other hand, the energy of laser can be changed during the radiation.

Photodiode is used to calculate the laser energy. The laser signal is observed by
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Figure 3.1: Schematically the bench system on top and bench at bottom designed
with Solidwork.

oscilloscope as shown in Figure 3.3.

Formula of the energy is defined as

P
E=10"" —= 1
0 (ZCXRP)XSCC (3.1)

where P,,., is area of the triangle at the photodiode laser signal, the signal is
as in Figure 3.3, [ is load resistance with 50 ohm for this photodiode, R, is sensi-
tivity of photodiode, which is 0.5 A/W, S.. = (1 — reflectedbeam) is absorbtion
capability of silicon. S.. means that amount of absorbed beam by photodiode
because some amount of beam reflected from photodiode. This calculated energy
is equal to the surface kinetic energy at DUT. So, using this energy value, Linear

Energy Transfer LET can be calculated easily. The formula of the Linear Energy
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Figure 3.2: Picture of setup with all components.
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Figure 3.3: Laser signal.

Transfer LET is defined as [36]

E

LET = | ———
psidsi

(3.2)

where pg; is the density of silicon or any using material, dg; is the penetration
depth of the silicon. In Table 3.1, it includes the calculation of energy and LET.
The DUT is radiated with laser by scaning along horizontally and vertically.

During the radiation process changing parameters of DUT and occuring events
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‘ Base ‘ Tall ‘ Area ‘ Energy ‘ Energy (eV) ‘ Energy (MeV) ‘ LET ‘
62 21 | 65.1 | 4.48966 107 | 2.8060 10%° 2.8060 10% 150.5383
nsec | V [nsV J eV MeV MeV /mg/cm?

Table 3.1: Example of energy calculation of laser signal

like SEU and SEL were controlled simultaneously.

3.2 Ion Beam Test at LNS

(Laboratoria Nazionali del Sud) in Catania

We know that developing CMOS technology requires some disadvantages be-
sides advantages. As the devices getting smaller and thinner, they become more
sensitive to radiation. So they have to be tested in order to be used under ra-
diation environments. At ground level, the most realible test is ion beam test
to investigate whether the devices are hardened to radiation or not. There are
some different test laboratories which have different test facilities. The list of this

laboratories is as below.

e Single Event Effects Testing Services, Canada

http : / Jwww.re — labs.com/

e Sandia National Lab, CEA/DIF, France

http : | Jwww.sandia.gov/about /index.html

e Lawrence Berkeley Labs 88” Cyclotron (LBL - heavy ion)
http : / /user88.1bl.gov/home

e NASA/GSFC Radiation Effects & Analysis

http : | /radhome.gs fc.nasa.gov/top.htm

e Boeing Radiation Effects Laboratory (BREL)

http : | Jwww.boeing.com/assocproducts/radiationlab/services.htm
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Brookhaven National Laboratory(BNL) SEUTF

http : / /tvdgl0.phy.bnl.gov/
U.S Naval Research Laboratory, http : //www.nrl.navy.mil/

Texas A & M University(TAMU) Cyclotron (heavy ion)

http : //cyclotron.tamu.edu/ref/

Michigan State University National Superconducting Cyclotron Laboratory,
(MSU NSCL)

http : / Jwww.nscl.msu.edu/

Crocker Nuclear Laboratory(CNL), University Of California

http : / /crocker.ucdavis.edu/Site/ Research/RadiationE f fects.aspx

The Svedborg Laboratory Radiation Testing Services (SEE), Sweden

http : | Jwww.tsl.uu.se/welcome.html

ESA-ESTEC Californium-252 Assessment of Single-event Effects CASE
(ECIF member)

https : //escies.org/ReadArticle?docld = 227

National Space Development Agency of Japan (NASDA)

http : | Jwww.jazxa.jp/index..html

Center of Space Science and Applied Research , Chinese Academy of Sci-
ences

http : | /english.cssar.cas.cn/l/dse/SEE Lab/

Canada’s National Laboratory for Particle and Nuclear Physics, Tri-University
Meson Factory (TRIUMF)
http : | Jwww.triumf.ca/headlines/current — events/

triumf — hosts — cisco — systems — week — long — for — testing — period

29



e Paul Scherrer Institute(PSI), Switzerland

http : | Jwww.psi.ch/psi — home

e Indiana University Cyclotron Facility (IUCF)

http : | Jwww.iucf.indiana.edu/

e Argonne National Laboratory ATLAS

http : | Jwww.phy.anl.gov/index.html

e Helmholtz Centre for Heavy lon Research GmbH(GSI), Germany

http : | Jwww.gsi.de/

e Grand AccA@IA@©rateur National d’Tons Lourds(GANIL), (National Large
Heavy Ton Accelerator), France
http : | Jwww.ganil — spiral2.eu

/ganillab/presentation?set,anguage = en

e Istituto Nazionale di Fisica Nucleare (INFN) Catania, Italy

http : | Jwww.Ins.infn.it/

e Istituto Nazionale di Fisica Nucleare (INFN) National Labratory of Leg-
naro, Padova

http : //sirad.pd.infn.it/sirad/W E B /Index.htm

e Oslo Cyclotron Laboratory, Norway
http : | Jwww.mn.uio.no/ fysikk/english/research/about /in frastructure
JOCL/index.html

e Radiation Effects Facility RADEF at the University of JyvAskylA Finland
(ECIF member)

https : | Jwww.jyu.fi/ fysitkka/en/research

These laboratories are the accelerator laboratories. In addition to this, there

are some companies to product the test system. MAPRad is the one of these
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companies which design the test system with the innovative ideas in Perugia,
Italy.

The ion beam test which is aganist the SEE, was performed according to
ESA specifications [2]. Same specifications about general and test plan for our

test setup are;
e The radition field should be placed over the area of device £ 10% [2].

e The silicon thickness should be at least 30 pym and flux range should be

from 100 ions/cm?/s to 105 ions/cm?/s on the DUT [2].

e [rradiation can be performed in air for heavy ions but devices should be

shileded from incident light [2].

e About 5 exposures should be required to adequately plot LET vs cross-

section curve [2].

e When devices is irradiates at an angle, an effective LET shall be calculated
as the normal incidence LET divided by cosine of the angle as in Equation
3.3 [2].

