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ABSTRACT
DESIGN OF A SPACE RADIATION MONITOR FOR A SPACECRAFT IN LEO
AND RESULTS FROM A PROTOTYPE ON THE FIRST TURKISH
SOUNDING ROCKET

Albarodi, Abdulrahman

M.S. Physics
SupervisorProf. DrM.Bi | ge Demir k©° z
February 2021132 pages

Radiation damage to spacecraft is a major reason for malfunctions in electronic
components. Monitoring reéime radiation that the spacecraft is exgubso is of
utmost importance for subguent investigation of faults and their correlation to
radiation doses. Components which have completed mission lifetime successfully in
space and therefore have gained heritage can be certified to a certain level of
radiation tolerance for future missmnThe design and optimization of a space
radiation monitor was carried out as part of the IMECE project. The monitor consists
of a proton radiation detector with heavy ion measurement capabilities, in a kinetic
energyrange of 2 MeV to 200 MeV, in additido an electron radiation monitor with

a kinetic energy range from 100 keV to 7 MeV. Both are optimized to record hits in
8 energy bins and the electron one to record fluxes higher than those of protons by a
factor of 10° for LEO flights. Utilization of eégraders and silicon detectors in
sandwich form is essentitr the working principal of the designed proton detector.
Suitable readout electronics for these fluxes and flight qualification tests were
chosen. This mtipurpose radiation monitor will be mafactured and tested at the
METU-DBL facility upon its completion. Arototypefor this radiation monitor was
produced and flown to an altitude of 136 km twice on top the SRO.1 rocket launched
by ROKETSANon the 26th29th of October 2020. Dose rates wereasured at the
PfotzerRegener maximum as well as all through the flight path and are presented in

this thesis.

Keywords: LEO Radiation Environment, Proton/Hedwoy Telescope, Electron

TelescopeSounding Rocket.
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LEODA UZAY ARACI K¢CKN UZAY RADYASYON MONK
TASARI MI VE XOANDAT RXKKETKNDE BKR PROTOTKP
UCUKUNUN SONUCLAR

Albarodi, Abdulrahman
Tez Y° nkraf.iDcM.Bi I ge Demir k?©z
Kk ubat,13 <a@al
Uydul arda kar kél akad aén abiélzeak eamrléar iamian sreddkybe
kal masédeér . Uzay aracénén maruz kaldéjé rad

e
gel ecekte radyasyon kaynakl| & araassaeégnda ebimar u

korel asyon kurabil mek I - 1 .nUzayda lgrevimi¢, y ¢ K °nem
t amaml améck vV e tari h-el enmik bilekenl erin

dojrulanabil i MECBu prajeemadckapsEméenda bir L
monitor ¢ng¢npttiamiazaédsmeonve ger - ekl ektiril mi ktir
MeV kinetikerer j i ar al eéj énda °1 -¢m yapabilen bir e

yanénda, 2 MeV ve 200daveAf &ri nkeyto nk Celn-egn ik aapra
sahip bir Protomdeadyydaukxomn kdadeékt °© rKk i dedel

sepetli algoritma kullaaxek v e r i kaydée yapmalaré i-in opti
Dedekt°r¢, LEO u-ukl dkat éabdirnialkenlas veon akeésén
silikon detektOrl eriniéed massaén,dv it-as arolramuannd a
dedekt®r¢negn -al ekmé@ poensilbir éi ven-evaset ées
okuma el ektrami.klIBeur i- oske -arhanilk& r amdeyasyon mo

tamamlandéektan s onrSDH ggismdeitdsteetilelditir. Bue ODT |
radyasyon monit©°r ¢ i - i 429 Eim RO20ptarilcerindg ¢ r et i | mi
ROKETSANt ar af eéndan f érl atélan SRO.1 roketinin
i ki k er eU-uu-kmuykotluur . b o yRegemnecara €1 mMdmurzeda doz heéz
Ol - ¢tlgmegkbu tezde sunul maktader.

Anahtar Kelimeler: LEO'da Radyasyon Ormé , Prokom/ Aeéreskobu,
Elektron Teleskbu, Sonda Roketi.
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CHAPTER 1

INTRODUCTION

Radiation in space is a major cause for spacecraft netifnsand crew healthisks
Many models havéeen developed to predict the space radiation envianat
different orbits and many detectors have bdesigned and flown to measure and
improve these models. Design and optimization of such a detechdiask best
performed by MonteCarlo particle pysics simulations. Understanding the physical
interactions of the most prominent particles in orbit isutrhost importance to
perform these simulations as well as the geometacatpance and detector

efficiency of the setup.

Thedamagemechanisms caed by radiation to electronic components in spaceraft
depend on the particle type and eneagyvell asts interaction with target materials.
Thus, a radiation monitor in orbit must be sensitive to these pardiotbenergies
that cause the most dama@eant4 software package is a great tool for simulating
the kehaviour of such a detector. Optimizing thisfisvare package by creating
auxilary tools anddjustingtheinternalphysics modkng is crucialin designimg an

efficientradiation monitor for Edh orbit.

This chapter will detail the different models used to predict the radiation environment
in Earthorbits and different measurement devices deployed in space throughout the
years. Then it will discuss thetaractions of particles in materials atieg Geant4

software package as well agttontributions made to it.



1.1 SpaceRadiation Environment

Underganding the space radiation environmenEarth orbit is fundamental to the
safety ofcrew members and theliabilty ofs pacecr aft s component s.
Earth are often classified into three categories: low Earth orbit (LEO), medium Earth
orbit (MEO) and geostationary Earth orbit (GEO). Different orbit altitudes and
inclinationsresultin differentdoses received by the spacecraft as well as the gnerg
spectraand particles it is exposed to. Typiaabits, altitudes andcorresponding
absorbedadiaton dosesareclassifiedin Table 11 [1].

Table 11 Typical altitudesof Earth orbitsand doseseceived bysatellite
componentdehind2.5 mm aluminum shieldg [1].

_ _ Dose
Orbit Type Altitude Ranges _
(order of magnitude)
Low Earth Orbit (LEO) 160 km- 2000 km 0.1 krad/year
Medium Earth Orbit (MEO) | 2000 km- 35786 km 100 krad/yen
Geostationary Earth Orbit (GEC  About 35786 km 10krad/year

The energy spectrum ranges and the further details ap#oe environment in LEO
is investigatedn the sections].1.1:1.1.3. Earth observation satellites like IMECE
and Gkt¢rk are ofterpositionedn LEO with high inclinatiors in heliosynchronous
orbits. This lasthe added benefit of being able to obselifierent pats ofthe Earth

in the course of several orbif2]. However, satellites in such orbispend a
significant amount of theiflight path in the polar regiqrthus exposig it to high

amounts of radiation in each orbit pass.

Chaged pace radiatioin Earth orbitconsists of protons, electrons and heavy ions
and are often classified into three categories inclu@agactic Cosmic rays (GCR),
trapped radiatiosuch as the & Allen Beltsand Solar Particle Ents (SPE)3, 4,

5. InLEO,the ar t h6s masdeflectionaf incbmirgy padiclesbased on



their momentim and directionresults ina cutoff in the particle spectrucoming
from space. This limit om particlemomentumbased on its direction is knowas
the geomagnetic cutofés is given by th8€ rmer approximation in terms of rigidity
as showrbelow[6]:
, 0 Qi _
Yoo : — 1.1
I p p i Q8T Qaweé L

where M is the magnitude of the dipole momens the latitude from the magnetic
equatoyT is the zenith angle of the incoming partigles the azimuthal angle to the
North magnetic pole and r i@ distance from the dipole centéow energy
particles are usuallgeflected except for near the pes where the magnetic field
lines convergeand point towards the surface of tBarth thuscollinearincoming
particlescan enter through the geomagreginvironmentThe magnetic field of the
Earth also traps a lot of these patrticles creating the Van Allen [G¢lt€osmic
galactic particles that have higimoughenergiegbeyond the geomagnetotitoff)
can make it to LEO anchn also cause particle showers in the upper atmosj#jere

These radiation modes will be investigated furtheéhafollowing sections.

111 Trapped Radiation

Discovered as early as 1988, the vanAllen belts are among the most surveyed
modes of radiation in LEO. Charged particles originating elsewhere in space get
trapped and mirrockinthe magnetic field of thedtth. The particles move back and
forth betweenmirror points in the Northern and Stnern Hemispheresvhile
revolving around th& a r ffididdirses in cyclotron motioms well as drifting East

or Westdependindo their charg¢l10]. It consiss of two main belts of radiatiotihat
surroundhe Earthemergingrom pole to pole as shown igure 11. The inner belt

is dominated by protons due to their larger mass and thus seyaltdrotrorradius.

The outer belt is dominated by trappedcaiens.Positively charged pécles drift

West and negatively charged particles dffast. The fluxes of these belts vary



greatly with solar cyclesTrapped protons have energies below 400 MeV and the
trapped electrons have energies below 7 MeV forrtheribelt, and 10 MeV for the
outer belt[11]. There exists a region in LEO called t8euth AtlanticAnomaly
(SAA) where themagneticfield strength drops significantly allowing the belts to

descad to a lower altitud¢l2]. Pases through thisegion will result in increased

dose to thespacecraffrom all radiation sources.

Magnetic Axis Rotational Axis

IR
N International Space
A= Geo “>..  Station
i [

Earth Radii
o
|

! 1 1 ! 1 ] 1 I, = ’I‘ 1 | I ! 1 1 I ] ] L] | 1 1 1 I 1

e South Atlantic Anomaly
I Lo (200 km from Earih's Surface)

! !

-6 -4 -2 0 2 4

Figure 11 TheVanAl en bel t s06 | ocat.

Models for predicting the flux of different trapped pad&land their energy
distribution were developed based the data collected by several experiments. Such
models include AP8 and AE8 moddiom the 1980s by NASA for protons and
electrons respectively, which are now being replaced by AP9 and[¥& 44|
These models incporate the solar cycle effect, with the solar max and min options.
These models and others are implemented inspaee environment information
system (SPENVIS) from the EuropegpmaceAgency (ESA). Tis system allows for

on asthradu nd
unit distancs. Location of the SAA and theeightof thelnternational Space
Station(ISS) are also indicated on the grafdi®]. Color scale is qualitative.
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the best prediction of the spacadiation environment from all sources using a

plethora of different models.

An example for use of these models is shown usitigpeal Earth observation

satellite orbital parameteass listedn Tablel.2. These prameters correspond to the

Turkish Earth observation satellite IMECHreseen to be launched in 2022,

which YRM (Yer | i Radyasyon Monit°r¢ orisHomegr
planned to be installe@bservingthe particlespectrawvith high enough stadtics to

distinguish SPEs from trapped particle fluxeghis orbit is thegoaltarget during

the design of YRM.

Tablel.2 Orbital parameterslescribinga typical circulathelios/nchronous orbit
for an Earth observation sataki[15].

Orbital Parameter Value
Apogee 680km
Perigee 680 km

Inclination 98 Degrees
Period 1.64 Hours

The resulting trapped particflixes are plotted inFigure 12, for protons A) and
electrors (B). Thefluxes at the low enerigsareseveral orders of magnitude higher
than at higher energider both andthe electron flux of isat least 2 orders of
magnitude larger than protonp tofew MeV after whch it falls sharperA design
for an efficientradiation detetor sensitive to both electrons and protseparately
should factor this difference in its optimization proce8sy proton detector
sensitive to energies below 5 MeV will suffer from a laefgctron background. It
is al® important to note that most thife trapped proton flux is below a few hundred
MeV.
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Figure 13 The distribution of th@rotonflux seen by IMECE in 20rbits projected
onto the Eatt in orbital coordinates from a SPENVIS simulation



1.1.2 Solar Particle Events (SPE)

Energetic nuclear reactions inside t8en followed by magnetdydrodynamic
processesn its surface yield a very high flux of particles knowrhesSolar wind.
Solar eventsigh as sunspots affidres create ions that are ejected fromS3be at
high energie>100 MeV) The poles of the & swapeveryl1l years, also known
as theSolar cyck, causing disturbances in then& magnetic field, releing a

massive amount of radian. Duringacycle, there are 7 years when the satdivity
is high, followed by 4 years of solar minimum when the s@etivity is low[16].

The Carrington evenh September 1858 generaly considered as the heuristar

the upper limit on particle fluences produced by SPEs atl1188° particle/cnt
during a period of B dayq17]. Heavy ionssuch as alpha particles and oxygen ions
are also ejected by SPE¥epending on the solar cyckhe absorbed dogeer year

by a satellite will vary drasticallyHowever,in the process of designing a radiation
monitor such as YRM using the solar maximunmas the desigmequirementto
calculate the maximum particle rate arsensowill result in a rolust designthat

will not be oversaturated bipreseeablé&SPEs of high magnitudeBor the orbital
parametergiven inTablel.2, an intervalat the peak of the solar cyq@1/01/2010

to 01/01/201)was used to caltate thepeakparticle fluxes of protonand the most
prominent heavy ions (Heliurfollowed by Carbon and Oxygeir) SPENVIS as
shown inFigure 14 A, B, C and D respectivelyAt the olar maximum, the flux of
SPEsexceeds that of trapgd particles by several orders of magnitude for a short
period of time (~6 months). The design of YRM must be able to observe such
increases in the particle fluxes without getting oversaturated. Solilgmand
heavy ionsalso bemme very prominent irthe polar regions of LEO since the

magnetic field strength diminishes.
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The exact mechanism of creation galactic cosmic rayss still unknown[18].

with respect tkinetic energy per nucleon.

Galactic Cosmic Ray§GCR)

400

500

However,supernova and their remnantare known to create an immense flux of

particles at very high energiésl TeV)and accelerate surrounding particles as well.

The GCRs are observed to be isotropiaa@ture. Thecomposition of GCRs have
been extensivelgnalyzedoy various experiments such as AM3[19]. Heavy ion

constituents of the GCRse also high in energy and contribatgnificantlyto the



absorbed dose ofspaceraft in LEO. Thefluxesof heary ions generdy decreas
with increasingZ (atomic numbe) as shown inFigure 15, which wereobtained
using the CREME96 databassailable inSPENVIS. Theenergy distribution of
GCRscan reactOL0' GeV [20]. Low-energy GCR#elow the geomagneticutoff
folowtheEar t hé6s magnetic field Iines t

whereas the GCR flux ieducedat the equator.
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Figure 15 Heavylon fluxes at 1 MeV extracted from the CREME96 datalpaspe
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Table 13 Summary ofropertiesof differentcategorie®f the space radiation

environment al LEO.

in LEO depend on

Van Allen Solar Particle Galactic Cosmic
Property Belts Events Rays
Low Energy 87% Protons
| Electrons <7 MeV | Protons and | 12% Alpha Particles
Composition 1% Heavylons
Protons <400 MeV|  Electrons 204 Electrons
Geomanetic cutdf _ Geomagnetic cutoff
Effect of Existence of

in LEO with depend

magnetic field _ SAA .
latitude on latitude
AES8
ESRPSYCHIC
Prediction AP8
NOAAA CREME96
models AE9
CREME96
AP9
1.1.4 Cosmic RayShowers in the Atmosphere
When cosmic r ays sphere, theinterabt with Eha airtolprodiicea t mo

particle showerf22, 23] GCR primarieshatare aboveéhe geomagnetic cutoff will
proceed towards the sade of theEarth generating secondary particldhese
secondarig will then collide with air as theyraverse through higher and higher
densities of air. The resulting partidhowerconsist neutrons, electronsuons,
kaons pionsand neutrinoss illustrated irFigure 16. Especially chargethuons can

traversdongdistances through the atmosphere waththeE a r sunface without

decayingor getting absorbesvh i ch al | ows

[24].
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Incident
primary
particle

Collision with air molecule

Muclear
disintegration

WUy Gamma photon
NP High-energy

nucleons
Electromagnetic Muonic Hadronic np  Neutron, proton)
component component component

N/ 4 4 s d & electron

p* muons
lea] pions

positron

Figure 16 lllustration of the cosmic ray shower components. Particles resulting
from electromagnetic, hadronic and muonic interactions and shoshfiarent
sectiong25].