LET (ef fective) = LET cos(0) (3.3)

In Catania, the used test system was designed by the MAPRad. The setup
equipments are scintillator, silicon strip detector, DUT holder, three motors for
moving the DUTs and silicon strip detector, shutter . The purpose of all these

equipments are explained respectively as following;

e Scintillator: The main reason of the using scintillator is to count the com-
ing particles and to measure particle flux and fluence from beam pipe. The
scintillator is connected the photomultiplier tube (pmt) and it connects NIM
crate. It contains NIM-TTL-NIM adapter, dual timer, gate. By using these

modules, the particles, which impinge on the scintillator, can be controled
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Figure 3.4: SEE test setup in LNS.

with software. So this provides to measure the beam fluence prior the test

starting. Additionally, changes at the fluence is observed simultaneously.

Silicon Strip Detector: The particles coming from the beam pipe are
passed through firstly kapton, secondly scintillator, and finally silicon strip
detector. Silicon strip detector is placed near the DUT holder. The function
of silicon detector is to analyze the beam profile, before the DUT irradition.
The beam profile is investigated by using a program code written in ROOT
software [37] which gives the energy of charge distribution at the surface of
the detector. According to this beam profile, DUTs are placed the beam

profile.

Motors for Motion: The set up motion is managed with three motors
which are contolled by Labview program [38]. This ensures that the place-
ment of DUTs along beam axis is done accurately before the irradiation is

started.

Shutter : The aim of shutter is to stop beam particles urgently since it
takes some time. The beam flux generally does not have an expected value
at the first time. So we need to wait to reach to an expected fluence. During
this time, the shutter is turned off not to effect the DUTSs /circuit or silicon
detector. When the fluence reaches expected value, shutter is turned on to

check beam profile or irradiate the DUTs.
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Test setup is as in Figure 3.4 with all components. Before the irradition, the

position of the DUTSs is adjusted by using a laser. The laser is used for measuring

the distance. The laser is connected to the system as in Figure 3.5.

Figure 3.5: Control the system with laser.

The motors, which move the DUTs holder and silicon strip detector can be

controlled by LABVIEW program of which the front panel is shown as in Figure

3.6. At this front panel, the direction buttons provide holder’s movement by

using laser.
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Figure 3.6: Front panel of Labview.

The second important thing is to check beam profile before starting the irradi-

ation. The main purpose of the beam profile check is to place the DUT inside the
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beam area correctly. So the DUT is not directly irradiated, firstly checking the
beam area. Beam comes to silicon strip detector. Then the charge distribution

graph is drawn by using the ROOT as in Figure 3.7.
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Figure 3.7: Beam profile of Xenon ions.

After the beam is checked and DUTs are taken place inside the beam profile,
everything is ready for starting the irradiation. This position is showed as in
Figure 3.8. The integrated DUTSs/circuit is operated, before the radiation and
outputs are recorded by manufacturer of the DUTs/circuit. After they prepare
for the operating like usual, the radiation is started. During the irradiation, the
outputs are compared with the recorded outputs and this process continues until
the DUTSs/circuit is finished in one cycle. It depends on the fluence of beam. It
sometime takes twenty minutes or fifty minutes or even more. DUTs/circuits are
irradiated with different ion beams which have different energy and frequencies.
For this test, used ion beams are 2°Ne, 40 Ar 8 Kr 29 Xe. During the irradiation,
the system can be observed outside the radiation area by a camera. If there is
unsual or wrong thing during the irradiation, firstly shutter is closed to protect
the DUTs/circuits, secondly beam is closed because shutting down the beam
takes some minutes. After this when the beam area is safety to enter inside, it

is possible to go inside and fix the problem or change something about the setup
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or DUTs/circuits.

Figure 3.8: Position of DUTs before irradiation.

These tests are operated at room temperature about 18-22 A°C. On the other
hand, another option increases the temperature with a heater gun while testing.
The temprature of the DUTs can be increased up to 200A°C-500A°C. Because this
is useful way to investigate SEEs which are based on the increasing temperature
of the DUTs/circuit. Additionally, each step of the test is abided by the ESA
(European Space Agency) specifications which is ESA /SCC Basic Specifications
No:25100: Single Event Effects Test Method and Guidelines. Before the test to
project LET and tracking length in the silicon GEANT4 simulation was used.

According to simulation, the radition test table as in Table 3.2.
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Figure 3.9: Schematic representation of ion beam test setup.
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Ton Type | Air 1 (cm) | Air 2 (cm) | Kapton Thickness(um) | Seintillator Thikness (cm) | Angle (deg) | LET (MeV/mg/cm? | Range (um)
2Ne 5 20 50 100 0 2.64 255
N Ne 5 20 50 100 60 5.28 127
D Ar 5 20 50 100 0 10.2 101
STy 5 10 50 100 0 33.1 68
STy 5 7 50 100 0 36.3 50
Xe 5 10 50 50 0 60.7 51
29 Xe 5 10 50 50 45 85.8 36

Table 3.2: Ion beam test irradiation table.

Schematic representation of the setup is shown as in Figure 3.9 to understand

some variables at the setup.
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CHAPTER 4
SIMULATIONS OF ION BEAM TEST SETUP

4.1 SIMULATION OF SETUP WITH GEANT4

(GEometry ANd Tracking 4 )

GEANT4 is the most commonly used simulation toolkit which is based on
C++ programming language. The application areas of this simulation tool is
wide such as nuclear physics, high energy physics, medical applications, accel-
erator physics and space physics. So, it provides more sensitive and optional
simulation. In this project, GEANT4.9.3.p02 is used. The simulation of Sin-
gle Event Effect (SEE) test setup starts with geometry description and material
definition (detectorconsturction.cc), after it requires description of physics which
includes types of particle and physics models (physicslist.cc). It finishes with
the definition of events which includes the calculated parameter you need( Run
Action.cc and SteppingAction.cc) . These are obligated sources fundamentally.
But additionally, visualization of geometry and process, more physics output,
trajectories can be defined.

Description of Geometry: The setup includes three layers which are kap-
ton, scintillator and silicon. The test was realized at air. So the world material
was described as air at “DeterctorConstruction.cc” file. The setup was placed in
that world and X,Y,Z coordinate system is initialized. Fach layers were described
as solid, logical, physical which mean the shape of the volume, material of the
volume and position of the volume respectively. Kapton layer is a tube whose
radius is 2 cm and thickness is 50 pm. Scintillator and silicon layer are box whose

thickness are 100 ym and 1.5 cm respectively. When the layer was positioned,
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the origin of the layer was defined as midpoint of their volume. The distance
between kapton tube and scintillator box is called Air 1 which is equal to 5 cm
for all mesurements. Air 2 is the distance between scintillator box and silicon
box. This distance is 20 cm for Ne, Ar ions, and 10 cm for Kr and Xe ions, 7 cm
for Kr ion at only one measurement. This parameters were shown at Table 3.2 in
previous chapter. Changes about the thickness of layers and other parameters are

made by macro file which provides to run the program interactively as in Figure

4.1.

D © @ viewer-0 (OpenGLImmediateX)

Figure 4.1: Geometry of setup.

Description of Physics list: After the description of geometry, the most im-
portant thing is the description of physics list. Because GEANT4 does not have a
default physics list. Mainly, two physics processes ,which are electromagnetic and
hadronic, exist in GEANT4. But these physics process are divided into subgroups
like low energy em, high energy em or low energy neutron physics, ion physics,

radioactive decay. The setup physics list includes standart elecromagnetic physics
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and all possible events are classified by the particles. Bremsstrahlung, ionization
and multiple scattering are defined for electrons. Additionally, for positrons, e-
e+ annihilation was included. Gammas are associated with photoelectric effect,
coloumb scattering and gamma conversion. For protons and muons, multiple
scattering, ionisation, bremsstrahlung and pair production are defined seperately
as in Figure 4.2. Otherwise cut values are adjusted 10.0 pym as default.
Additionally, for ionization, there are several types of calculations with respect
to different particles. The valid interfaces are G4elonization, G4eBremsstrahlung,
G4hlonisation, G4ionlonisation, G4ionGaslonisation, G4mpllonisation, G4Mulonisation,
G4MuBremsstrahlung, G4ePolarizedBremsstrahlung, G4ePolarizedlonisation.
G/jelonisation: This process calculates the maximum energy transfer like as
below. It looks like Bethe-Bloch formula but it is modified by M.J Berger and

S.M Seltzer. So, it is called Berger-Seltzer formula,;

where n,; is electron density in material, r. is classic electron radius, mc? is
equal to mass energy of electron, I is mean excitation energy in the material,
% =1—1/+% T.. is minimum energy cut for v -ray production, § is density
effect correction, 7 =~y — 1, 7, is min(7¢,7paz)-

G/jeBremsstrahlung: This process is a part of the GeVEnergyLoss and this
includes bremsstrahlung radiation by the electrons and positrons. G4hlonisation
is used to calculate energy loss with ionisation by hadrons (7+, 7, K+, K-,
o+, 0-, anti-proton, anti-sigma-+, xi-, xi+, He®, a and generic ion). The other
interface includes the other options about the energy loss by ionisation.

Description of Events: This step contains that the definition of stepping
action and run action. For this project, the calculation of energy deposition
(Edep), tracking length and linear energy transfer (LET Silicon) at silicon were

pointed step by step at source file “SteppingAction.cc”. For each particle, energy
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Figure 4.2: Schematic representation of physical events respect to source particles
at em scenario.

is 20 MeV/n. RunAction.cc file specifies the start and end of the run. It creates
histograms, tuples with root files at the beginning of the run and then at the end

of the run writes the all outputs to the root extension file.

0 & O viewer-0 (OpenGLImmediateX)

Figure 4.3: Runing GEANT4 for Ne ion.

Visualization: GEANT4 includes seven visualization drivers which are OpenGL,
Openlnventor, HepRep/WIRED, DAWN, VRML, RayTracer, ASCIITree. In Fig-

ure 4.3 OpenGL was used for visualization. These wide range visualization op-
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tions provides to observe geometries, which are even more complex, with tracking,
zoom and rotation options.

End of the Run: During the run, deposited energy for each layers, linear
energy transfer at the silicon and track length at each layers were outputed at
screen for each of beams. After the running, the average value of these outputs
were printed at screen and root file was created which includes graph of these

outputs.
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4.2 SIMULATION OF SETUP WITH MULASSIS

( MULti LAyer Shielding SImulation Software )

Radiation shielding is an important process for electronic circuits and/or
DUTs which are used in radiation environments. There are some tools and soft-
wares to analyze it. One of these softwares is MULASSIS, which is GEANT4
based, easy to use and commonly used software. This GEANT4 tool can be
used with SPENVIS interface or can be installed locally. This software provides
construction of 1D planary and spherical geometry, analysis options like particle
attenuation, radiation ionizing dose, non-ionizing dose and energy deposition [39].
But it doesn’t provide the LET (Linear Energy Transfer) so, LET was calculated

from the formula,

o (1) () as

where p is the density of target material, dE is the surface kinetic energy of
the material, dx is track length in the material. So it can be defined as energy loss
per unit length. MULASSIS gives the energy loss information and track length
information after the run. But this LET calculation is not very accurate.

Mainly, this program is used to investigate the energetic particles interaction
with matter. By using this program can be produced one-dimensional geometry
and analysis of dose, NIEL (non-ionizing energy loss), tracking length and fluence.
When it is analysised these values, it uses different calculation parameters or for-
mulations. These formulations depends on the choosen physics scenarios. Physics
scenarios are categorized into types of particles and energy range of particle.