Theoretical modelsand MonteCarlo simulationspredict a maximm flux of

secondary particles (muons, electrons and pions) at an altitude of ~2éllkech the
RegenetPfotzer maximumas shown inFigure 17. The primary flux of protons

decreases exponentially as the altitude decreasglee the flux of secondary

electrons, positrons, neutrons, muons and pions reach a maximum around an altitude

of 20 km and then decrease rapidly astheyagpc h t he E dahesefluies sur f a
are calculated using the newly develof@@&RI7-A simulation softwareCARI7-A

is developed by the Federal Aviation Adm
Institute. Based on MCNPX2.7.0, it simulates the atmosphesponse to a primary

GCR spectrunand generates secondary particles accordifigig particle fluxes in

Figure 17 were generatedsing thelSO 2004modelfor the primary GCR fluxand

using the coordinates N@&.2 and E635 on O

11
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Figure 17 Calculated flux of diferent paricles at different altitude using CARIX
software with the IS€2004 modef or al ti tudes. above (NOG642,

Measurements of the radiation dose in the atmosphere were being performed since
the 1950s. Balloons and aircrafiere used extensively tmeasurehte profile in
different altitudes below 35 km. The accumulated realie show a peak in the

dose rate at an altitude of 20 K&v, 24, 28] Figure 18 shows data acamulated

from over 70,000 balloon flights over the past 50 yaathe USSR [2Q]Regener

Pfotzer maximum can be clearly discerned in the figure for the$lajtdve Moscow

while being more subtle in more northern regions with cutoff rigidite®r thanl

GV [27].
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Figure 18 The count rate vs. altitude in the atmosphere. at the northern polar
latitude, Murmansk region, Rc=0.6 GV (the radiosonde flights on 2 and 4
September 1997opencircles andlack points, accordingly); at Mirny in the
Antarctic, Rc=0.04 GV (the flights ahand 8 Septembeiopen and black
triangles, accordingly); at the middle latitude, Moscow region, Rc=2.4 GV (the
flight on 3 Septemberopenpurplesquares)27].

Recently, n March of 2019a REXUS sounding rocket was flowfrom Esrange
Space Center in northern Swederth 3 cameras and a scintillator detector to
measure particle flux data in the upper atmosphere up to &hémecoered[29].
The measurement from the scintillasmwn inFigure 19 doesnot have aRegener
Pfotzer maximum becausiee measurement was performed at a high latitudegN8
The measurement from the camerdid notsurvive the flight ad the data got

corrupted.

13
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Figure 19 Cosmic particle countate data obtained from sounding rocket flight
usingaNE-110 plastic scintillator detect¢29]. Measurerant does nioshowa
RegenetPfotzer maximum due to very high latitudetiog launch location.

A summary of the available radiation measurement data is providgttpsnd is
shown inFigure 110. Bothdose raterad flux showa clear increase in particle count
ataround20 kmas well as in the innel600 km to 13000 kjrand outef19000 km

to 40000 km)an Allen beltsAlso, the flux in the SAA is twaorders of magnitudes
higher as measured by the 1IS®%e specift dose (SD) is a measure of the average
energy per particland changes slightly with altitude as the dominant particle in the
GCR spectrum change with altitude. Betweera8 220 km, there is no available

databecause it can only be coveredrbgkets wich only spend a limited time there

This thesis presents measurement of the dose rate and particle counts in the

atmospherand spacep to 1% km to fill this void.
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Liulin-4C MDU-5 1.E1 7=t f 1 %
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22/03-07/05/2001 | 4 E2 1B 1.E40 1.E¥ 1.E+2 1.E+3 1.E+4 1.E+5
s sl Dose rate (uGy h'); Flux (cm? s
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Point description, ber of the aged ged phi d dose ged flux and  Averaged SD and range
used, time [dd/mm/yyyy] altitude, and coordinates [long, rate and range  range [cm 2s'] [nGy cm 2 particle ']
range [km] lat] [uGy h™"]
Ground, 2431, 22/03-07/05/2001 ~01 48°N, 2°W 0.073 0.059 0.346
0.026-0.212 0.0028-0.111 0.213-1.15
Flux minimum, 10, 22/03-04/05/2001 16 45°N, 51°W 0.073 0.052 0.386
156-1.7 0.049-0.114 0.04-0.072 0.325-0.645
SEP on 15 April 2001 (Maximum exposure), Fixed at 10.67 53°N, 26°W 3.66 146 0.696
1, 13:42 15/04/2001
Civil aircraft flight level between 34,000 and 36,000 ft 1055 52°N, 31°W 162 0.921 049
(10.67 km), 559 points, 22/03/2001-05/05/2001 10.36-10.67 0.85-2.33 0.534-1.068 0.40-0.64
Photzer (Flux ), 1, 08/06/2005 147 44°N, 107°W 29 146 055
Photzer maximum (Dose rate maximum), 4, 08/06/2005 18.65 44°N, 107°W 438 136 0.89
18.3-19.01 2.66-5.94 1.28-1.48 0.87-122
HotPay2 rocket trajectory, 14 31/12/2008 312 70.7°N, 14°E 8.99 19 13
211-376-204 48-118 1.68-2.15 0.79-189
South-Atlantic Anomaly maximum (Ascending node 360 31°S, 51°W 948 113 2.33 (38 MeV)
orbits), 116 22/02/2008-23/06/2009 347-371 626-1195 76-140 2.04-253
South-Atlantic Anomaly maximum (Descending node 361 31°S, 51°'W 1310 154 2.37 (37 MeV)
orbits), 122 22/02/2008-04/06/2009 349-371 882-1640 104-192 224251
Inner radiation belt (Flux maximum), 2730 15.3°S, 165°E 35,489 3279 3.0 (26 MeV)
2, 26/10/2008 2707-2753 34811-36,167  3274-3284 2.95-3.06
Inner radiation belt maximum, (Dose rate max.), 3007 15.3°S, 165°E 37279 3127 3.28 (24 MeV)
2, 26/10/2008 2984-3030 37254-37305  3099-3156
Outer radiation belt maximum, (Flux maximum), 20,300 15.8°S, 149°W 44,200 16,021 0.766
7, 26/10/2008 20,180-20,436 4374544642 15976-16,053 0.757-0.773
Outer radiation belt maximum, (Dose rate max.), 21,260 15.8°S, 149°W 46,090 14,978 0.86
8, 26/10/2008 21,111-21,409 42,462-47132  13,460-15,539 0.823-0.883
Free space, 8710, 06/11/2008 230,000 12.87 316 113 (169 MeV) 051-325
200,000~ 46-413 171471
252,000

Figure 110 Variations of the absorbeatbse rateflux and specific dose fan
altitude range from 0.1 to 250,000 km with tabulated data concerning points of
interesg24].
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1.2  Radiation Detectors in Space

In the past0 years, several detectors were designedHfe purpose oimeasuring
theEar t hds r a dmenattRadation detestarsrvary greatly depending on
their mission goalsnddesignlimitations. Large detectorO 1) wiere deployed

in space for extensive scientific studies of energetic parstielsas AMS02 [20]

and PAMELA[30] and Fermi gamma ray space telesc{fid. These detectors
measure cosmic rays inveide energy rangelpP0 MeVto TeV) with very high
accurag and stastics to study dark matter, printhal antimatter and galactic
gamma ray sourcedVhile other smaller detectors have a smaller profile and a
narrower range (<500 MeV/nuc) for a variety of purposes ranging from scientific
research to ion thrustekhaust caracterizationln this sectionthe major small sized

active radiation detéars in space are investigated.

121 The Van Allen Probes

Launched in 2013van Allen probes are twin satellites designed to camewntidal
detectors into the van aEh®s radiation bés in opposing orbits The highly
specializednstruments carried by the probes are summarizéadlote 14 [32].

16



Table 14 Instruments alwrad thevanAllen probes and their functioi32].

Instrument Aim
RBSPICE: Radiation Belt Storm Probe

lon Composition Experiment

Investigation of storatime ring current

Energetic Particle, Composition, and

_ Investigation of electron, proton and
Thermal Plasma S (ECT)

heavy ion fluxes at low energies

Electric and Magnetic Field Instrument, Measurement of electric amdagnetic
Suite and Integrated Science (EMFISIS field effecs on particle acceleration in
Earth orbit

o _ Investigation ohowthe electric fields
Electric Fieldand Waves Suite (EFW)

energize radiation particles and modif

the structure of the inner magnetosph:

Relativistic Proton Spectrometer (RPS] Measurement of high energy protons
to 2 GeV)

Detectas onboardhevan Allen probes are currenttgking data to help verify the
AP9/AE9 models of the radiation belts, as well as understand the flux of high energy
particles which are thought to be underestimated by previous m@#IsThe
patticle radiation monitors on the ECT mainly use magnetic spectrometry to measure
the energy of the particles in relation to #ien ratio. Separatsilicon detectors for
electrons, protons and heavy ions makes charge discrimination andleparti
identification possible. Measurements of the ECT are being compared with the other
detectors and previous models to imprélve understanding of the radiation belts
[32].
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1.2.2 SEMS and RAD

Space Environments Monitoring Su[@] is an instrument designed by NASA to

measure the radiation environment of its host satellite in LEO or GE® device

which is intendedto fly abroad the Solar Electric Propulsioffechnology

Demonstration Mission (SEPDM) includesseveral modulesof which the RAD

moduleis in charge ofmeasuring protomand heavy ios (Z< 26). It consists of a

silicon telescope with 3 solistate detectors to measure protons with kinetic energies

from 50 keV to 100 MeV. The detector isstgned inpr t t o f ul f i | NOAAGS
for monitoring of solar winds for weather forecasting. The RAD srébmpact with

a mass of 2 kg and a volume of 1 L. It is also designed to minimize power

consumptiorat 4 W.

1.2.3 EPT

The Energetic Particle Telescope {[BP[35] was designedby Uni ver si t ®
Catholiquede Louvain / Center for Space Radiations (Belgiumgooperation with

ESAto achieveagoodresolution of energy spectrums of radiation particldsarth

orbit, while also maintaing compaatess and low powectonsumption It was

launched in 2013 onbaktheProbaV satellitel t f i ts into alOvol ume of
I 211 3ahd hasma mass of 4.6 kghich is slightly largethan the RAD unit

made by NASAHowever it exceeds thperformancef the RAD unit by being able

to measure electrofiuxes in te energy range 0i20 MeV, proton fluxes in the

energy range 91800 MeV and Heon fluxes between 38 and 1200 MeV. To
achievethis, EPT uses 23 Passivated Implanted Planar SilRt#S) detetors for

particle identiication and energyneasurement,geked into doublets in a modular

arrayas showrin redin the cross seanin Figure 111 [35]. The doublets &n be

added or remaved according to mission criteria and serve primarily for energy

measuement of the incoming particle, while the three singlet detectors at the
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entranceg(S1, S2, S3kerve the purpose of measuring the total flux as well as the

field of view of the telescpe.

Figure 111 View of the cross sectioof EPT spectrometedoublets (D)modules
are shown in red while singlet (Bjodules comprisef single detectors for field of
view definition[35].

1.2.4 MuREM /RM

MuREM is designedy the UK Space Agency as a commercial radiation monitor
for spacecraftlt launched for the first time on 2014 abroad frechDemoSat
mission[36]. It houses two silicon PIN diodes for protG+80 MeV)and heavy ion
detection The compactness of this devimemes at the cost of the quality of the data

it can collectWith a mass of 0.5 kg and a poveensumption of 0.5 W it has a very
good profile to suite most spacecrdthe reduced measuremt rangegor protons

and the lack of electron radiation measurement highlight its shortcomings. The

design also includes multiple RADFETSs for passive TID mesmsant.

1.2.5 SATRAM

The Space Application of Timepix Radiation Monitor (SATRAM) incorpes#te
Timepix silican pixel detector 300 Om thick silicon sensor, pixel pitch 58m,
25d 256 pixeld [37]. Designed and flown by the ESA abroad frebaV satellite
in 2013 it can measure protons and electrons in the ranges &V and 10400
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MeV respectively.The added spatial resolution from using pixel detector helps
identify particles with high accucg albeit at a high power consumption for its
weight. SATRAM uses 2.5 W of power while weighing only 380 g. The data
collected fran the pixeldetectors is very helpful in understanding and characterizing
the anisotropy in the radiation belts around theheak photograph of the unit
attached to Prob¥ is shown inFigure 112. While ProbaV aready caries a
capable radiatiodetector, the directional measurement capabilities of the Timepix
detector along with the placement of the SATRAM unit onboard the satellite is able

to measurehe directionalEastWest)drifting of trapped particles.

Figure 112 Photograph of th€ ATRAM unit placemenbnboard the Prob¥
satellite

1.2.6 MFS & BERM

Made by thePortugueseEFACEC company, MFS and BERMre both layered
silicon detector radiation monitors contracted by the ESA Both contain a stack

of 11 silicon detectors as shownRigure 113. Thestack of detectors placed in a
telescope arrangement to allow for energy spectrometry of the incoming charged
particleswith energy degraders in betwedime two designkave minor differences
between them to suit different mission profiles and satellite dimensions.
Identification of particles iperformedbased on pulse height discrimination in the
silicon detet o signé. A comparison between the two designs is showTainle

15.
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Table 15 Comparison between MFS and BERM design paramf&8}s

Parameter MES BERM
Power Consmption 4 W 5W
Weight 2.914 kg 2.143 kg
Envelope 257.3x120.0x108.0 mi 174.8x120.0x107.0 min

Electron sensitivity

0.45to 7 (7 bins) MeV

0.3 to 10 (%oins) MeV

Proton sensitivity

1to 120 (10 bins) MeV

1 to 200 (&ins) MeV

Alpha sensitivy

5 to 400(10 bins) MeV

Heavy lonsensitivity

1 to 50 (10 bins) MeV

1 t050 (5 bins) MeV

Figure 113 Exploded view of BERMrternals, Silicon detectors asbown[38].

1.2.7 Common Features

In sectiong1.2.1-1.2.6] the design of different existing radiation monitor devices

was investigated. The similarities between these devices include the limitation
imposed by deployment in space, namely the power consumption, mass and volume
limitations. Other comron factors inalde the consistent use of silicon detectors for
their proportional response to the deposited energy by traversing ionizing particles.
These detectors are placed in telescope arrangements to achieve a wide energy

measurement rangd to allev for coincidere detection. Collimators are also used
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to limit the flux of theincoming particles and to define a field of view for the
telescope setup. Pulse height discrimination is also consistently used for particle

identification as well s energy masurement.