There are four different types physics scenarios with different calculations
which are standard em (electromagnetic) physics, hadronic physics, low neutron
(In) physics and binary. In addition to this, combinations of this scenarios can

be used according to project.
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In this project, the suitable physics scenario is “hadron+4em-In” for our setup.
It means that hadronic particle transport with ionisation and standard lepton-
gamma transport, but it does not include low-energy neutron.

St-em (standard electromagnetic process) energy range is 1 keV to 10 PeV
[40, 35]. At “leem” (low energy electromagnetic process), energy range is from
250 eV to 1keV for electrons and gammas [42]. For hadronic process, the energy
range starts about 1 MeV and goes up to 15TeV [41]. The haronic process contains
19 MeV neutron cutoff energy but this value is lower than 19 MeV for low-energy
neutrons [40]. Binary cascade is inside the hadronic process but energy range is
about from 10 MeV to 10 GeV.

At the end of the run, output file, whose extention is .rpt, include the deposited
energy each layer, tracking length and the other output file is .cvs which contains
fluence analysis data. Additionally, .eps file is created for visualitization of the
layers as in Figure 4.4.

Silicon (1 cm)

Air 2(20 cm)
Scintillator(100 um)

Air 1(5 cm)
Kapton(50 umj—pm

Figure 4.4: Vizualization of the setup layers.
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4.3 GRAS (Geant4 Radiation Analysis for Space)

GRAS is another simulation tool which is based on GEANT4. This software
specifies a framework to coordinate development of GEANT4-based applications
for space radiation analysis. It allows 3D geometry with GDML and C++4, some
analysis types like dose, fluence, NIEL, energy deposition and total ionizing dose
(TID) and different physics scenarios and histogramming outputs with ROOT
and AIDA. The most important differences between MULASSIS and GRAS for
our project are that GRAS provides 3D geometry definition and LET (MeV /cm)
calculation at silicon layer. LET is calculated by G4EM calcutor and using dE/dx
table. Because of these reasons, GRAS supplies more accurate calculations than
MULASSIS. Geometry of the setup is shown as in the Figure 4.5 which is 3D
.gdml file. The .gdml file was opened by GraXML.

Figure 4.5: 3D set up geometry with GraXML.

At the end of the run, .root , .cvs, .out files were taken. ROOT file is a
tree which includes track length, deposited energy at each layer, LET at silicon
layer graphically. Fluence analysis exists in the .cvs. All events during the run
are contained step by step inside the .out file and end of the file all calculated
variables, which are total average dose (MeV), LET value (MeV/cm) and track

length(pum), are printed.
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4.4 FLUKA

FLUKA is the another Monte Carlo simulation package. This simulation
package can be used areas like radiotherapy, accelerator driven system, particle
physics etc. But main goal of FLUKA is to simulate the particle interaction
with matter and particle transport [43]. FLUKA includes an input card whose
extension is .inp and format is ASCII. This file has some command lines which
contain six floating point values (they are called WHATS) and one character

string (called SDUM) [43].

Geometry
10 T T T T T T

X (cm)
o
T

Z (cm)

Figure 4.6: Geometry of test setup with Fluka.

At the same time, FLUKA has an interface the lines are created automatically.
It appoints some number or strings respect to chosen option from the interface.
All parameters about the simulation are defined by this way. After the definition
of parameters like geometry definition, particle definition, calculation type, the
important thing is to choose the analysis type which is called estimators.

In our project, defaults part which means that calculation type of the sim-
ulation was arranged PRECISIO. After that, the most important part is the

definition of the geometry. The set up geometry includes blackbody region, void,
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world region, kapton region, scintillator and silicon region. Blackbody is whole
body of the set up and dimension is 1000x1000x1000 cm. Black body region is
defined as “+blckbdy -void”. It means that the area composes extraction of void
from the whole body. Void is defined as a box whose dimension is 30x30x60 cm.
World region composes extraction of the kapton layer, scintillator layer and sili-
con layer from void. The other regions like kapton region, scintillator region and
silicon region contain kapton layer whose shape is RCC (Right Circular Cylin-
der) and thickness is 500 pm and radius 5 c¢m, scintillator layer whose shape and
radius are the the same with kapton layer but thickness is 100 pm Silicon layer

dimension is 4x7x1.5 cm, and its shape is RPP (Rectangular Parallelpiped).

LET ( keV/(um g/cm3))
25000 T T T T T T

T T
detector surface

20000

15000

10000

5000

0 1 1 1 1 1 | 1 1 1

900 920 940 960 980 1000 1020 1040 1060 1080 1100

Figure 4.7: LET distribution graph with FLUKA by using USRYIELD estimator.

The other important part is the definition of estimators. Estimators identify
the types of output file. USRDBX, USRBIN, USRYIELD and USRTRACK esti-
mators are used for fluence analysis, distirubution of energy at the geometry, LET

at silicon and tracking length of beam at silicon detectors respectively. Output
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graphs for USRYIELD and USRBIN are as in Figure 4.7 and Figure 4.8

X (cm)

Energy (GeV/cm3/primary)
0.001

0.0001

le-05

Figure 4.8: Beam profile at silicon along the X-Z axis.



CHAPTER 5
SUMMARY AND RESULTS

This work contains investigation and explanation of Single Event Effect (SEE)
test setup details, some calculation and measurements before and during the tests.
Our team works on development of ion beam test setup (Catania site) and laser

test setup.

Figure 5.1: Laser test setup during irradiation the DUTs.