Silicon PIN diodes are widely used in space and radiation applications due to their
high-speed response, relatively low premedsmall size[39, 40] Silicon has a low
band gap energy of 1.1V at 300K [41]. They are made of 3 layers of silicon, a
pure intrinsic (1) silicon region sandwiched betweendoped region (P) and an n
doped region (N). As the general schematic showkigare 114 illustrates, a high
reverse voltage (101000 V) is applied to the diode to deplete the intrinsic region
[42]. A passing ionizing particle can create electnote pairs in the depleted region
by depositing its mergy. Thecharge carriers then travel to the cathodes where the
current is collected and directed to the readout circuit for amplification and
digitization.

Bias voltage (typically 10 to 1000 V)

& A e

To signal Depleted ~ Region
amplifier e s

v
Motionof | + T4

.
£2 +
-a electrons i +
-t G +
o E & =
- 1
=2 D o4 -
| A s
I-pAaT H + 2
<] — ! -
=l Motion of ' +
= holes H * -
Incident ionizing 4+ H +
article o I +
P = ! _ +
et 1

— L

Direction of
electric field
P-type single crystal
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Figure 114 General schematic of the working principle of the sii®IN diock for

charged particléetection.
To summarize, the factocommonto most of the pevious designs are listed below

1 Employment 6silicon detectors
The low band gap of silicon allows for the creation of a high number of

electron hole pairs faensitive neasurements.
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1 Proportiondenergydepositionand amplification
The signaloutputis directly proportional to the energy deposited inside the
silicon detectors.

1 Telescoparrangement
Parallel layersof silicon are sandwiched between moderatofsie particle
penetrates through the telepecand stops at a certain layahich with
coincidence logic allows for the identificationtbi particle energy.

1 Collimators forthefield of view definition
Collimatorsshielda lot of particles from the detectsignal ly obstructing
their flight path, sacrificing statistics to alldor a better accuracy in energy
measurement.

1 Pulseheight discrimination fochargeidentification
Using the proportionality of the deposited eneimyhe square of the charge
the height othe pulse can be used to distinguish partiafesenergies urgg
thresholds.

1.3  Interactions of Charged Particleswith Materials

When an energetic particle enters a medium, certain physical processes will occur
with different probabilities. Diffeent typesof particles will interact in different
ways. Inthis thesis the focus will betowardsthe interactions ofelectrons and
protors and heavy ions travelling through matteFhese will interact
electromagnetically with the electrons and tiuelei of the magrials theytraverse
throughmultiple processs,whichinclude elastic and inelastic scattering, ionization,

bremsstrahlung radiion and various other nuclear and atomic interac{igis

The amount of energy lodsty a chargd particleand deposited in the medium
depends on the type of particle, its mass, charge, initial energy, the medium and the
interaction thatook place. All interactions occur with a certain probability called the
cross section that depends miany factes such ashe energy of the particle and

whatit is interacting with43].
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The scope of this thesis revolves around protons of energies between 1 MeV to 1
GeV, heavyions of energies less than 10 Ge¥ well aselectrons of @ergies
betwveen 100 keV and 10 MeWhich will be describethater. This limits thenumber

of interactions to beonsideredince the cross sections of many high energy physics

processes amegligible

A good method of estimating the energy Ipss unit Engthof aproton orion in this
energy region iglescribedy the BetheBloch formula given belo44]:
Q0 VYo N ch’xr ) cO

_ [T 4 'nT_ — — 12
Qo S0 a e g I 5 g 5 (12

Here, the classical electron radius denoted byre, the electron masdy me,

Avogadr o g0 rthemdame excitation potentidy "Q the atomic number

of the medibydnthea tnoantiecr ivaeli ght of bydhe medi umo:
thedensity of absorlig materiaby ” , thecharge of incident particle in units obg

0,1 is theJackson nmber(bv/c; particle speed divided by speed of lighf)the

incident particle] is the Lorenz factoro(= 1 / & ),71 ib thedensity correctiond

is theshell correctiorand®w  is themaximum energy transfer in a single collision.

The dengy correction is important for high energies of incidients, while the shell

correction is important for low energies. This formpladicts the energy loss of

high energyparticles is much less than that of slower particles. Batsaviorof

particles esults in theBraggpeak, which is the prediction that as the particle loses

more and more of its energnside a material, the ratgth which the energy is lost

increasesWhen the particle has depositgdhost all of its energy in the material,

ie.ithas al most r e,ahe mraph ofidE/dwersustahneg epar t i cl e b s
penetration depth exhibits a peak seen irFigure 115. The heavier the ion, the

sharper the peak gets independentsahitial kinetic erergy.
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Protons depth dose distributions Protons Rgp
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Figure 115 Bragg peaksiormalized to relative dosdrawn for protons, alpha
particles, carbon ions, oxygen igle$t) and the range at which 80% of energy is
deposited per nucleon (righor different initial kineticenergies[45].
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Ther ange of

a

particle inside a mater:i

Thus, heavier shielding materials can stop more particles per unit depth. An

investigation of the relationship between a igles momentum and its energy

deposition yieldshe result that there exists a point of minimum energy loss for all

particles

at

b o Bighire 416. Partiales atlihés vadue arevegéraded m

as minimum ionizing particles (MIP).
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Electrons exhibit a different pattern in the relationship between kinetic enedgy an

penetration depthlThat is because the mass of the electron and its leptonic nature

subjects it to different physical interactions than protons or othefylieas. The

threshold of pa#productionprocess of the electronadout 1 MeVand sahe range

calculations of electrons have to be differenfobe and afterthis threshold

Electronsproduce showers of secondaries when they enter a material through

inelastic scattering, pair production and annihilafef]. The energyf the electron

is the determining factor in the distribution of these showers in terms of their
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daughter particles, depth and width. It is hard to preditt wgh accuracy the results
of these showers, so usually Moiarlo simulations are employeddalculate the

results of such interactions averaged over a high number of trials

A comparison between the dE/dx values for different energies of electrdns an
protons in silicon is shown ifable 17. The electrons deposit muclsseenergy per

unit length in materials at these energies than protons and thus detectingn&lectro
efficiently requies a thicker silicon detector. Electron dE/dx values also are similar

across Y RMO s

measur ement

determining electron energies at this range unfeasible.

Table 16 Sample dE/dx values for protons and electrons.

range,

Energy [MeV] Proton i:IE/dx EIectronNdE/dx
[keV/O m] [keV/O m]
0.1 118 0.79
0.5 60.5 0.39
1.0 41.3 0.35
5.0 13.5 0.40
10 8.0 0.48
50 2.1 0.90
200 0.83 24
500 0.52 5.7

1.4  Radiation Damage toSpacecraft Components

Reasons for satellite mission failure vary from case to case. Statistically up to 21%
of all missions fail due to space radiation damage up to 53% ofll satellite
failures have unknown causewhich could posbly stem from radiation related

causes since unlike temperature problems or mechanical problems, radiation
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damage is hard to diagnog¥], unless there is a lived&tion monitor, with which

the failures can be correlated.

Failure and malfunctioningof electroniccomponentsn space due to radiation is
causedmainly by single event effects (SEHE4), 48]. Such events may redutiee
lifetime of the component arause immediate failuré&nderstanding theadiation
environmentthat the spacecraft was exposed to before failure is thus of utmost
importance. A spacecraft that can survive its radiation environmentesillt fora

longer mission time as wedls allowingits components to be certified for heritage.
This is important als for future missioa where the use of components tested for
specificradiationenvironmentss favorable, since the damage received by electronic
componats and materials of satellites depend on the particle type such as protons

and electrons and flux\tas exposed to.

Protecting the spacecraft against radiation involves the design of shielding materials
and radiation hard electronics to make the spaftesgeve for the longest reasonable
time without failure[1, 49]. Knowing the radiation environment that thgacecraft

will be exposed to will greatly influence the design process of these preventative

measures.

Satellte and spacecraft have an outside enclosure for mechanical integrity, which
also serves as a radiatiand micremeteorite shield. This shield is ofter64mm

thick aluminum covered iMLI [50] which stop electrons with eneegi less than 5

MeV, which is where the flux of electrons is highest. For components inside the
satellte the radiation damage from electrons can be neglected while for solar cells
and antennas electrons remain the dominant damage mecharhseeexamples

of mechanisms by which radiation damages the spacecraft components are further

discussed.
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141 Total lonizing Dose (TID)

The accumulation of dose over a long period of time is one of the most common
failure modes due to radiation damdgé&]. Components of the spacecraft that lie
outside the shielding receiv@gnificantly more amounts of accumulated dose
compared to components shielded inside. That is largely due to the fact the large
fluxes of low energy particles that cannonptate the shielding of the spacecraft
can still cause TID damage to expogeds. Thus, measuring low energy fluxes of
ionizing particles can be helpful for prediction and prevention of such faults.

1.4.2 Single Event Effects

Single Event Effectsesult in achange irperformanceof an electronic component
whena single particlpenetrateg. A number of different errors can occur in digital
electronics when such an event occurs as summariZeabie 11 [52]. Errorsare

often classified into two categories, soft errors and hard errors. Soft errors are faults
in the devicés logic such as changing the value of a bit or a memory address. Error
correcting memory can fix such issues by chegkar bitflips and ewriting the lost
information[53]. Hard errors on the other hand are malfunctions irelamentsof

a circuit thapreventdhem from working as they were intended to. This makes them
much harder to fixand need somepower cyde, hardware correctioror even
replacement otomponents odevices [53, 54] SEEs aralependent on the linear
energy transfeof the particles causing them.
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Table 17 Types of Single Event Effects caused by radiation that might occur

during mission time.

Abbreviation Error Type Explanation
Change in state of
SEU Upset _
microprocessor or memory (Sof
_ Transient voltage pulse produce
SET Transient _
in node (Soft)
SEL Latchup Unusual high current state (Har
SES Snapback High-current state (Soft)
High-current state that causesg
SEB Burnout . .
calamitous failure (Hard)
Damage of the ability of gate tc
SEGR Gat Rupture
manage currerftow (Hard)
SEF| Functional Device pauses normal operatio
Interrupt (Soft)

Since heavier ions have lower range and have sharper Beagg in materials than
protonsthey tend taleposita lot of energy in sensitive partssgmiconductorand
other sensitive electronic componentus, they are considered to be more

dangerous for spacecraft electronics. Their loflex in earth orbithowever

balances this effe¢$5].

1.4.3 DisplacementDamage

Charged particles and naharged particles alike can deposiiergy h materials via
nuclear interactions independentiohizing energy loss. Elastic scattering off the
nuclei in materials can cause them to be displaaad their position in the lattice
causing deformitie$56]. The displacedwcleus will position itself in the lattice

matrix as an interstitial deformity, while its empty lattice position will remain as a
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vacancyas shown inFigure 117. The number of vacancies resulting in crystal
strucures due to radiation damage is dependent directly on th@niaing energy

loss (NIEL) of the particle penetrating the crystal. Heavier ions penetrating the
sensitivecomponets havea higherelasticand norelastic scatteringross section
Thus, increasing their NIEL and making them more dangerous in this regard to

protons and electrons.

Interstitial Scattered
Vacancy Particle

Projectile
Particle

Displaced
Atom

Figure 117 lllustration of damage caused to crystal structure after a displacement

damage event.

As the incidenthadronenergy increase the cross section for scatterimgreases
exponentially. In the case of silicon, which is the base material for many sensitive
components, protons with energies below 6 M&we a large enough de Broglie
wavelength that they do not interact with the cleus and interact
electromagnetically. At larger energies, silicon atoms will start to get disptaced
the scattering processeBrotons with energies higher than 20 MeV will generate
cascadesf recoilednucleiwhich inturn scatteothernuclei sgnificantly increasing

the rate of deterioration to tisdicon crystal57].

YRMO s me a s ur e ms, rptoton® &nd kebvy mdchleiowill allow for
correlation of the sustained damage to the satellite to the different moddmtbra
damage (TID, ionizing, displacement). Its sensitivity cannot be determined

analytically but only through detailed Mor@ailo simulations.
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1.5 Geant4 Simulations

Geometry and Tracking 4eantd is a MonteCarlo simulation software toolkit for
High Energy Physics developed byERN [58]. The toolkit consists of libraries
written in C++ for use by physsts all around the worldlt is constantly under
improvenen with versions coming out yearly or seg@arly. Throughout thperiod

of writing this thesis, the most tp-date version ofzeant4 was use.0.6) The
physics implemented within the simulations includes a watesty of particles and
processeslongsde the abilityof the user to add any procegarticle or mechaism

as they desire. The methodologith which Geant4 libraries are used in this thesis

is discussedhn the following sections.

15.1 Geofactor Calculations

The geometric factaalso known as th&eofactorjs an essential measure for the
response of any patte telescope arylindrical detector. It is defined bjp9] :
0

,,BY Qo QpdHIQ] QO - Onph O Cheh o (1.3)
L)

whereC is the counting rate§, 0 is the differential flux of thél, kind of particle
[s'lem'2sr E'Y, - is the detection efficiency for thdh particle species) is the
time at the start of the observatiOMs the total time of the obsation,Qpis an
element of the surface area of the dete@®r='Q+ '@ ¢ i is-an element of the
solid angle with an azimuthal angieand polar angles-@is the spatial position of
the detectori H8 the unit vector in the direction, “Yis the total area of the detector
andL/! is the domain of. If the general expressias simplifiedsuchthat- is only

a function of energy ana is only a function of energy and the solid anghes

simplified form belowis obtained
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6 Q1 QpdK QO O (14)

whee the expression inside the square brackets is calledGéodactor O
represents the angular dependency of the intensity of radiation "®ith
corresponding to isotropic flux. Tii&eofactoican also be called a response function,
since it encodedhe response of the detectors towards a certain energy of particles
coming flom a certain solid anglén a loose meaning, it contains information of the
probability of measuring a particle with a certain energy and angle of incidence on

the detector.

Usudly, the Geofactoraccounts folimited energyparticlesarrivingto the teéscope

from the directions allowed by the solid acceptance dnggause oits collimator.

But in the case of higher energgrticles, penetration through the shields and the
collimators is also possible, giving rise to further energy dependence of the
Geofactor This makes obtaining the energy dependence d&#wactora crucial

steptowards quantifgig t he t el escopebds performance.

In aseries ofMonte-Carlo simulatios, the Geéactor can be measured by sending
beams of mon@nergetigarticles of a céain energy to the telescope and measuring
t he t el es ciompeachThe pardckephave sobde sent frad solid angle
to measure the total range of the response. The Geofactarcertain energthen

simply become§50]:

o~ e &

0Q¢ "Qw wg €1 (1.5)
wherevis the fluxgeneratedhside the simulation and n is the numbkewents that
cause an event the aperture ahetelescope. To simplify calculation, the telescope

in the simulations sent particles from a spherical surface of radfirs an isotropic

manner as shown figure 118 The Geofactor then becomes:
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"0Q ¢ "Q0 (f)gré“i Y (1.6)
where 0 is the number of primaries generated randomly and uniformly on the

spherical surface. Positioning of ttedescopen the sphere is inconsequential as the

simulaed radiation is isotropic and homogenefif.

Aperture

Detector
Active Area

Figure 118 Placemenbf a typical telescope in a Monarlo simulation to

calculatethe Geofactor.

In layered setups with multiple shields and ggenoderatorssuch as the satellite

that the telescope is attached tioe positioning of thedetectors becomes more

important as dependence on directionality increases. A simple work around is to set

R to be much | arger t Hauth thahad deteddrseasec op e 6 s
effectively placed in the center of the sphéieis means that tHewer hemisphere

of the surface generating primaries will have no contribution to the value of n. Thus,

it can be removed from the simulation safely with thex¢farmationt © ¢0.

However thiswill cause a significant increase in the number of primaries needed by

the simulation to reach significant statistics on the response of the telescope, which

will in return increase the required simulation time. A tradeoff between the

computation time antheaccuracynecessary for a detailed desigmnmade.
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152 Simulation Physics

Geant4 simulations can incorporate a very wide range of nuclear and optical physics
models. Generally, the physics models used by most Geant4 applicatioopeesel

are valid in hjh energy physics experimentghere the energy scale exceeds a few
GeV. This creates mangversightsin calculationsin the low energy region,
especially for electromagnetic interactions and neutron interactions. The physics in
Geant4works in a modular @y, in which one can define new physics processes or
anewc |l ass of particles (Leptons, odtadr ons,
their crosssection data froneither known mathematical models or directly from
experimental datas$s. Different availale modeldor different particles can be seen

in Figure 119. Default high energy physics lis(sirtoff string + Bertini Cascade)
aregenerallyused to save time on writing a more specificqty list and to cut the

CPU time needed for the detailed calculations in the low energy regime
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High Prec. Particle y | QMD (ion-ion) |

LEND | Wilson Abrasion !
High prec. neutronY
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Fermi breaku Pre-
Quark Gluon stri
Multifragment | compound I ng y
* Photon Evap | Fritiof string )
INCL++ |

Binary cascade v |
Bertini-style cascade ’

1MeV 10MeV 100MeV 1GeV 10GeV 100 GeV 1TeV

Figure 119 Physics models that can be used by Geant4 simulations and their
validity energy regioifi61].

In the low energy regime (1 MeV 500 MeV), which is the energy region that
primarily concern& RM for proton and electron detectionLEO, the models based

on experimental databaskave to be used faeliability and precisionThe user
mustwrite theirown physics lists using providénigh precisia modules for hadrons

and ions and alsdncorporate low energyelectromagnetic physics which are
significant for the case of electron detestdrhe complete physics lisised in this

work, upon the recommendation given[89], is with a geen tick markshown in

Figure 119. These models are more suitable for relatively low energy pace radiation
environment rather than the high energy physics simulations Geant4 is set to do by

default.Namely:

1- High precisiorheavyion
2- Low energy &ctromagnetic physics

3
4- Binary cascade model for inelastic scattering

Low energy database for hadronic elastic scattering
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The calculatbn of each physical process ire&@t4 occurs in steps constituting the
flight path of a particle. Eachep hasaprocess occurring at the stalpng theway
andthe end. The minimum step length is determined by calculating the lifetime of
daughter particles thate createth thestp.If t he daugtmesvelxity | i f et
corresponds to a distanaess than the minimum step length, then the particle is
deletedin that stepand its energy is deposited in the voludedined by the step
Thus, the minimum step length is essentialdalculating the energyeposition in a
definedvolume.In an exampleimulation 45 MeV electrors weresent toa silicon
detectorwi t h a t hi ovkhndéferentmimimunmbsteOvalues (here called
Aproduct i on , tharesdlting energy @epogiteo Yaluase shown in
Figure 120. Setting the minimum step length to a value higher than the thickness of
the detector will esult in the overestimation of the energy deposited in simulation

volumes.

5 um Y | .
.| WRONG: o

secondaries that could leave
the target are not generateds

1.95
19

1.85

Z
=
g 187 but assumed to deposit sheir
S st energy in the target 14!
oL
P 17 | o
% 1.65 ”
-— o
= 1.6 p
-~
1.55 ¢—eo 4

1 10 100 1000 10000

Production cut in range [pum]

Figure 120 Energy depsition in sample silico detector at different cutoff values
in Geant4 (A). The used sample detector setup in the simulatigé1(B)

The maxi mum value for the cutoff to be <c
thickness tdoe simulated41l]. Decreasing the cutoff valdartherwill resultin the
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simulation consuming CPU resourcgghout a benefit to accuracy comparison
between the default physics lists in Geant4 and the more azq@imnasics list and

the step size 0f00 O mtailored for YRV can be seen iRigure 121. The default
physics model overestimates the energy deposition in the silicon detectors as
opposed to the edited physltd, which yields a much momefineddistribution of

the energylepogtion measuremerni different silicon layers of the proton telescope
These new and improved simulation phydiss will play an important role in all
thecalculationsn this thesis especially section2.3.1 These changes in simulation
physics models are therefore incorporated in all following Geant4 simulations in this

thesis

10!

Edep [MeV]
Edep [MeV]

102

10!

Energy [MeV] Energy [MeV]

Figure 121 Energy deposition disribution in silicon detectors as a function of
protonkinetic energy using edited physideft) and using default physicadht) .

153 Implementing CAD Geometries into GEANT4

Designing geometries for Geant4 simulations tedious taskEach component
mustbe broken into basic shapes and coded individually in Te-€ircumvent this
issue, the help cd GDML parser clasgs employedn the Geant4 source cof?],
which allows for the import of GDML type files into the simulation. GDML files
incorporate shapes as tessellated volumes afstrals of triangles and assigns a

position, rotation and a material to each volume. To import the CAD geometry of
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the telescopanto Geant4 simulations, conversion softwares neededo transform

the CAD files into tessellated shapes and assign materitdem.

There exists a plethora of such software on tbermet, most of which require an
expensivdicense for complicatechapes or simply are not statdeoughfor robust

use.Thus,a custom designed conversion software was develdpsdg FreeCAD

libraries to do the tessellation process proved to be convesiecd the required
functions are r eadisllibaries ara opénastulce The noode Fr e e
also utilizes parts of the code discussefbB], namely theuser interface and the

writing to GDML functiors. Other parts of the code were modified heavily to suit
theneedof YRM. First, the code was ported from Python 2 to PythohlSo, extra

functionality for importing nested volumes was added, along witleva way to

assign materials to the volumes in the GDML files.

The program receives a STEP file and reads its contents as shévgure 122.

The individual parts are then shown ifia/ o | u men theiuset inkdace. From

there, the user cathoosethe material of the volumiom the GANIST database.

The user can also set the maximum tolerance for the volumes in the geometry. Once
the options are chosgthe code will output one mother GDML file detailing the
volumes and their position in tlsmulationworld, in addition to a folder containing

the data of each individual volume. The general structure of such a code was ported
primarily from [63]. The output geometry files can then ibgorted into the user

detector construitin class of Geant4.
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convert STEP files into GDML
Menu I Volume List I Volume Properties
Find FraCAD Dir dedektOH Name: dedekl6r3
Read STEP dedektOI’Z Material: G4_Si
World Size [dedekttr3 Volume: 0.024944599098676485 cm3
A Mass: 0.05812091589991621 g
Save Properties dEdekt0r4
= MMD: 0.1 mm Write GDML: Yes
Load Properties dedektors
aterial Manager dedektore Change Material
Write GOML dedekt0r7 Change MMD
pcb-1 Change GDML Option
Exit Program —
[aValois)
Status:
FreeCAD loaded
STEP file loaded Ported by Abdulrahman Albarodi

Figure 122 User interface of the program to import CAD files into Geant4.

154 Geant4Incident Spectrum

Anotherissuein the Geant4 software became clear when sinmgatine proton
spectrum incident on the detector in orbit. There are multiple ways to define energy
spectum of particle guns in Geanf84], many of which utilize some interpdian
algorithm tofeed randomizednergy values lh&een given points in the spectrim

the proton gunHowever, when the given points are very far gpatérpolation
algorithns readily available in Geant4 (lineaxponential,logarithmic) do not
reprodice the input spectrunfror example the differenial proton spectrum from
Figure 11 was input to Geant4 pointwise with exponential interpolatiod he
resulting spectrum using ithmethod is given irFigure 123 for comparison The
interpolation outpuunderestimates the decrease in the proton flux as the energy

increases
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Figure 123 Primary proton spectrum generatedtbg Geant4 simulation using
pointwisedefinition and exponential interpation (Black), normalized SPENVIS

trapped proton energy spectruRed).

Usingahistogram input with no interpolation results in the spectrum seeiguime

1.24, which agreesvithin anorder of magnitud¢o the aiginal input. However, it

has thassuethat higherendof each birhasan increased probabilityf generation

This lowers the precision of how well the simulation models the particle flux and
was reported to the developers of Geddt] without resoluibn as of writing this

thesis.
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Figure 124 Primary proton spectrum generated bg Geant4 simulation using
histogram definitior{(Black), normalized SPENVIS trapped proton energy
spectrum Red).
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CHAPTER 2

YRM PROTON TELESCOPE DESIGN

2.1  General Description of YRM

Yer |l i Ra dy a $HpmegrowRadiatian®anigor or YRM) is a radiation
monitor project commissioned by tReesidencyof Defensdndustries ofTurkeyto

be a part of its future satellite missions to LEO. The 8paecd Accelerator
Technologies Research Center (IVNR} is responsible for the design, protahygp
and testing of YRMb6s component s. The
radiation environment in high inclination olv Earth Orbits. Thus, YRM
incorporats two telescopes, a Proton/Heavy lon telescope and an Electron
Telescope. For the detector to ttap the mostsignificantandthe widestpossible
range of the radiation spectrum, freton measurement range is set to be between
2-200 MeV and the éectron neasurement range is between 100 kek/MeV. The

total weight of the device is limited at 1 kgd the volume at 1,lto allow forease

of deployment orsatellites The power consumption goal is also set at 1 W.

With these limitations, the most effectigentender for the detection of the particles
is silicon detectorsThe small size prohibits the use of calorimeters, time of flight
detectors and magnefIN diodes are light ando not consume much power, the
can resolve the energy of the incident jgatefficiently. With no magnetic field, it

is difficult to deternine the charge of the ionizing radiatiamd the mass of the
incident particle High power ADCs cannot be employed due to the 1 W power
consumption limit and thdetectoris unable to dishguish between different ions.
However, he proton telescope will &ve the ability to differentiate between proton
and heavy ion hitglue to two different threshold settingEhe general design

parameters adhe YRM proton and electron telescopes are sunued inTable 21.
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Table 21 Design Parameters the YRM proton ancelectron telescope

Proton Electron
Parameter
Telescope Telescope

Minimum Energy 2 MeV 100 keV
Maximum Energy, 200MeV 7 MeV

Number of bins 8 8

_ 10 10°
Maximum flux _ _
particles’cné/s | particles/cné/s

The readout of the silicon detectors inside the telescapekesignedusing a
dedicated circuit for each detector. The design of the circuit must provide sufficient
anplification and shaping of the signal so that it may be processed correctly. The
signal if it passes a high or a low threshold, then fed to an FPGAField
Programmable Gate Arrayhat is responsible fdurther coincidence and counting
logic for the proton andelectrontelescopes. The FPGA is programmed with the
necessarglgorithms to provide accurate measurements of the radiation environment

duringthe YRM mission lifetime.

2.2 Proton Telescop@Norking Principle

To satisfy the design requirements, thie@n detectors of the proton telescope must
be able to resolve energies in the region betwe2d02MeV.This isimplemented

by settingtwo fixed thresholds on thsignalsafter amplificationand assigning
particle hits into several bins dependitie thresholds passed. The low threshold
should have a high SNR (signal to noise ratio) to allow recording MIPs, while the
high threshold should discriminate against the MIPs and record Braggpea)y
depositions The coincidence logic combined with the thidssof the energy
degraders between the PIN diode sandwichilsdeterminethe energyfrom the

range of protons insidbe diode and degrader sandwiches
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2.3  Proton TelescopeDesign Procedure

2.3.1 Initial D esign

The desig criteria dictate 8 logarithmically eduanergy bins for the proton
telescope. After the calculation of the ranges of protons inside different candidates
of degradermaterials, the initial design can be summarizedlable 22. The
telescope houses a total of 7 siliatetectors of thickness 0.52 mm. This thickness
was chosen after consideration of the available silicon detectors in the Turkish
market.A collaboration greement with T BKFAK BKL.GEM UEKAE YKTAL was
signed to produce the silicon detectdtach silicon detgor was manted on a 0.5

mm thick FR4 PCBThis also acts as an additional degrader for protons and heavy
ions. The degraders were chosen as three Alumiand four Tantalum layers to
minimize the weight andthe height of the telescopehile avoiding mateals that
generate a lot of secondarieBhe sandwichlayout of the telescope insidée
GEANT4 simulationcan be seen iRigure 21. The layered design described in the
table should achieve a logarithmic separation between theduorded by each
detector A beam of protons having eneegifrom 1 MeV and up to 1 GeV is sent
towards the telescope a Geant4 simulatiormhe energy deposition in each detector

is plotted against the primary energy of the prottmEigure 22, the detectors start
measuring the incoming protons at equal logarithmically spaced bins from 5 MeV
and up to 200 MeV.
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Table22L ayers of the proton telescopebs initia

diameters.
Layer name Layer Thickness | Layer Diameter
[mm] [mm]
Silicon Detector 0.52 10
PCBs 0.50 15
First Aluminumdegrader 0.25 20
Second Aluminundegrader 0.15 10
Third Aluminumdegrader 0.50 10
First Tantalundegrader 0.50 10
Second Tantalurdegraler 1.50 10
Third Tantalumdegrader 2.5 10
Fourth Tantalundegrader 6.00 10

v

Aluminum:degraders

Silicon detectors

PCBs

Tantalumdegraders

Figure21Pr ot on t el escopeds initial geometry sh
visualization with direction of the incoming protons simowayers include Al
degraders (white), Si detectors (red), PCBs (green) ani@draders (grey).
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Layer | Color Minimum
# Recorded Energy
1 | Blue 5.8 MeV 1
2 Red 13.7 MeV :
10
3 | Yellow | 207MevV | 2
Q.
4 Purple 31.3 MeV 3 100
5 Green 49.2 MeV
o]
3] Cyan 73.8 MeV 0
7 | Magenta| 114.0 MeV . . o
10° 10’ 102 10°
Energy [MeV]
Figure 22 Energy deposition of protons in the siliclayers of the proton telescope &

f

unction ofprimary kinetic energy in a Geant4 simulation in colors listed in the tg

Although the design criteria specified 2 MeV as kweest sensitive bin for the
proton telescopehat would require thinning the first aluminumegraderto 0.15
mm, at the expense of allowing some electron flux into the telescope, which would

increase background from electrons and saturate the dataitmauis

The proton telescope must also be able to differentiate between proton and heavy ion
hits. To achieve this, the energy deposition in consecutive detéttoosicidence

must be invesgiatedt o f or m A p h yHKeaviersparticlesahave kighs o
dE/dx andess range than protons at the same kinetic energy as a direct result of the
BetheBloch formula as discussed in Sectib3. The energydepositions of ¢,

He'? ions and protons with kinetic energies oR@0 MeV/nucleon that passed
through both of the first two silicon layers are presentdéigare 23. The energy
deposition in the second detects similar tothe first detectoif the particle has a
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longrange.lt is larger at the end of its range whére particlenakes a Bragg peak

deposition, but it is smaller if the particle is past its R80 value

O  Hions
" J  Heions /
102} : 7

O ions /

y=x line

107 .- -

Energy deposition in layer 2 [MeV]

10° = D :
10° 10" 102
Energy deposition in layer 1 [MeV]

Figure 23 Energy deposition of O+81e+2 ions and protons inside the first ar
second silicon layelProtons are represented in red dots, alphaimoysllow and
oxygen ions in blue.