Backside laser test is the first step of SEE test. The laser system is used

for qualitative measurements. An infrared pulsed laser system was developed in
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MAPRAD laboratories. Several devices were tested at infrared laser beam setup
then were taken to Catania, LNS laboratory for testing with ion beams. This laser
setup capability is SEE studies of electronic components by simulating heavy ions.
According to simulated LET values, energy of laser is adjusted and the DUTSs are
irradiated. Energy of laser adjustment and calculation were explained in Chapter
3. Figure 5.1 shows laser test setup during the irradiation of devices. There were
exactly same four DUTs. These devices started to be tested, seperately. During
the test, laser was focused on the DUT surface and DUT was scanned sensitively
with laser. A great amount of SEUs were recorded at digital part of this device
when scanning it. But suddenly, a SEL was observed at analog part of this
device during the irradiation. After this, device manufacturers wanted to stop
irradiation. Because SEL can fail the system when the device use in a system.
Due to this, manufacturers took their devices to prevent SEL and they revised
structure of the devices.

The second step is heavy ion beam test in Catania. In Europe there are limited
number of accelator sites which are delivered ion beams fulfill the requirements of
ESCC standards for SEE testing. Four selected ion beams can be used for testing
W Ne 20 Ar B Kr 129 Xe. This test is performed to qualify the device aganist SEE
after laser test. DUTs, which were controled aganist SEL after laser test, were
ready to irradiate with ion beams. Before irraditon, beam profile was checked with
double sided silicon detector (SiGesPes). According to this beam profile, DUTs
were placed inside this beam area. Each DUTs, which are four and exactly the
same, were irradiated with ion beams as in Chapter 3 Table 3.2. The reason of
the irradiation of the same DUTSs is to increase the results statistically. During
the irradiation of devices, when atomic number of ion beam is increased, number
of SEU increased, too and during Xe ion irradiation, SEL was observed again.

At the end of the ion beam test, it was noted that devices were not radiation

hardened.
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The main purpose of ion beam test is to calculate LET values and count SEUs
in unit area (cm?) respect to calculated LET values as in Figure 5.2. The impor-
tant thing is to chose correct LET values for drawing this graph. As explained
before in Chapter 2, at single event effect section, the graph is composed by three
part; threshold, knee and saturation. For each parts, at least three LET values
should be imported to fit Weibull distribution.Because Weibull distribution is
a mathematical description of the failure behavior in a population of identical
components. So this distribution has been found to be a reasonable model for
describing device failures due to single particles [44]. The Weibull distribution
defines LET versus cross-section graph as a function of four parameters as in

Equation 5.1 [44].

o(L) = 0sat(1 — exp[—((L — Lo)/W)*)] (5.1)

where 0, is asymptotic saturation cross-section (cm?), Ly absolute LET thresh-
old (MeV —cm?/mg), W is statistical width (MeV —cm?/mg) and s is statistical
shape.

Otherwise, SEUs are counted by measuring voltage change due to ionization
or accumulation of charge at the DUTs during the irradition. To change the a0a
into ala or vice versa, the voltage difference A V' must be around 1.5 V [34].

In that graph LET values were calculated by GEANT4. LET is calculated by

Equation 5.2.

LET = <—%) (Cfi—f) (5.2)

where dE is energy (MeV), dx is particle track length(um) in material and p is
density of material (g/cm?). The detector material is silicon so p is 2.321 g/cm3.
dE and dx values were recorded from simulation and charge measurement. From

the charge measurements, simulated energy data relability was calculated. The
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Figure 5.2: LET versus cross section graph [45].
calculation was explained step by step;

1. Charges were collected by Double Sided Silicon Detector (SiGesPes) during
irradiation. For Ar ions, charge graphs are as in Figure 5.3. Each graphs

were fitted with gauss function. These fits give mean and rms values.

2. The rms and mean values of graphs with and without gaussian fit, and most

probable values were recorded.

3. Surface kinetic energy, track length and LET values were recorded by two
different Monte Carlo simulations. Details about the GEANT4 and FLUKA

were mentioned in Chapter 4.

4. Figure 5.4 shows most probable charge versus surface kinetic energy. Kinec-
tic energy values were recorded by GEANT4 and FLUKA as in Table
5.1. These graphs were fitted with a polynominal function, named poll,
in ROOT [37]. Equation of these fits are y = 0.00716z — 517.9 and
y = 0.106x — 969.5 for GEANT4 and FLUKA, respectively. Then by using
mean charge values from gaussian fits, surface kinetic energy values were

calculated with equations as in Table 5.2.
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Figure 5.3: Charge graphs for Ar ions with different Air 2 values. Air 1 was fixed
as b cm. But Air 2 changes 10 cm, 15 cm, 20 cm, 25 cm respectively.

[ Ton Type | Air 2 (cm) | S.K.Energy(MeV)FLUKA [ S.K.Energy(MeV)GEANT4 | most prob. chg

WAy 10 621.9 545.503 14766
WAy 15 498.235 486.044 14082
0 Ay 20 412.234 421.272 13181
WAy 25 325.67 350.527 12065

Table 5.1: Charge Calculation Table.

5. After, surface kinetic energy versus most probable charge graphs were plot-

ted as in Figure 5.5 for GEANT4 and FLUKA. Equation of these fitted

graphs are y = 13.92 + 7259 and y = 13.69x + 8675 for GEANT4 anf
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Figure 5.4: The graph shows most probable charge versus S. Kinetic Energy
(MeV). Energy values are recorded by two different Monte Carlo simulations
which are FLUKA and GEANT4.

Ton Type | Air 2 (cm) | Mean Charge Values | y=0.07163x-517.9 GEANT4(MeV) | y=0.106x-969.5 FLUKA(MeV)
404y 10 14828 544.42964 602.268
404y 15 14071 490.20573 522.026
104y 20 13168 425.52384 426.308
104y 25 12043 344.94009 307.058

Table 5.2: Charge Calculation Table.

FLUKA, respectively. From these equation, energy values were calculated

as in Table 5.2.

6. In the next step, percentage errors in kinetic energy were calculated. //

According to the calculations, they were found to be as in Table 5.3. Ac-

cording to Table 5.3 GEANT4 values are more accurete or more reliable

than FLUKA values.

In the second part of the analysis, the differences between GEANT4 and

FLUKA were compared. LET graphs and values of different simulations are

shown as in Figure 5.6.