A low and a high threshokktting on ach detector allws for a different coincidence

logic to be performed inside the FPGA. The low threshold should be low enough to
pass MIPs and charged particles beyond the R80 point, while the high one records
the Bragg peak for protons and &P deposiions from heavyans.

Thehighthresholdn the 7" layerhas been set to exclude hits in tHedétector that
correspond to incident primary proton kinetic energies that are higher than 200 MeV.
This allows for the creation of aif'®in thatincorporate all recorded It that do

not deposit enough energy to cross tifehigh threshold corresponding tol al
recordable particles above 200 MeMvo comparators in the end of easadout
electronicschannel (one for each threshold) are respotesifor the hreshold
discrimination, whilea time window of 35 nsdetermined by the signal width from

the readout circuitwill be opened by the FPGA waiting for comparator outpots
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perform the coincidence logiélore details about the electronics canfbund in
Chapter 3

The algrithm will usethe logical values of the low threshold (LT) and high
threshold (HT) comparator outputs assign events to their respective physics
channels or discard theitfithe signal passes a threshold, it generates a logical True
value if not, a Fade. Examples of such events are showrainle 23. The algorithm

will discard alleventsthat do not have a LT True thefirst detectoy removing any
eventsthat might have penetrated the side shielding. Theritthgn will ask br a
coincidence of the LT and HT hiis order fom 1 to 7 for a specifiarhe window

and if it encounters an LT False from any of the chanitess|| stop the evaluation
even if the followingHT and LT valuesvereTrue. Such events ntiggbe caused by

an incoming particle scatteringith high angle inside the detectand geneating
secondary particlesr by accidental triggering of the thresholds by a separate
energetic particle penetrating the shiel@sce thaalgorithmencounters FalseL T
valug it will count how manydetectorshave their HTs triggeredf the number is
equal to 1 then the protorenergy channel bioorresponding to the last True HT
valueis incremented. If the number is larger, then the Heavyetmrgy channels

counter correspondg the True Hvalueis incremented.

If noHTs are True in a given everthe eventis discarded aa badly collimated
particle (a high energy particle outside the acceptance of the telesdop&ver if
the particle manages to triggat LT channelsbut fails to trigger any HT channel,
it is flagged asa passing MIP, thus ¢h8" channel is incremented.

As high energy particles lose energy passing through the telescope, their dE/dx will
also increase gradually and to have a high dieteefficiency br each layer of the

silicon detector, different thresholds can be set as/shn Sectior2.3.2
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Table 23 Possible outcomes of the recording algorithm in diffesesnarios.

Layer# Triggered Threshold
Casel |Case?2] Case3 | Case4 | Case5 | Caseb6
1 LT LT - LT LT LT
2 LT HT LT LT LT LT
3 HT HT HT HT LT LT
4 - - - - LT -
5 - - - - LT -
6 - - - LT LT -
7 - - - LT LT -
Proton | HI hit Proton Proton
RESULT | eventin | in3Y | discarde | hitin 3¢ | hitin 8" | discarded
34 channel bin bin bin

2.3.2 Threshold Calculations

Low and highthresholds for theeadout othe silicon detectorisito physics channels

were calculatedisingthe dE/dx a stoppingprotonwould deposit if ithas enough
kineticenergy to be recorded in the bin correspogdo a channelJsing he energy
deposition obtained from Geant4 simulations,d@mergy deposition in each detector
with respect to the initial proton energy were analyrdg the data shawin Figure

2.2. In Figure 24, the energy depositioof protonsin consecutivesilicon detectors

are compared’he red line in the plot correspondQ&X ‘O'QQ line orwhere

the energy deposition in consecutive detectors is the same. This plot shows the

increased energy deposition in ihd™ detector compared to th€ detector
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Figure 24 Energy depsition distribution of protons inonsecutive silicon
detectors.

A script to track the energy deposition of each proton and mark it with respect to
where it stopped inside the proton telesoops written andhe result@re presented

in Figure 25. The blue points correspond to particles that were not recorded in
detectors past1, while red and others indicates particles that stop in later laers.
protonthat reacheshe 7" layer deposit approximately the same energyalinthe
detectors before,it.e.,behave as minimum ionizing particles. A clear threshold can
be setfor each detectoas indicated by the vertical line for the layer and the
horizontal line for the i+4 layer, which allowsthe particlesalso to be recordeby

the nextdetectoras simmarized inFigure 25. The low threshold is set at 100 keV
for all layers as it is suitabl®r rejecting electron signals and allows for the most
amount of MIP protons to be recorded.
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Figure 25 Energy deposition distribution of particles in pairs of consecutive
detectors. Blue points indicate prot@tispping at detector i+1; red points at i+2
and so on.

Table 24 The high energy thresholds fitre proton telescope.

Detector

High Thresholds
[MeV]

3.80

3.30

2.50

1.60

1.20

0.85

N O O A W) N P

0.90
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2.3.3 Shielding and Collimation

After verification of the working principle of the detector, the shielding of the
detectordegradersetup comes nexbDetails and iterations on the exact design are
discussed thoroughly in secti@i3.4 Two layers of shielding are common in all
designs aninternal copper shield tagainstenergetic gamma raymd an outside
aluminum shield that idight weight and serveto stop particles(electrons and
low/medium energy proton#f)at correspond to 99% of the radiation environment in
LEO[65]. Thus, ensuring that particlé#sat coman theacceptaneangle defined by
the collimator allows for an accurate calcuwatiof flux using GeofactorsA

technical drawingf the telescope is shown Figure 26 along withaccepted and

rejected particles

200 MeV proton accepted

Side penetration: | into the 8th energy bin

rejected '

Side penetration:
rejected

Figure 26 The general design and working principle of the proton telescope.
Arrows represent incoming protorBarticles indicated with due arrow is
accepted whil¢he particles shown in red and orange are rejected as outside of
acceptance

53



2.3.4 DesignAlter natives

Multiple design alternatives for the YRM proton telescope have been investigated in
the process of writing this thesis. Different designs encompass different criteria and
employ different strategies to achieve the best and most feasible ppE®mM
measurement. Two of these designs will be discussed thoroughly and compared in

the following sections.

The first of the design alternatives is the single sized detector d8siggmidentical
silicon detectors are placed in an aluminum columth veirergy degraders in
between. The detectors are held in place wigirtRCBs using a polymer holder,
whose purpose is to absorb shocks from the launch and to limit the effect of
backscattering bgmployinga carbon rich materian the backsidef the dtecor.

The telescopéas double layer shielding of copper and aluminum to increase the

shielding efficiency without increasing the wieigand beyond the design criteria.

An alternative design was suggested to increase the energy resolution of the
telesope ad reduce the effect of badly tiohated incoming particles. i@ng the
telescopea conical anglewhich increags detector sizewith increasing depth,
achieve both of thesegoals with the added benefit of extra statistics gathered from
the higher aga déectors at higher energies, with tteveat ofmis-identification of

heavy ions

The detectors of this design are also silicon circdédectorsHowever, they have
varying sizesThe limiting factor to the size of these detectors is imposed by the
manufaturing processT) BKTAK BKL GEM U EiKtAeEprodp&ciiva L
manufacturer of these detectors and they have specifiegptiveluctionsize limit

as 2 cm per detector. Thus, in the design procettherbmit is 18 mm circles in
diameter, putting 2 mnas asafety margin to wid norruniformities in the
manufacturing process. Holders for the PCBs and detectors are not included in this

design since it was still in early stages.
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Since both designs are aimingrnteeasurehe flux in the same energy regimand

since the penetrain depth of the incoming protons is the same, the thicknesses of
the energy degraders are not changed. However, particles that do not have a normal
incidence have to cross a higher thickness of material which creates the problem of
misidentification. For he detectors, the signal coming from an energetic particle that
has a high incidence angle is indiscernible from a heavy ion that maglno
incidence The angle reduces the effect of the critical angle at which the incoming
protonsstartto deposit enougénergy tacross the higher thresholthus resultig in
misidentification. The presented conical design has a higher acceptance angle than
all other designs investigated for this thesis throughout this process. The effect this

hason thequality of the emrgy spectrum measurement will also be investigated.

To check the feasibility ofecordingparticles beyond the 200 MeV range with a
higher resolution, an extension to the angled design was suggested and tested as part
of the optimeationprocessTo contnue the logarithmic progression of the bins, a

very large amount of metal must be used as for the energy degythde increasing

the weight of the telescofiy a factor of two Thus,only a very limied number of

bins can beadded wih only a minor inoease in statistics observed throughout the

deviceds | ifeti me.

These threadesigns were subjected to simulations to measure their response to
different spectrums of radiation. The trapped proton and electron spectra in LEO
were £nt to eah suggested desigalong with the worst solar proton spectrum. The
effect of the galactic cosmic protons and heavy ions was also investigaed.

parameters of these three designs are summariZeabla 25.

The pros and the cerof each of thesgesigns will be discussed and compdrased
on acceptance [2.3.5], background [2.3.6,2.3.9] and reconstruction [2.3.7, 2.3.9]in

the following sections.
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Table 25 The Design Parameters of the Different Profefescope Geome#s

Acceptanceg Total | Total Number | Variable
_ Number
Design angle length | mass _ of detector
of bins
[degreef | [mm] [a] detectors| area
Single Sized 0 25 300 8 7 No
Conical Design 18 20 300 8 7 Yes
Extended
_ _ 11 66 500 10 9 Yes
Conical Design
2.3.5 Telescope Acceptace Calculations

The aim of the Geofact@nd acceptanceurves is to check if each of the proton
energy channels is recording hits only in its specific energy regime. And thus, the
telescope can resolve each energy bin separately. Aatpigkis is the mst
important design milestonier YRM. Using a Geant4 siulation, the acceptance
curve for the ideal situation where truth is known about the particle trajectory and
discrimination against particles penetrating the shields can be pedfaritheperfect
acairacy, is shown in Figure 2.7his plot represents thbestand unrealistic
scenario from the proton telescope. The channels start recording exactly at the
desired energy and stop exactly when the next channel starts recording. fthgs is t
for all deteabrs except for the first @nsince it is exposed to thmost isotropic
distribution of incident particles.
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Figure 27 Ideal acceptance curve of the proton telescope for protons in a Geant4
simulation.

If truth is not known laout these hits and rejection against thikarefore cannot be

performed, the acceptance of the telescope to hits that penetrate the side shielding is

as high as the desired acceptance of the channels up to ~30 MeV then falling sharply,
sincethetelescoes coi nci dence c rnneglsasrmoraschiutmeus hi g h
than | ow energy channels. The telescopeos
2.8.
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Figure 28 Undesired acceptance of the protoesebpe hits fromhee side
penetrating hits in a Geant4 simititan.

To avoidtriggering on these eventte feasibility of adding ra anticoincidence
detector to the sides of the telescope that is vertically transverse to rest of the
detectors is investiged. However, uponsimulation of such design, only minor
improvement is observedin the realistic casea perfect anticoincidence
discrimination aginst side penetrating particles cannot be appkeduse of particle

scattering

The coincidence algolitn alongside eneyghresholds and the collimator design of
the conical geometry results in the acceptance curve shown in Figuréd@.8rst

chanrel keeps recordingevets even at very high energies with a significant
probability. Otherchannelsexhibit this behavior as all but not to the same extent.

Thus,the need for some evemdistribution algorithm arises.
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Figure 29 The Acceptance curve of the conical design of the proton telescope in a
Geant4 simulation.

The singlesized design perfms inferiorly to the conical design in this aspect as

shown in Figure 2.10. Since the conical designatsgearticles at higher angles than
the single sized design, the increase in acceptance at the wrong channels that the

single sizedelescope is exhiting can be avoided.
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Figure 210 The Acceptance curve of the single sizedign of the proton
telescope in a Geant4 simulation.

59



The effect this difference in acceptance has on the quality of the measurement
shown in Sectin 2.3.9. Foheavy ionsthe telescopacceptancean be shown for
eachion species individuallyAn exanple of theacceptancéo alpha particles is
shown inFigure 211. Alpha particles with increasing energy dreing recordedi
heavyion channels with good separatiorteeen the energy binslowever, since
information about the ion species cannot be obtained, it is not feasible to designate

energy values to the events as the channels will behave differentgadb ion

species
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Figure 211 Acceptance curve of the proton telescope haamychannels to alpha
particle irradiation in Geant4 simulation.

2.3.6 Background Rejection

The investigation of the protdelescopé sesponséo baclgrounds is importat to
assessts performanceThe response of the detector and the algorithpritoary

electrors has been simulated using the same method as proibe results are
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shown in therigure 212. As is the design obgtive, the shieldg of the detectors

and the lower thresholds protect the telescope from the electron radiation background
since the vast majority of electrons in LEO have dE/dx values too low to pass the
low threshold Only a very small percentage oftlelectrons are cerded in the last
channelwith high primaryelectronenergies. The rest of tlehannels wer@ever

triggeredin the simulation.

10°

Channel 7

Acceptance [cm2 sr]

106
10’ 102
Primary Kinetic Energy [MeV]

Figure 212 Acceptance of the proton telescope to primary electron radiation in
Geant4 simulationOnly nonzerochannel is at the seventh channel with very high
energy electrons.

The electron telescope will be ablepimvidedata about the electron spectrum and
flux in the environment and can be used to clean up any backgrourmbaidibe

causedn the proton telescope

The background resulting from the heawon irradiation in the proton channels is
insignificant except for the first detector since the filskector sincahe algorithm
relies on the data from two consecutiveéedéors to determe whether the particle

is heavy ion or nofThus,the first detector has no way of distinguishing heavy ions
from protons. On the other hand, heaey (HI) channels atshave a probability of

erroneouslytriggering under proton irradian. Such probahties of each Hi
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channel have been calculated via simulations and the results are shbBigora
213
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Figure 213 Helium background@ontributionto the proton telescope acceptamme f
proton channelsn Geant4 simulations.

2.3.7 Bin-to-Bin Migration and Spectrum Reconstruction

The reassignment of the counts from taéncidencechannel¢o measured counts

of partickes in a specific energy bin is the last step to obtain the measureg energ
spectrum of therotons To achieve this tasknpigration matrices are employed
Since the viame of theacceptanceorrespond to the probability that a particle coming

in from a surrounding sphere with an isotropic angular distribution will resat in
eventbeing recorde in the counter of thenergy binit should be considered as the
determinng factor of the energy of a recordaeent Theacceptanceurveis divided

into 8 regions corresponding tioe 7 logarithmically equal energy bingith the 8"

bin extending upa 1 GeVas shown irFigure 214.
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Figure 214 Acceptance curve of the proton telescope single sized design, divided
into 8 energy regions for calculation of reconstruction algoritamarpeters.

It is important to note that the probabilitytbe telescopescording a eventfrom a
particle with an incident energy that is outside its respective energy regime is non
zerg which means thatome eventare being recorded into the wroagegy bins.

The aveage amount of these falsely allocagentscan be calculated from the
acceptanceurve. By calculang the area under thecceptanceurve for a specific
channeland finding the ratio of the area contained inside one bin to the tetal ar
the aveage mking of each channel with respect to the other can be founeagbr

design, these ratios are gathered ininto-bin migration matrixA. The matrix has
the structure:

" 2.1
-0 (2.)

where "OD0 £ OCG) @B REMO 6 | "WERTD & ¢ Q&

and 0 DOI ®@ Q8NGO i WD & & 0D TR
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The rows ofA must have a surolose tol to preserve the total number of counts
inside the measuremeanergyregion. The reconstruction algorithm makes use of

the migration matrix by using the matrix elements in the follovianula

X

EQhQE O & RE B (2.2
Qpf2p

where Nis the normalization factor for tlepecific bin inclaling area, exposure time
and other simulation parametefs example of such a matrix is showelow for

thesingle sized desigielescope geometry.

NT[Eﬁ)XXT[STU UTBT p OTIBIT ¢ nnzp(pum@nurﬁtqnmﬁml

g T T8 C VT TT WL O OT P OTBL P WIBT G T X L
| T T TAT 0 TBIL CTET X OTT p YTt ¢ QTR P, (0
;1T T T8V PYPrBtt prdt p XT8t ¢ o Yep
oo i T TP W UL XTEIP CTBT ¢ TN Priw
o T Tt T T CWE QUMBIP PTH W'D
U m s s T T T L PTX p YT 'p
U Tt Tt Tt Tt T T8¢ XTdox ¥

It should be not that this methodautomatically assumes théte incidence

probabilities for all energies that the telescope is sensitive to is equal. This means

that this algorithm works best for measuring uniform energy spectra and is worst

performing at mon@nergeticspectra. Thus, gident energy spectrums thaave

sharp changes will be difficult to resolve. Calibration of the telescope using particle

beams is therefore necessary for the telescope to achieve better accuracy. Machine

learning algorithms could also lsedin the futue along with Geant4 simulans

tosi mul ate the telescopebdbs response for diff

algorithm to accurately reconstruct the primary energy spectrum.

Results of applying this method to the counts in eachctigtehannels anthe
reconstructed spectrunhoag with the misidentification probabilities are presented
in section2.3.9
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2.3.8 Effect of IncidenceAngles

To find the optimabeomety with the flattest and highest acceptance withlowest
backgrounddifferent acceptance angdeof the detector are trie@he accefance

angle of a telescopis defineda s d, t in eescabedyio Béorn h3.1is
reviewedsuch that particles having angles highemthad wi | | emowy trig
threshold in each detector as they pass by, and will not deposit the bulk of their
energies until thegtopat the inner surface of the side shield. The algorithm will
recognize such particles as badly collimated. This issst®rs illustrated irFigure

2.15.

N

Figure 215 Normal operation scenario for a higltidence angle particle incoming
at the proton telescope.

However, there are two cases where this algorithris fai make the correct
discrimination. The first of which is when the particle is angled at an angle so sharp

that it travels significantly moreidst ance i n t he compgateéetocopeds
particles with normal incidenc& hus, the particlecan deposierough energy to

trigger the high threshold and lm®untedas a valid signal. Such a scenario is

illustrated inFigure 216.
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Figure 216 Thefirst scenario by which particles with high incidence angées c
cause faulty measurements

Such events have a rate that is dependent on the quality of the collimator on top of
the F'detector. For such eollimator can block these particles from mgiin with
such high angles. The angle at which the high threshaikitgggered by a particle
that is supposed to trigger the next detector instead (if havamgendicular
incidence) is defined as; vaep This angle is itself independenttbe acceptance
angled aisndifferent for each detector. Thisge is decreasing as the detector
number increases, since the distance travelled inside the telescope material changes
according to the depdencebelow.

JO.0RE | EIDM@MQO QWo £ i

00i 6 & é-eB—r 2.3

whereg| is the hcidence angle of the incoming particle. For the condition| that

| , an errneous signal of the first kind will occur.ushif d is larger than

| 5 vovesldis means that the telescope actively allows for this effect d¢oroc

uninterruptedly, thus makingswle i s bel ow a certain | imit is
This effect can also be limited by efficiently caflating incoming particles and

forbidding any high particles from entering the enclosure.

The second effect oars when for a proton or heavy ion is slightly higher thén
and bel ow ahtmmert ai n dd 3 ghatallowsbrthe particle
to actually actuate the last detector it sees without being hindered by the collimator

on the topof the telescope, while being terminated before depositing the last of its

66



energy. such effeés prominent at the sides of the detector wiieeeparticle flight
path is abruptly terminated as demonstratdeigure 217.

09+ 46

Figure 217 The first scenario by which particles with high incidence angles can
cause faulty measurements

The rate ouch effect is dependent on the r%ﬂpand thus increasirjgwill intern

decrease the occurrence of this effect. Another way to decreasedtheagised by
this is to increase the area of the detectors. Consequently, the contribution from the
sideswill be less significant to the bulkf the detector since the area increases as a

function of Fwhile the circumference aneases by as a functiofir.

At the event of such a particle hitting the telescope not close to the sides, a proton
will be misidentified as a heavy ion, this is imsic to all[ values since
distinguishng between an angled proton or a normally incident heavy ion without

spatial resolution in the detectasnot possibleThis is illustrated irFigure 218.

A+ A6

Figure 218 Scenario by whichmisidentification in Heawton channels occur.
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These unfortunate sources of error have to be weighed against the gained increases
in resolution observed in simulations and reconstruction resul®.3r@ An
investigation of the most appropriftealue was done by trial and error. Thealue

for conical designvas foundtobethmo st sui tabl e for YRMOGS

2.3.9 Simulation Results

2.3.9.1 Single SizedDesign

The first test was to test to subject the gésbmetry to trapped proton radiation in
LEO envionment. Such a sgtrum was imported from SPENVI& shown in
section1.1.1 All the simulations in this section have been done withptinary
particles, so all spectrums htdbe scaled accordingly. To check the validityhef

sent spectrum and the normalization procedure. The normalized histogram of the
sent particles inside the simulation is compared with the raw data from SPENVIS.
The histogram was cut at energies beloMe&V since the telescope is not sensitive

to them,in order to reduce theumberof particles that need to be generated in order

to reach statistically significant hits in the telescdpéigure 219, good agreement

can be seehetween the simulation hgram and the theoreticdata. The Geant4
spectrum was cut at 2 MeV since protons below that energy do not make it past the

first degrader, thus increasing the simulation statistics with lower computation time.
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Figure 219 Primary protons energy spectrum in Geant4 (black), normaliz
SPENVIS trapped proton energy spectrum (red). Geant4 histograirais2
MeV.

Primary protos with this energy distribution were shot isotoplickcom a dome on
the upper side of the telescope in the simulation. A solid cube of aluminum was put
under the telescope to simulate the bulk materigkfleecope is going to be mounted

to, which is inportant for analsis of backscattering effects.

The resulting counts in the detectors are shownFigure 220 along with a
comparisonon with the incident spectrum.h& values are almostn order of

magnitude out of agreemesgpeially at high energies
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Figure 220 The resulting counts in the energy bins of the proton telesingke
sized desigmrompared witlthe primary particle counts in the Geant4 simulation.

To check the integrity of these refsthe sensitivity of the telescope to the inciden

energiess investigatedi.e., the recording probability of a proton by ttedescope

versus the pr ot on 6.sSuch aimeasureynentkis caleed the ener gy
Asensiti vity doaaceain enkergy The eesuét san bepseen kigure

2.21. This plot shows clearly the disparity between the particles that reach the

telescope and what the telescope is sensitive to. Such result is indication that the fault

lies within the actual resolving power of the detector andhtgsizal layout istead

of the scoring algorithm or theeconstruction logicThus, thisis consideredis a

primary measure of the quality of the detector.
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Figure 221 The sengivity of proton telescope energy bins comparetht®
incident primary proton energy spectrum in Geant4 simulation

Naturally, applying the reconstruction algorithm to this data will yield erroneous
results However, it is important to report that out dhe almost 20,000 events

collected by this deteatporly 17 were misdentified to be heavy ions.

The performance of this telescope under the solar psgentrum in LEO at the

solar maximumwas investigatedsinceit is the most dominant mode of radaat
duringthe lifetime satellitein LEO orbits. The sgctrum in Geant4 simulations were
inputted fromSPENVIS as shown in Sectich1.2 Under this irradiation, the
telescope remarkably recorded no events in the Heavy ion channels, although that
can be attributed to the speotr havingexceedingly highconcentrations of low
energy protons at the cost of higher energy protonsnibeaseerfrom Figure 222

that only a few particles had energies above K@¥ and a few hundred particles
above 100 MeV.
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Figure 222 The sensitiity of the energy channels to primaglar protonard the
counts in the telescope energy chanoelapared to the primary solar proton
spectrum

In the case of solar radiation, the telescope maintansptable results indicating
its suitability to workin environments solemnly dominated by solar protdree
reason for which is that the spectrum in this daskighly shifted towards low

energiesmaking it easier to resolve.

To simulate the effectsf heavy ions on this detector, the cosmic heamyspectrum
of alpha particles from the SPENVIS data basd. EO orbitsis sent to it This
spectrum starts from energies at 1 MeV and goes up to the GeV Hualgives a
good look on different effectselavy ion signals might have on the telescopeinAs
the previous cases, theimary energyspectrum was stad for 10 primaries in the

simulation.
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The response of this telescope to heavy ions can be sEgyuie 223. The protm
channels weré&riggeredabouttwo-fold more tharthe heavy ion channels. With no
relationship to be obsesd between the incident spectrum and the counts in either
types of channels, these results can be regarded as sigrufiotarninatio of heavy

ions in the proton channels. It can be seen where the ions begin to penetrate the sides

of the detector at thi@urth proton bin resulting in an increased count.
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Figure 223 The sensitivity of detector protamannels and Heaugn channels
against GCR alpha particles.

In the case of high energy protons coming from cosmic (@y$o 100 GeV) the
incoming spectrum is very similar to the cas@pha spectrunThe sensitivity plots

in Figure 224 show tha the particles recorded in proton channels have energies
higher than 20 MeV and 50 MeV for Heavy ipmsth the sensitivity oheavy ion
channels nmicking that of the incident spectrunihus, creating a very chaotic

signal in bothheavy ion and proton @mnels. From this result, and since no
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proportionality can be observed in the spectrum, no obwonowmirationremoval

strategy is available to grtoy at this stage.
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Figure 224 The sensitivity of detector proton channeddtjland Heavy lon
channels (right) against GCR protons.

The results of all tests done for teengle sizeddetector desigrgeometry are
summarized iMable 26.

74



Table 26 Summary of simulation redslof thesingle sized design.

Inside design Outside design o
_ Contamination to
Particle measurement measurementenergy
] ) other channels
energy region region
o Can be removed o
Electrons No sensitivity Not significant
(Electron Telescope)
Good sensitivity S
Protons _ Can be removed Not significant
Bad reconstruction
_ o Very high, canbe Very high, no obvious
Heavy ions Bad sensitivity
removed removal strategy
2.3.9.2 Conical Geometry

This design underwent theame tests as tlsingle sized desigrkirst, its response

under tapped proton radiation in LE@asinvedigated The normalized counts of

the channels are shown in the platFigure 225. Significant improvement can be

observed irthe aspect that the counts are within the same order of magmisuthe

primary spectrum. That is due to the sensitivity clm@imgin goodagreement with

the primay spectrumas shown irFFigure 226. This points to the superiority of this

design to its predecessor in terms of resolving powe
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Figure 225 The measured and normalized countthefproton telescope i the
Geant4 simulation compared to the incident primary proton energy spectrum.
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Figure 226 The sensitivity of proto telescope energy bins compared to the
incident primary proton energypectrum in Geant4 simulation

Excep for when the spectrum is fluctuatinthe conicaldesignexhibits better
performance under trapped radiatithran the single sized desighlowever,the
number ofeventsthat aremis-identified as heavy ions was 1260ents out of the
total 10. Which istwo orders of magnitude higher than the previous deSigna
tradeoff betweenresolutionand correct identificatiormust be madeUnder solar
proton radiation theéelescopelso has good agreement with the primary spetas
shown in Figure 227. With 62 misidentified particlesthe misidentification

probability is still higher in this case than the single sized design
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Figure 227 The sensitivity of proton telescope energy bins compared to the
incident primarysolarproton energy spectrum in Geant4 simulation

To circumvent this issue, the portion of the primary spectrum being misidentified, i
the trapped proton caseas investigatedThe sensitivity of heavy ion channels to
primary proton energgecan be used to clean theavy ion channels of the proton
contaminationby finding the proportionality of the proton signals to the falsely
identified heavy ions signals and removing this portion of the signal from the data.
Thus,a simple way of cleangmthe signal can be applidélurthermore, under cosmic
alpha radiation, the channel signals are directly proportional to each other. Making
the oppoge contaminatiorn(from heavy ions into proton channels) alsmovable

as shown irFigure 228.

78



10°

1 04 = g
| PR

10% ——
E C
=
= B
Q
O 10?2

Normalized Sensitivity
1 0 Normalized HI Sensitivity
1b | i | !
10 10?

Primary Kinetic Energy [MeV]

Figure 228 The sensitivity of proton telescopes proton channels and heavy ion
channels against GCR algs.

Under high energy proton irradiation, the resultsgnsitivity curveare not in
agreement withthe pimary spectrum in the high energy regisimcethe higher
energy particles penetrate the shield and cause an increase in theatoimthe

low erergy channels as shownFigure 229.
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Figure 229 The sensitivity of proton telescopes proton channels and heavy ion
channelsagainst GCR protons

This result indicates that by correlating the reeglttounts in the heavy ion channels

with their respective ratios from the sensitivity curvbe contamietion from the

heavy ion channelsan be removedrhis method accompanied with better shielding

of the telescopwill perform bettetunderhigh energyroton radiationThe behavior

of this design is summarizedTable 27. Acompa i s o n

of

t his

designos

compared to the single sized design and an extended version of the conical design is

presented iTable 28.

Table 27 Summary of simulation results of the conical getsyndesign.

Inside design Outside design Contamination
Particle measurement energy measurement energy to other
region region channels
Electrons No nsitivity Can be removed (Ectron Not significant
Telescope
Good sensitivity Can be
Protons Needs algorithm fo Can beremoved. removed and ig
reconstruction low
Can be
Heavy ions Good sensitivity Can be removed removed (2
methods)
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Table 28 Comparison between the design alternatives and their performance in the
simulations at LEO environment

Performance
AtLEO Contamination Agreement_ of Statistics | Contamination from
trapped in HI [/10°] reconstruction [10°] COSMIC Iavs
particle to Truth y
radiation
Single Sized 17 Bad agreemen{ 19800 Insignificant
Conl_cal 126 Good 15000 significant (can be
Design agreement removed)
Extended Good Less significant (can
Conllcal 105 agreement+ 2 3800 be removed)
Design more bins

2.3.9.3 Performance at GEO

The same calculation was dofor these geometries in GEO radiation environment

to determinefithey are suitable for GEO missionkhe radiation environment at

GEO and its comparison with LEO can be summarizédlrie 29.