According to Table 5.4, LET values, which are recorded by GEANT4 and

FLUKA, have some differences between each other with respect to using exactly
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Figure 5.5: The graph shows energy versus most probable charge graph. Energy
values are recorded by two different Monte Carlo simulatons which are FLUKA
and GEANT4.

| Ton Type | Air2(cm) | Error in MeV for GEANT4 | Errors in MeV for FLUKA |

0 Ar 10 2.49 11.99
DAy 15 2.12 10.22
0 Ar 20 1.87 8.39
DAy 25 1.51 6.03

Table 5.3: Error Table for Simulation Values.

| Ton Type | Air2(cm) | LET(MeV/mg/cm?)GEANT4 | LET(MeV /mg/cm*)FLUKA |

20 Ne 20 2.55 2.63
40 Ay 20 10.01 10.15
Sy 10 33.71 34.81
129 e 10 61.41 69.28

Table 5.4: LET values for GEANT4 and FLUKA for this data, Air 1 is 5 cm, kap-
ton, silion thickness are 50 ym and 1.5 cm for each ion, respectively. Scintillator
thickness is 100 pm for Ne, Ar and Kr but for Xe it is 50 pm.

the same parameters. Especially, a significant increase as a function of Z number
of projectile ions was noted between these different simulation. Main reason
of these differences is due to physics list. Because each simulation uses different

parameters during calculation of intereaction of particle with matter. Increasing 7
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Figure 5.6: Recorded LET values from GEANT4 and FLUKA.

number causes more intereactions so that there is a significant differences between
recorded LET values.
Moreover, we know that kinetic energy is directly proportional to square of

atomic charge of incident particle as in Equation 5.2 [13].

() (B () (E) e

where Z; and Z, are atomic charges of incident particle and target material,
N, is the atomic density of target, M, the corresponding atomic mass, m and F

are the mass and kinetic energy of incident particles, E.j is the mean ionisation
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LET vs Z --> Air1=5 cm, Air2=10 cm for each ion
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Figure 5.7: LET versus Z (atomic number) graph. Z is recorded for 22 Ne, 40 Ar,
81Ky, 129 Xe ions. Setup parameters are Air 1is 5 cm, Air 2 is 10 cm scintillator
thikness is 100 pm, kapton thickness 50 pm and silicon thickness is 1.5 cm for

each running.

energy and P is stopping number of material [13].

So, if Z? increases, kinetic energy value increases, too. By using Equation 5.2,

relation between kinetic energy and LET can be investigated. Increase of kinetic

120

Z (Atomic Number)

energy values causes an increase in LET values as in Figure 5.7.

As a conlusion,

e Firstly, backside laser test was performed in MAPRad laboratories to make
a general qualitative measurement aganist SEE. During laser test, DUT is
scanned with laser and a lot of number of SEU were observed both analog
and digital part of the device. But SEL was observed once during the

irradiation. Result of laser test, irradiation was stopped to control and

revise device aganist SEL.

e Test setup was simulated with two different Monte Carlo simulation codes
(GEANT4 and FLUKA) by chosing the reasonable LET values. These

simulation values were compared with each other. Some differences were
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observed because of physicslist of simulation.

Secondly, ion beam test was performed in Catania, LNS with cyclotron
accelator. Four different ion beams were used for SEE tests. Benchmark
was adjusted according to simulation parameters (airl, air2, scintillator and

kapton thickness).

Before the irradiation of device, beam profile and counting of charges were
investigated. During Xe ion irradiation, SEL was recorded again. As a

result of this, the device was not radiation hardened.

Measured charged data and simulation results were evaluated. FLUKA and
GEANT4 data were compared respect to measured charge data. GEANT4

is more accurate than FLUKA for our test setup.

Number of SEE in unit area (cross-section (cm?)) is calculated by device
manufacturers and by using the LET values, which were calculated by
GEANT4, LET versus cross-section graph is drawn and fit with Weibull

function.

LET versus cross-section graph gives threshold and saturation LET values
information. According to these values, the device is categorized whether

to be used in the expected radiation environment or not.
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APPENDIX A
GEANT4 SIMULATION HIERARCHY

Geant4 Simulation
Code Order
Sources files Header files
(-co) (-hh)
- DetectorConsftruction.cc - DetectorConstruction.hh
- DetectorMlessenger.cc - DetectorVlessenger.hh
- EventAction.cc - EventAction.hh

- EventActionMessenger.cc - EventActionMessenger.hh
- PrimaryGeneratorAction.cc - PrimaryGeneratorAction.hh
- PimaryGeneratorMlessenger.cc* PrimaryGeneratoriVlessenger.hh

- RunAction.cc *RunAction.hh

- SteppingAction.cc - SteppingAction.hh

- SteppingVerbose.cc - SteppingVerbose.hh

- Physicslistcc - Physicslisthh
~Ana|y5|sF|Ie Mosengeroc - AnalysisFile Mmaaenm

'

Compile and Run with macro file
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APPENDIX B
AN EXAMPLE OF MACRO FILE FOR GEANT4,
MULASSIS AND GRAS

/control/verbose 1
/control/saveHistory lnsHistory.out
/run/verbose 0

/event/verbose 0

/tracking/verbose 0

# Set of the physic models
#

/Physics/addPhysics emstandard_opt3 # Electromagnetic model
/Physics/addPhysics Em_extra_physics
/Physics/addPhysics Elastic # Hadronic elastic model

/Physics/addPhysics decay

/Physics/addPhysics radioactive decay

/Physics/addPhysics Stopping physics

/Physics/addPhysics Neutron_tracking cut

/Physics/addPhysics binary # Hadronic inelastic model
#/Physics/addPhysics local_ion_ion_inelastic # Optional Hadronic inelastic model for ions

# Initialisation procedure

#

/run/initialize

# VISUALIZATION OPTIONS

#/vis/scene/add/eventID

#/vis/scene/add/trajectories rich

#/vis/open OGLIX

#/vis/viewer/reset
#/vis/viewer/set/viewpointThetaPhi 70 20
#/vis/drawVolume

#/vis/viewer/flush

#/vis/scene/add/trajectories
#/vis/scene/endOfEventAction accumulate
#/vis/scene/add/trajectories smooth
#/vis/modeling/trajectories/create/drawByCharge
#/vis/modeling/trajectories/drawByCharge-0/default/setDrawStepPts true
#/vis/modeling/trajectories/drawByCharge-0/default/setStepPtsSize 0
# Set here the cut and the step max for the tracking.
#

/run/setCut 1 mm

# useful for voxelized structures

#/Step/StepMax 0.01 mm

# here look at primaryGenerator.cc, z=-1. *mm
#

/gun/position 0. 0. -1. mm

/gun/direction 0. 0. 1.

/gun/particle ion

/gun/ion 10 20 0

/gun/energy 400 MeV

/run/beamOn 10000
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LASER TEST SETUP EQUIPMENTS

APPENDIX

C

eSS E- R S

PULSED DIODE LASER MODULES

PULSER SPECIFICATIONS iLeC iL10C IL20C IL25C IL30C IL40C ILeoC IL75C

Dimensions, ¢xL,in./mm

Pulse Current (adjustable, A)

7-50ns Pulse Rise Time.
Width (ns, typical)

Fall Time

(s, typical)
51-200ns Pulse Rise Time
Width (ns, typical)

Fall Time

(s, typical)
Max.PuiseRate  External Trigger
(kpps) Internal Clock

Propogation Delay (ns)
Supply Vottage (VDC)
Physical Diode Compaibilty

1.0x4.0/

2541016

19

2

2

2

3883

1224
9&5.6mm
832,10:32

Featuring peak output powers of
up to 100W, these pulsed Laser
Diode Modules offer pulse widths
ranging from 7 to 50ns with fast
rise and fall time.

ILC & IPC Series

and both are suitable for any number

ML Series:

The ML family of pulsed laser mod-
ules offers peak output powers of up
to100W at 905nm. These units in-
clude the laser diode, focusing lens,
and pulse drive electronics and re-
quire only a regulated DC input volt-
age and a TTL timing trigger to
operate. ML series pulsers are ideal
for applications requiring high peak
pulse powers, such as rangefinding
and lidar.

Our ILC and IPC pulsers offer peak pulse currents from 1 to 105A and pulse
widths from 7 to 500ns. Available wavelengths include 850, 905, 1064, and
1550nm. ILC family contain an internal power supply that allows for either a
built-in trigger pulse or a user-supplied trigger. IPC pulsers do not incorporate
an internal power supply, so users must supply a trigger pulse and a bias
voltage. Both series are temperature compensated to regulate output power,

of applications, including rangefinding,

atmospheric communications, lidar and biomedical analysis.

MODULE L20A
SPECIFICATIO! 120

15

0H15 M

15

Dimensions, 212x340x058/  212x340x102/  242x340x1.02/ 2.12x340x1.02/
WxLxH,in./mm 5385x8644x 1473 53B5xBBMX2601  5385x86.44x2601  5385xBGA4X2601
Peak Output Power (W) 2 © ) 00

Puise Width (ns) 15 15 15 15

Max. Pulse Repefition

Frequency (kHz) w w S g
Operating Voltage (VDC) o145 9145 9145 o145

Max. Operating Current 100 150 120 150

(mA)

Max. Laser Drive Current 17000 17000 an &)

(mA)

1.0x4.0/ 10x4.0/ 1.0x4.0/ 1.0x4.0/ 1.25x4.0/ 1.25x4.0/ 1.25x4.0/
254x1016  254x1016  254x1016  254x1016  3175x1016  3175x1016  3175x1016
61 -2 14-275 16-33 2244 3366 41825
2 3 4 4 5 5 8
3 5 6 6 7 8 10
“ 1 18 3 ) 2 %
16 18 2 2 2 % 3
© ) 2 2 2 15 10
20 20 20 20 20 2 2
10 10 10 10 10 10 10
1224 1224 1224 12-24 12-24 1224 1224
9856mm  9&56mm  9&56mm  9&56mm 9&56mm 9&56mm 9&56mm
8321032 8321032 8321032 8321032 32,1032 832,1032 83,1032
E-mail:sales@onset-eo.com Li’JSET
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LENS HOLDER ‘ MIRRORMOUNTS ‘ TECHNICAL REFERENCE