Table 29 Comparison between the radiation eowiments in LEO and GEO

Measurable proton
flux [p/m?/s]

LEO-

Heliosynchronous

GEO

Trapped particles

10

10°

Solar particles

10'-10° (66%Exposure 107 (99%

time)

Exposurdime)

Cosmic particles

10°

104

The results of the simulations of the different designs in the GEO anwiat can

be summarized ifable 210.
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Table 210 Comparison between the design alternativestlagid performance in
the simulations at GEO environment

Performance Noise in Agreement. d Statistics Noise from
At GEO HI reconstruction /107 cosmic ravs
[/107] to Truth Y
Single Sized 0 fails at high 2100 Insignificant
energy
. . significant (can
Conical Design| 62 Good ageement| 1200 be removed)
Good agreemen Less significant
c E_xteln[c)led_ N 9 + 2more bins 320 (can be
onical Ueslg (not very active) removed)

The conical geometrizas good resolution for high energies and is suited for both
GEO and LEOKEO). It however lacks in particle differentiation accurgsingle
sizedmodel is well suited for LEO orts with low energy solar particles and shielded
geo missions. It is alscelter at isolating Heavy lonsThe extended design has a
weight issue. Alag with staistics issue in the last binhe conical geometris
bettersuited for noise reduction fronosmic rays with proper calibration. And is

recommended tpursueas the main candidate.

" Different simulation technique wassed to account for larger size. Comparison shown as a
ballpark figure.
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CHAPTER 3
YRM READOUT ELECTRONICS AND DETECTOR
CHARACTERIZATION WITH DATA FROM SPACE FLIGHT

In this chapter, measurements of one of the silicon detector carsdadat®&M and

the readout electronics design and performance will be presented. The properties of
the DDA3 and TDA detectos manufactured by TBITAK BK.GEM UEKAE

Y K T Auch asheirleakage current and reverse bias relationshig)are measured

as well agheir reverse bias anchpacitance relationsh{&-V) characteristics. The
detectors response to ionizing radiation is also investigated witmtheelectronic
readout behavior frortine incident particles. Signréd-Noise Ratio (SNR) values are
alsocompared for different setupgth radioactive sources aridéd MeV and30 MeV

protors from METU-DBL [48].

The ROKETSAN SRO0.1 sounding rocket carried the YRM prototype code named
(SB) up to an altitude of 136 km twicm the26"-29" of October 2020The data

obtained from a sounding rocket test flight to space is analyzed and presented.

3.1 |-V Characteristics

The DDA3 detetor is circular in shape with a radius of 7mm divided into 4 quadrants
with a thickness of 0.52 mnSubjecting his detector ta reverse bias voltage at
room temperature will result ia leakage current as shown kigure 31. These
measurementiseretakenin the IVMER lab inan ESDsafedarkchambercontrolled

at 23 since this diode is sensitive to visible light and to temperature changes. The
measurement waeerformedusinga Keysight 34470Anultimeterfor as a sensitive

ammeter

83



o

Quadrant 1

&~
o
T

Quadrant 2
Quadrant 3

Quadrant 4

«
o I
T T

w
Ay
A

Leakage Current [nA]
a BN o
i
}I
|
|
HHH
e

ot
3]
=

(=]

0 20 40 60 80 100 120 140 160 180 200
Reverse Bias [V]

Figure 31 The IV Characteristicef DDA3 Detector Quadnts.

The measurementshow that the DDA3 detector has a low leakage curreSmAx

in all its quadrantsip to a reverse bias voltage of 18@vhich is beneficial for low

noise particleletection66]. Another version of theasne detector where tlagea of

the diode is not divided into four quadrants was supplieti bBITAK YKTAL as a
suitable candidate for YRMOGs proton telesco
TDA, this detector has the same area and thickness as [DDABIth a single active

area. The 4V Characteristics of this detector is measured using the sameasetup

is shown inFigure 32. Since this detector has an active area fiooes larger than

the active area of the quadrants in DDA3, the leakage current is also larger for any
given reverse bias voltagdowever, the leakage currevalues arenly limited to

< 20 nAwhich isstill suitable for low noise particle measurensaenith a larger

detector area.
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Figure 32 I-V Characteristics oA TDA Detector.

From theses graphs, it can be seen that the fpletien point where the leakage

currentsstops increasing exponentially and starts increasing lineasly a t
[67, 68] To achieve aizableparticle signal using these detectors, the reverse bias

40

voltage shouldbe high enough to achieve full depletion and also pradvigleenough

electric field to improve the enge collectiorefficiencyand thus decrease the pulse

width. Doing so will help increase the maximum particle rate the detector is able to
measure. Sincthe breakdown voltage of these detectors is specified at 200V, the

reverse bias voltage selected IR M6 s

safety margin.

det ect d/rusingi2@Vassae t

Leakage currenf0 ) of PIN diodesis commonlydescribed in literature as a

combination of the diffusioncurrent(0 ) and the geeration curren{0 as
shown inEquation(3.1) [69].
0: HE®
O U 0 — 3.1
"I Tt (31)
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wher 1 is the charge of the electrad, is the diffusion coefficient of silicort; is

the minority carrier lifetime;f is the effective lifetimeg is the intrinsic carrier
concentration) is the doping concentration ama is the depletion width. The
depletion width increases with the square root of the reverse bias voltage as described
by Equation(3.2) [69].

no w (3.2)
where- is thepermittivity of silicon,® is the builtin potential of the junction and

W is the reverse bias voltage. Thtise leakage current of the silicon diode is a
function of thesquare root of the reverse bias voltage and can be expressed as
Equation(3.3)

0 6 6 @ (33)
where0 ando6 are fitting parameters representing and0  respectively The
minority carrier lifetime and the effective carrier lifetime are dependenthen
temperature and are difficult to estimaltedretically withotian injection current

measurementThus, the effect of temperature on the leakage current must be
investigated.

3.2  Temperature Dependence of thé eakageCurrent

The leakage current dependency of TDA on temperature was investigated by using
a MIKROTEST mst120 ovenat the IVMER lab The oven was used to heat the
detectomattached to a readout P@Bile the measurement equipment was connected
via probes from outsidéhe oven. When the setup reached thermal equilibrium, the
leakage current dhe detectostabilized,andthe measurement was takefiow the

IV curves depend on temperature can be seEigure 33. The curves fit to a square

root function up to the point of full depletion and then stabilize to a conshre.
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The measurementsan be used to determine the doping concentration in silicon
crystal of the PIN diodes.
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Figure 33 The dependence of thé/lcharacteristics of the TDA detector on

temperatureSolid lines corresponatthe fit functions.

The curves fit the model iBquation(3.3) usinga scriptwith ¢ values higher than
0.95 forthe A and B parameters listedTable 31, showing that the measurements
are conforming with the pdiction. A defines the leakage current at 0 V reverse bias

and B defines the proportionality of the leakage current to the squarefrti
reverse bias voltage.
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Table 31 A and BFit Parameters from EquatioB.8) Calcuated for TDA for

Different Temperatures

Temperaturg(C] A [nA] B [NA/VY?]
23.0N0.1 3.0N0.1 2.1N0.1
30.0N0.1 6.6N0.1 4.6N0.1
40.0N0.1 13.9N0.1 | 10.2N0.1
50.0N0.1 33.2N0.1 | 25.4N0.1
60.0N0.1 146.6N0.5 | 47.6N0.1
70.0N0.1 455.8N0.5 | 81.0N0.1

The leakage current of a PIN diode depends on the temperature through the following
Equation:

) 5 Agpo
U .Q.,Y

whered is a fitting constanfQ is the activation energy, k is Boz ma oonstast

(34)

andT is the temperature in kelvins. So, a plot of the logarithm of the leakage current
versus 1/KT should be linear with a slope @ . This plot for different reverse bias
voltage values is presentedrigure 34 and the valuesalculatedor O are shown

in Table 32. These results again show that full depletion is reachddCat \Nd5
reverse bias sindbe change ifO switches from exponential to linear with a very

low slope
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Table 32 Activation Energies for different Reverse Bias Voltage<alculated by

Log(Leakage Current [A])

Figure 34 Linear fits to the logarithm of leakage current against 1/kT

-13.5

-14.5

-15.5F

-16.5

-18.5

Fitting of the Data irFigure 34 to Equation 8.4).

w : Reverse Biag

‘O : Activation

Voltage [V] Enegy [eV]
20.0N0.1 0.81N0.01
30.0N0.1 0.79N0.01
40.0N0.1 0.78N0.01
50.0N0.1 0.78N0.01
70.0N0.1 0.77N0.01
100.0N0.1 0.77N0.01
120.0N0.1 0.77N0.01
160.0N0.1 0.77N0.01
180.0N0.1 0.77N0.01
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activation energy calculation of the TDA detector.
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3.3 C-V Characteristics

Thechange of the capacitance of tihetector as the reverse bias voltage changes is
one of the most important properties to be investigated. The capacitance curve can
show the full depletion width and alomgth the FV curve provide information abou
the dping of the PIN diodeThe GV curve wasmeasuredor a DDA3 detector
using a Keysight B1500A semiconductor characterization device YITAL
laboratories. The results can be seeRigure 35. It shouldbe noted that error bars
are not provided by the device for error propagation anal¥&gire 35 clearly
shows that full depletion occurs for both detestat 40N5 V. The 6ofapaci t ance
the detector is related to the reverse bias voltagebwgjttation(3.5) [67]:

5 AE o 2o 35)

Qw

wherel @ is the doping concentration as a function of the depletion width. Here,

C is direcly dependent on thderivativeof the depletion width with respect to the

reverse bias voltage—. The depletion widtiW dependence on the capacitance is

described by3.6):

@ (3.6)

3
wherev is the semiconductoreélectricconstant; is the permittivity of free space.

Thus,the doping concentration becomes:

v C
VY W-b el T (3.1

Here, the doping concentration depends on the slope pfftheversus V curveA

scriptwasusedto perform the calculatioaboveand the results are shownRigure

3.6. The doping concentrationf 2-81 10*? jons/cnt agree with the specificatisn
providedby the manufacturd#0]. The expression ir3(7) is only valid until the fil
depletion poin{55]. Variation of the doping concentration from the model depends
on many factorsuch as the internal geometry of the PIN diode layers and the quality

of the silicon crystal manufacing processthe analysis of which is beyond the

90



saope of this thesisAccording to the manufacturehe doping concentration of the

DDA3 and TDAdetectos does not change mudhside the silicon crystals for the

entiretyof its depth since they are growmthe same homogenous and mostly pure

environmentAn impurity concentration in the range of'3Q0' cm® is considered

to be very pure.
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Figure 35 C-V (upperleft) and 1/G-V (upperright) plots forasingle quadrant in a
DDAS3 detectorand GV (lower left) and 1/&V (lower right) plots fothe TDA

detector
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Figure 36 Thedoping concentration in the DDA&hd TDAdetectos obtainedas a
function of thedepletionwidth. The model used to genégatata right of the black
line is considera invalid [67].

3.4  Prototype Radiation Monitor (SB)and Readout Electronics

An initial prototype, ododdk Md aasedesigried B @,
t o test t he ithetd spade aadigtidn, thee readout electronics
performance and the FPGA logithe size of the SB box was limited to 110x70x60
mm by ROKETSANM, which influenced the mechanical and electronic design
choices.The prototype employs two DDA3 detectors in @rtical alignment to
perform coincidence logic. Each detector has its readout card which feeds a logical
signal to the FPGA card in the middle as shown in the CAD drawiRggure 37.

DDAB3 is light sensitive and very fragile atiterefore must operate inside a light

tight metal SB boxThe prototypealso incorporates glassGeiger tubesensitive to
electrons and gamma&s compare the counts of particlestside the boxneasured

during the test period-his prototypevas sento gace on a sounding rockatlate
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Octoberin collaboration with RKETSAN™ [71]. The device was limited at a mass
of 05 kg and a power consumption of 5 W. Tdram thickaluminum shielding on
top of SB waghinned inan area tat is 8 mm wide t® mmto allow for more
particles to pass througight above the DDA3A J30% dype of length 90 mm was
selected to fit above the baxd is biased at 400V. It has a functional temperature
range betweemd03 and 53 and is certified foa lifetime upto 1@ particles.The

box was powered by 28 V and was required to send data o¥@2RS

0.00 mm

Figure 37 The CAD design of the prototype Radiation Monitio6 Bnithe upper
panel andx picture of thelight modulewith a pencil for scala the lower panel

The design of the readout electronics for these detatemt through several stages.
At first, the circuit employeda two-stageamplification of the signal through a
preamplifier (U2) and an amplifier (Uap shavn in Figure 38. The amplified signal
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is then fed into a comparator (U4) that hdeva andhigh thresholddiscrimination
levels for noise suppressionand for separating MIPs fronstopping particles
respectively. The reference vage for the comparator is defined using a voltage
divider at the inverting input of the comparator. The digital output from the
comparator is then fed to an IGLOO2 FGPA to copetticlesand coincidence
between the two silicon detectohsitially the four quadrants of DDA3 (A#) were
joinedimmediately at the output of the detedtmallow for use of the whole detector
area as a single detector as shown irciteiit schematic.

L L LT
e L
Jida® &

it

Figure 38 Circuit diagram for the protgpe Radiation Monitgrversion 1

This design was printed on2dayer PCB andhe electronics were calibrateding

alphas froman Am241 source. Theombinationof the detector quadrankefore

being digriminatedincreased the noise levels in the citaignificantly. Moreover,

the two-stageamplification had the effect of amplifying the noise as well as the
signal pulses. Thus, the SNR values were poor even at very high thresholds as shown
in Figure 39. The measuremenwvas peformed using alecroy PP022probe
connected to a Teledyne LecrdjaveRunner8254scilloscopeat the preampiier

(U2) output with thealphas fom anAm-241 alpha patrticle source.
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Figure 39 Pulse height histogram showing gireamplifier (U2) output in
response talpha hits from a\m-241 source. Blue curve isiderthe orange one.

The designn Figure 38 was revised through multiple steps to include a comparator
with a single noise eliminating #sholdaftera single stage amplification as shown

in Figure 310. The firsttransimpedance amplifier transforms the currsiginalinto

a voltage pulse and amplifies vthile the secondamplifier has a gain of.2 and
servegmodly as an invertemDifferent quadrants of the DDA3 are no longer joined
before the amplification stage. Instead, tiuese suppressatigital outputs of the
comparatos are joined using an OR logic gate. In addition, the measurement of the
noise levelss no longer made using the probe but rather through the digital output
of theOR gate to minimize the interference of the measurement with the raats.
comparator also employs an external hysteresis positive feedback loop that in
addition to itsown provides an additional 41 mV to its internal 9mV hysteresis value.
This helps the comparator to discriminaémsitivelyagainst noise leveldase to the

reference voltage.

Thefinal circuit diagram is shown for one quadrant of the DDA3 detectéigare
3.10. All gquadrants are readout through the same circuit topology. Feedback

capacitancesf thefirst stageamplifiers have been removed in this version since the
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parasitic capacitancef the setupis enough to supply the 0.1 pF eajtance
necessary to achieve the requiegdplification A comparison of different feedback
capacitancevalueson the signal athe output of the amplifietU1, which alpha
particlesfrom an Am241 sources shown inFigure 311. No feedback capacitance
option is shown to be superior in termsSR, sincavhile the noise levestays the

samethe signal is highest.
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Figure 310 Final version(v11)of the circuit for the prototype radiation monifor
asingle quadrant of the DDA3 detector.
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Figure 311 Comparison of the pulse generated by an alpha paftizie an
Am241 sourcdor 0.2pF (A), 0.1pF (B) and no capacitance (C) for the feedback on
the U1l opampas seen by Lecroy WaveRunner8254scilloscope

3.5 Calibration of the Prototype Radiation Monitor (SB)

On a sounding rock&RO0.1that goes up to 136 krthe prototype radiation monitor
is not expected to be exposed to trapped radiatiarh only tocosmic rays
penetréing into the upper atmosphere and their secondaseshown irFigure 17.
The MIPs in those high altitudes are gensitivitytarget for this experiment, since
theenergy deposition of the MIPs is the lower limit of all other pasitbe the same
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species. This means thiaa radiation monitor can measure MIPs of a certain species

it is alsoable to measure all primas of that speciesegardless of kinetic engrg

To calibrate the radiation monito8B, it was tested witlalphasfrom anAm-241
source in air environment in the IVMER lab. The distance between the source and
the detector was changed and the generated pulse height spectrum was nreasured
oneminuteintervals The number of counts fall as expected with increasingrdista
since the intensity of the radiation is depends?ofilre results are shown Figure

3.12

1000 T T T

900 —

800 —

700 —

Counts [#]

400 [~

300~

200 [~

100 [~

0.3 0.4 0.5 0.6 0.7 0.8
Pulse Height [V]

Figure 312 Measured Pulse Height of AB%1 alpha particlewith different
distancedetween the sour@nd the detecto(**) The measurement at 0 mm
indicates measurement done in vacuum @ 1 OT )@@ at 35mm diance

from detector.

The energy deposition of the alpha partidtesn Am-241in air wasalso simulated
using Geant4 and taking into accotim: air density in Ankara at the time ( =
1.08 kg/n®). The maximum range of an alpha from A1 in siliconis 28 Om,
calculated using SRINV2]. TheGeant4simulation resultor energy depositiowere
compared with tb measurements of the pulsgghtsat different distances aB@vn

in Figure 313. This plot shows th&near correlatiorbetween the energy deposited
in the detector and the measured pulse height to be used in determiningithe par
energy for a given puldeeight This calibration wagerformedfor preamplifieru2

gain value of 1B. The was obsento make sure that the minimum pulse width
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(resulting from a particle depositing an energy equivalent to the threshold voltage at
thecomparator U3) is wide enough to be detectable by the FPGA at all times as will

be shown in Sectio8.6.

6 T T T T T T T T T
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Figure 313 Thesimilar behavioof Geantdsimulation resultef alpha energy
deposited inthe detectoandAm-241 alpha pulse heights at different distances
between the source and the detecmndnstrated a linear correlati(natio =116.2
mV/MeV).

The energy deposition of ttammon cosmic rafIPs wasalso simulated using
Geant4. The eneyglepositiors for different particle as well as the equivalent pulse
heighsthatwerecalculated using the alph&rom an Am241 calibrationsourceare
presented imable 33. The noise in the detector readout electronics muiveer

than the equivald pulse height for the particles in questfona reliable readout
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Table 33 Energy depositios of common cosmic ray MIRS the detectofrom
Geantdand thecalculated correspondireguivalent pulséeight from the

calibraion.
Particle Source Mean Energy | Equivalent Pulse
Deposition Height [mV]
[MeV]
Alpha Am-241(1.72 3.92N0.01 457.3N1.2
mm)
Alpha MIP 1.40N0.04 1612 N4.7
Proton MIP 0.43N0.05 50.1N5.8
Muon MIP 0.25N0.03 29.2N3.5

The noise in theetector readout electronics was measured by changing the reference
voltage at the inverting input of the comparatbU2 gain of 1.3y changing th&9
resistancand measuring the number of counts per minute at the OR gate @éutput.

74 mV reference voltage, ti@isecount rate was less than 1 particle/minutkich

was the upper noise limit for this design since the expected particle fluxes to be
measured are Vo At lowerreferencevoltages, the count rate was seen thilgber

than the set limitThus,the lower threshold was set at 74 mV for the prototype
radiation monitor. The same measurement was repeated with thefatphan Am

241 particle source at 1ND.1 cm distance and the results are showRigure 314,

At high reference voltages corresponding to energies higher than that of the alpha
particle, the count ratealls sharply. At around 500 mV, the detector is able to
measure all the alpha particles reaching it. The count rate increases sightl
reference voltages lower than 100 mV because of theeninduced by the

measurement procedure.
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Figure 314 Threshold scan performed using A¥%1 source at distande7N0.1 cm
from the detector.

3.6 FPGA Logic for SB

To achiere better noise rejection addstinguish low and high- of particles in the

detectorssignal widthalgorithms werentroduced to the FPGAThe signahrriving
atthe FPGA from the detectors has a widthportionalto the amount of time the
anabg signal is above the reference voltage indbmparsor (U3). Thus, a low
energy or a noishit will resultin a narrominputsignal for the FPGA, while a high

or a stoppingparticle will result in a wide signal as shown in the comparison in
Figure 315.
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Figure 315 Comparison between low energynoise hitbelow)anda high
energyor stoppingparticle(above)signal shapeat the comparator output (Ud%
seen by a LecroyaveRunneb10 oscilloscop.

ThelGLOO2FPGA employs a 12BIHz clock which corresponds to &.8ns signal
width [73]. The FPGA is able to detect the signal on each rising and falling edge of
the clock, so signals that are narrower thamg.8ave a @nce to be missed by the
FPGA. Thus, the gain of thd2 amplifier wasadjusted tol.3 to make sure the
minimum signal width is larger. Higher enemgpositiorwill result in wider signals

that span over multiple clock cycles. Trivial FPGA ctiog of abowe the3.3V
thresholdsignals on each clock cyciright result in some patrticles being counted
multiple times. Moreover, depending on the environmental condjtsamse ringing

in the signal ca also happenlue to opamp oscillationsaas shownn Figure 316

[74]. Therefore, the FPGA must incorporate deadtime into its counting algorithm
such that when a particle is detected theordtigm will stop counting for some

amount of clock cycles.
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Figure 316 Particle signain theshowirg ringingin the output of the comparator
(U3) asrecordedby a LecroyWaveRunner8254scilloscope

Thenumberof cycles that correspond to an alpdaaticle from arAm-241 source
hitting the detect@was determined bgumping the data recorded by theGAin
a 128 clock cyclgfor 4096times. The resulting data dump is showrrigure 317.
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Figure 317 A snippet from the data dump generated lg&yRRGAfor the readout
by the DDA3 tested with alphasofn an Am241 source.
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Analysis of the data dump reveals that a typical energetic particle (~ 5 MeV)
corresponding to a response of ~ 700 mV at the comparator input will result in the

FPGA being triggere for at least3 consecutive cycles. This wagthertested by

counting thealphasmeasured per minuteith differentcyclethreshold settingg-or

cycle thresholddargerthan 3 the efficiency begins to drop as sonaphasfail to

producelong enoughpulses The results are shown irigure 318 verifying the

choice of 3 cyclewvith different (120 and 80 ns) deadtime settirigaus,thetrigger

thresholdwas setto 3 cyclesfor DDA3 fAHi gh t hr e sshAmother ( HT) 0 ¢ h
data acamulatingchannel was setugalled thei Low Thridg molcthamhnel

record events shorter than 3 cycles
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Figure 318 Cycle tireshold scan dfignal width forthe FP@\ algorithm for
different deadtimes.

A comparison of theauntsper secondn LT and HT channelsersus distances
shown inFigure 319 for alphas from arAm-241 sourceThe count rates overlap
which is indicative of a clean signal with minimal noise aodinging. In order to
stay on he safe side and since the expected particle fluxks tneasured are low,

the deadtime was set to 15 cycles afterttiggerfor both LT and HT channels.
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Figure 319 Comparisorof count rates for HT and Ldhannels versusstance
usinganAm-241 alpha source.

The FPGA uses ART with anRS422 interface for sending the measured data. SB
was asigned to send out one data packet containing 64 bytes per second, containing
the accumulated particle counts during that secondd@iteepacket also contaids
header bytes,15 stlieaderbytes and a CRC byte to maintain the integrity of the
data throughrough operatingelemetry conditionsas shown inTable 34. An
example of the data packet is showirigure 320. For verification and dundancy
purposes, the data packet also contains information about the total accumulated
particle count in each DDA3 detector channel individually as well as the Geiger
counter.This packet igeplicaied by the main computer of SR0.1 and sent to the

ground100 times per second to prevent packet loss and achieve more redundancy.
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Table 34 Data format of the packet sent by SB.

Offset Size Parameter Content
[Bytes]

0 4 Header 9A 4E B5 98 (constant)
4 1 Sub Header 0x00
5 2 Time Time counter increasing by 1 per second
7 1 Sub Header 0x01
8 3 Geiger Total Total count in Geiger since power on
11 1 Sub Header 0x02
12 3 DDA3_HT Total Total count in toDDA3_HT since power on
15 1 Sub Header 0x03
16 3 DDA3_LT Total Total count intop DDA3_LT since power on
19 1 Sub Header 0x04
20 3 DDA3_HT Total Total count in bottonDDA3_HT since power on
23 1 Sub Header 0x05
24 3 DDAS3_LT Total Total count in bottonDDA3_LT since power on
27 1 Sub Header 0x06
28 3 Geiger 1s Counts in Geigein the past 1 second
31 1 Sub Header 0x07
32 3 DDA3_HT 1s Counts in toDDA3_HT in the past 1 second
35 1 Sub Header 0x08
36 3 DDA3 LT 1s Counts in toDDA3_LT in the past 1 second
39 1 Sub Heade 0x09
40 3 DDA3_HT 1s Counts in bottonDDA3_HT in thepast 1 second
43 1 Sub Header O0x0A
44 3 DDA3_LT 1s Counts in bottonDDA3_LT in the past 1 second
47 1 Sub Header 0x0B
48 3 Coincidencel Coincidence counter for top and bott@®A3 HT per second
51 1 Sub Header 0x0C
52 3 Coincidence 2 Coincidence ounter for top and botto™@DA3 LT per second
55 1 Sub Header 0x0D
56 3 Coincidence 3 Coincidence counter for tdpDA3 HT and bottonlT per

second
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59 1 Sub Header Ox0E

o Coinciderte counter for toDA3 LT and bottomHT per
60 3 Coincidence 4
second

63 1 CRC (sum of previou$3 Bytes)/OXFF

82 01 00 00 26 02 00 00 )3 00 00 00 84 60 00 00 05 00 00 0O 06 00 00 0O 07 0O 0O 00 08 00 00 60 09 00 0O 00 BA 0O 00 00 OB 00 00 0O AC 00 0O 00 0D 00 09 00 OE 00 00 00 49
3 @0 00 83 01 00 00 72 00 00 0 00 00 00 64 00 00 00 05 00 00 00 86 0O O 07 90 00 00 00 00 90 OA 00 90 00 0B 00 00 00 00 00 0D 00 00 00 OF 00 00 00 4A
3 @0 00 84 01 00 00 2 08 0 0 00 00 04 00 00 00 05 90 00 00 96 00 @ 07 90 00 00 08 00 00 00 90 OA 00 00 00 OB 00 00 0O OC 00 00 00 OD 00 09 00 OF 00 00 00 4B
3 00 00 85 01 00 00 26 02 00 00 00 00 04 60 00 GO 05 00 0O 00 06 0O 00 00 07 00 00 00 B8 0O 00 00 09 00 00 0O PA 00 0O 0O OB 00 00 00 OC 00 00 0O 0D 00 00 B0 OF 0O 00 00 4C
8 00 00 86 01 00 00 p2 00 00 00 00 00 04 00 00 00 05 00 00 00 06 00 00 00 07 00 00 00 83 00 00 00 09 00 00 0O DA 09 00 00 OB 00 00 00 OC 60 00 00 AD 00 00 02 OF 0O 00 00 4D

00 00 87 01 00 00 26 02 00 00 01 04 00 00 00 05 00 00 o 00 © 00 00 00 0 00 01 09 00 90 00 GA 02 00 00 9B 00 0O 00 OC 00 00 00 BD 00 00 O 00 00 00 50
8 60 00 88 01 6 3 03 00 06 01 @4 00 00 00 05 00 00 @0 07 00 00 00 08 00 00 00 O 00 00 GA 00 00 98 00 00 90 C 00 00 00 GD 00 00 00 OF 00 00 00 S
00 00 89 01 00 00 27 00 00 01 04 00 00 00 05 00 00 00 00 00 00 00 00 08 00 00 00 09 00 00 00 BA 00 O 08 00 00 00 OC 00 00 00 0D 00 00 00 OE 00 00 00

8 00 00 8A 01 -] 00 00 01 04 00 00 00 05 00 00 © 0 o 00 00 00 08 00 00 00 09 00 00 00 0A 00 0B 00 00 00 ©C 00 00 00 OD 00 00 00 OE 00 00 00
00 00 8B 01 ] 00 00 01 00 00 00 00 00 03 00 00 00 09 00 0O 00 OA 00 00 00 OB 09 00 00 AC 00 00 00 OD 00 09 00 OF 00 00 00
00 00 8C o1 2 00 00 01 04 00 00 00 05 00 00 e 00 00 00 08 00 00 00 09 00 00 99 PA 0O 2 0B 00 90 00 OC 00 08 00 00 00 OF 90 00 00
00 00 8D 01 60 00 28 O, 0 00 01 04 G0 00 00 65 00 00 00 e 00 00 00 08 00 00 00 09 00 0O 00 PA 00 D 9B 00 00 90 OC OF 00 00 00

5 00 00 8E 01 0 0 00 01 90 00 00 @ 00 07 00 00 00 08 00 G0 00 09 00 90 00 BA 09 00 0O OB 00 00 90 OC 00 00 00 Ol 00 00 OF 00 09 00 58

00 8F 01 2 00 00 01 00 00 @ ¢ 00 00 00 07 00 00 00 08 00 00 00 09 00 90 00 PA 09 00 00 OB 00 OC 90 00 00 @D 00 00 00 00 00 00 5¢
90 01 60 00 2 00 00 03 00 00 01 04 00 00 00 05 0 00 00 @1 07 00 00 00 08 00 9 00 00 00 PA 00 00 09 0B 00 00 90 00 0D 00 00 0@ OF PO 09 80 S5C
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Figure 320 An example64-byte longdata packet from SB

The prototype was tested in METINMER labs for 3 hours. DDA3 readout card
reach a temperature of ~80after 30 mins of poweon time as shown ifigure

3.21 As the temperature of DDAS3 increases the noise contribution to the particle
countsin the top DDAS3 detectountl thermal equilibrium is reachedost of the

heat is genetad by the opamps because of their high gain. For the final design of
YRM, use of an ASIGvith low power consumptiois necessary to prevent thermal
issues in vacuumDuring this test, a high engy cosmic particle shower was
observed where both the tomdabottom DDA3 detectors observed high particle
counts in HT channels near the 38G@cond of measurement. The coincidence HT

HT channel was also triggered on this shower.
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Figure 321 Test run otthe YRM prototype in the IVER lab showing data
acquisition for 2 hours

To test SBOs sensitiGeigdrgounteoanODAT f er ent parti
detectors were exposed to different radiation solasssmmarized imable 35
and

Table 36 respectivelySB.001 and SB.003 are flight modules while SB.002 was the
module used for the environmental and fliggadiness testsThe tests were
performed in the IVMER lab and the souree=re held 10 cm away fom the Geiger
counter and ® cm away from the DDA3 detector$he sources used are listed

below:

- 37kBq Csl137electron source

- 406 MBg Co57amma source

- 74kBqg Am241lalpha sourcéfor Geiger counter)
- 3.7kBq Am241alpha sourcéfor DDA3)
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