ACCESSORIES ‘ EDUCATIONALKITS ‘ RAIL SYSTEM ‘ BASES AND BRACKETS ‘PCBTANDKDSYSTEMS

Opto-Mechanics

Cube Beamsplitter Holders

* Modular, beamsplitter mounts

* Integrates beamsplitter and
standard optics into a single,
compact unit

» Post-mountable; compatible with
1in.and 2in. rotary stages

CH-1
CH-0.5
The versatility and utility of CH Series Cube Beamsplitter Holders make them an Related Products
indispensable tool in the optics laboratory. Their modular design allows optics that are
cqmmonly used yvith beamsplitters, such as wave plates,‘polarizers,_ filters, lenses, and RSP Saries retation
mirrors to be quickly attach_ed and removed. Usgd in oonjunctlonlwnh an affordable Sages (see page 912)
assortment of standard 0.5 in. (127 mm) and 1 in. (25.4 mm) optics, the cube holders
quickly convert into a broad range of general optical devices. Diagrams and sample order
lists for three of the most common configurations are shown: an optical isolator, T-splitter,
and variable attenuator/beamsplitter.
The cube beamsplitter holder’s external thread is compatible with our RSP Series, 481-A, RS65 rda;i;u?sstagm
and RS65 Rotation Stages for precise rotation of a beamsplitter cube. (582 page 911)
Ordering Information
Model De§crimion _ . ) Breadband Nan-
CH05 0.5in. (12.7 mm) Cube Beamsplitter Holder Pdarizing Cube
CH1 1in. (254 mm) Qube Beamsplitter Holder Beamgplitters
MLH05 05in. (12.7 mm) Optic Holder < (see page 547)
CH-PORT Optic Adaptor for CH0.5
LPLHT 1.0in. (25.4 mm) Optic Holder
LPLH-1T
Optic Holder
Ot Holder The CH-1 Beamplitter Cube Hdder's aluminum hausing
antainsan internal 1 in. (25.4 mm) beamsplitter hdder Optional Set-ups
— (beamgplitter nct induded). Parts allow qotics to be
| | CH-1 positioned in beam entry and exit paths Standard 1 in. Optical Isolator
| : CuBeoder (25,4 mm) qptics may be quicly attached to Cube Helder CH-0.5 Cube Holder MLH05
————— ! pats using Neapart LPLH-1T qtic hdders which attach optic mount
tothe sce parts N |k
Retaining
SS———=—=! LPLH1T ring
¢&———" Optic Holder Polarizing ~ Quarter-wave plate
beamsplitter cube
Model CH-0.5 Model CH-PORT
1.063-20 THD SEI' .
1500-32 THD T-Splitter
832 THD (19 1) CH-0.5 Cube Holder ~ MLH-0.5
(M4 THD on opposite side) (35 1) A  optic ??\Z‘i’r‘:m
ﬁ*PM e F ) 00 |
TM 20 ') ﬂt254> > f H =
of| © ||O]et.00 (30.5) \ . Retaining
(254) 500 3 N e
T v 8.375 7 * Polarizing Quarter-wave plate
‘ 170, ©5) 7.8) beamsplitter cube
(432)
Model MLH-0.5 with Retaining Ring Variable Attenuator L
375 Half-wave plate —= —— ring
&= CAD Retaning fing g3~ MLHOS
125 3. 2 ) Half-wave opnc mount
536-32 536-32 plate ~— CH-PORT
MLH-0.5 optic adaptor
o 00 - 748 0.536 0375 (95) lr optie mount "~ CH-0.5
@54) i) (190 (136) a || |"| | Cube Holder
i % 093 ;
(2.4) Fﬁ >+H_ >

0.
(12.8) Polarizing beamsplitter cube

QD Newport

Experience | Solutions

Phone: 1-800-222-6440 « Fax: 1-949-253-1680
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CB-2818B
ccTV

Mini Camera

1/3" B/W Mini Camera
» 1/3" Sony CCD Image sensor
» 450 TV Lines
» Min. illumination at 0.02 Lux, F 1.4
» 3.6 mm Board Lens
» Auto Electronics Shutter
» Auto Gain Control
» DC 12V
» 45(W) x 45(H) mm
» Ext. Model: CB-2816B/ small size: 35(W) x 35(H)mm

Specifications

Pick up Element

Values

Sony CCD Image Sensor

Number Of Pixels

EIA>510(H)A—492(V) , CCIR>512(H)A—582(V)

Auto Electronics Shutter ON
AGC ON
Sync System Internal Sync

Scanning System

2i%81 Interlace

resolution 450 TV Lines
S/N Ratio More than 48dB
Gamma 0.45

Minimum lllumination 0.02 Lux, F 1.4

Horizontal Sync. Frequency

EIA> 15.734 KHz , CCIR>15.625 KHz

Video output

1.0 Vp-p, 75 ohm

Power source DC 12v
Power Consumption 15W
Operating Temperature -10°C to +60°C

lens Amount

3.6mm Board Lens

Shutter control

EIA> 1/60~1/100,000 sec., CCIR> 1/50~1/100,000 sec.

Dimension

45(W) A— 45(H) mm

Weight

0.17 kg

All Rights Reserved 2008- www.azarco.net
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Optical Components
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2 Be_am-DispIacing

! g Prisms

Lenses

Two parallel, but laterally displaced, orthogonally polarized output beams
aretransmitted from one unpolarized input beam when passing through
a CM Melles Griot beam-displading prism. If the input beam is linearly
polarized, the output can be made to vary continuously and sinusoidally
from one parallel beam to the other by rotating the input polarization
o angle

5 The ordinary beamis undeviated.

Lenses

$
E $  Theextraordinary beam s deviated by 6 degrees within the prism.
Eﬁ $ Upon exit, the extraordinary beamis again parallel with the input
L] beam and the exiting ordinary beam.
= $  gngle-layer antireflection coatings are available centered at
either 550 or 830 nm.

dimensionsin mm

PBD beam-displacing prisms

Mirrors

SPECIFICATIONS: Beam-Displacing Prisms

Wavelength Range ~ 350-2300 nm
Optical Material ~ Optical- or laser-grade caldte
Transmission (Ratio of Total Output to Total Unpolarized Input) 350 nm: 35-40%
400 nm: 65-70%
500 nm: 80-88% and greater at longer wavelengths
DimensionTolerance  Qutside diameter 8 0.04 mm; length8 0.2mm
Centration 3 arcminutes
Surface Quality ~ 40-20 soratch and dig
Mounting  Oflindrical black-anodized aluminum housing

Beamsplitters

|

5E Beam-Displacing Prisms
E £ CA Beam Displacement Extinction Coating Wavelength Range: PARTNUMBER
EE (mm) at 500 nm (mm) Ratio (nm) FORVIERE REALACED BY
e Optical Grade
104 10 33 #1044 Uncoated 03FBD001 FBD-10.0
) 10# 10 33 #1004 425675 03 FBDO0T/A FBD-10.0425-675
k] 5 104 10 33 #1044 670-1064 03 FBD001/C FBD-10.0-670-1064
E Laser Grade
Bl 104 10 33 5t 104 5 Uncoated 03FBD312 FBOL-100
10% 10 33 5% 1045 425675 03FBD312A PBDL-10.0425-675
104 10 33 5t 104 5 670-1064 03FBD312/C FBDL-10.0-670-1064
g # Former Melles Griot part number isreplaced by new CVI Melles Griot part number
£
g 10.12 Polarization Components mlllellzlin’af
PBD « PBDL | 03 FBD www . cvimellesgriot . com

I
| e
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